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Although hormonal regulation of ovarian follicle development has been extensively investigated, most studies
concentrate on the development of early antral follicles to the preovulatory stage, leading to the successful use
of exogenous FSH for infertility treatment. Accumulating data indicate that preantral follicles are under strin-
gent regulation by FSH and local intraovarian factors, thus providing the possibility to develop new therapeutic
approaches. Granulosa cell-derived C-type natriuretic factor not only suppresses the final maturation of oocytes
to undergo germinal vesicle breakdown before ovulation but also promotes preantral and antral follicle
growth. In addition, several oocyte- and granulosa cell-derived factors stimulate preantral follicle growth by
acting through wingless, receptor tyrosine kinase, receptor serine kinase, and other signaling pathways. In
contrast, the ovarian Hippo signaling pathway constrains follicle growth and disruption of Hippo signaling
promotes the secretion of downstream CCN growth factors capable of promoting follicle growth. Although the
exact hormonal factors involved in primordial follicle activation has yet to be elucidated, the protein kinase B
(AKT) and mammalian target of rapamycin signaling pathways are important for the activation of dormant
primordial follicles. Hippo signaling disruption after ovarian fragmentation, combined with treating ovarian
fragments with phosphatase and tensin homolog (PTEN) inhibitors and phosphoinositide-3-kinase stimu-
lators to augment AKT signaling, promote the growth of preantral follicles in patients with primary ovarian
insufficiency, leading to a new infertility intervention for such patients. Elucidation of intraovarian mech-
anisms underlying early folliculogenesis may allow the development of novel therapeutic strategies for
patients diagnosed with primary ovarian insufficiency, polycystic ovary syndrome, and poor ovarian re-
sponse to FSH stimulation, as well as for infertile women of advanced reproductive age. (Endocrine Reviews
36: 1–24, 2015)

I. Introduction
II. FSH Promotes Preantral Follicle Development,

Whereas C-Type Natriuretic Peptide Is a Follicle-Stim-
ulating Factor and an Oocyte Maturation Inhibitor

III. Diverse Oocyte and Granulosa Cell Factors Regulate
Preantral Follicle Growth

IV. Ovarian Hippo Signaling Constrains Follicle Develop-
ment and Promotion of Preantral Follicle Growth by
CCN Growth Factors

V. Hippo Signaling in Ovarian Physiology and
Pathophysiology

VI. Regulation of Primordial Follicle Activation by AKT
and Mammalian Target of Rapamycin Signaling
Pathways

VII. IVA of Preantral Follicles After Hippo Signaling Dis-
ruption and AKT Stimulation

VIII. Etiologies of POI and Promotion of Preantral Follicle
Growth in POI Patients

IX. Predicting Follicle Reserve and Promotion of Preantral
Follicle Growth in Women With Diminished Ovarian
Reserve

X. Does a Subgroup of PCOS Patients Have Ovarian
Structural Defects?

XI. Future Treatment Options

ISSN Print 0163-769X ISSN Online 1945-7189
Printed in U.S.A.
Copyright © 2015 by the Endocrine Society
Received March 13, 2014. Accepted August 29, 2014.
First Published Online September 9, 2014

Abbreviations: ALK, activin-like kinase; AMH, anti-Mullerian hormone; ANP, atrial natri-
uretic peptide; ART, assisted reproductive technology; BMP15, bone morphogenetic pro-
tein-15; BNP, brain natriuretic peptide; CNP, C-type natriuretic peptide; DIAPH, actin-
polymerizing formin diaphanous; F-actin, filamentous actin; FOXO3, forkhead box O3;
G-actin, globular actin; GDF9, growth differentiation factor-9; GPCR, G protein-coupled
receptor; IVA, in vitro activation; IVF, in vitro fertilization; KGF, keratinocyte growth factor;
LGR, leucine-rich repeat-containing G-protein coupled receptor; LOD, laparoscopic ovarian
drilling; mTOR, mammalian target of rapamycin; NPPC, natriuretic peptide precursor C;
NPRB, natriuretic peptide receptor-B; PACAP, pituitary adenylate cyclase-activating poly-
peptide; PCOS, polycystic ovary syndrome; PI3K, phosphatidylinositol 3-kinase; PIP2, phos-
phatidylinositol-4,5-bisphosphate; PIP3, phosphatidylinositol-3,4,5-triphosphate; POI, pri-
mary ovarian insufficiency; PTEN, phosphatase and tensin homolog; RSK, receptor serine
kinase; RTK, receptor tyrosine kinase; TAZ, transcriptional coactivator with PDZ-binding
motif; TEA, transcriptional enhancer activator; TEAD, transcription factors containing the
TEA/ATTS DNA binding domain; VEGF, vascular endothelial growth factor; VIP, vasoactive
intestinal peptide; WNT, wingless; YAP, yes-associated protein.

R E V I E W

doi: 10.1210/er.2014-1020 Endocrine Reviews, February 2015, 36(1):1–24 edrv.endojournals.org 1

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/36/1/1/2354672 by guest on 05 April 2024



I. Introduction

Mammalian ovaries consist of follicles as basic func-
tional units. Follicle development starts during fe-

tal (for humans) or neonatal (for rodents) life when pri-
mordial follicles are formed. Once initiated to grow, the
activated primordial follicles with a single layer of flat-
tened granulosa cells surrounding the primordial oocytes
develop into primary, secondary, and eventually antral
follicles (1). Most early antral follicles undergo atretic de-
generation (2), whereas a few of them, under cyclic go-
nadotropin stimulation occurring after puberty, reach the
preovulatory stage (Figure 1) (3, 4). In women of repro-
ductive age, these preovulatory/Graafian follicles are the
major source of the cyclic secretion of ovarian estrogens.
In response to the preovulatory gonadotropin surge dur-
ing each reproductive cycle, thedominantGraafian follicle
ovulates to release the mature oocyte for fertilization,
whereas the remaining theca and granulosa cells undergo
transformation to become the corpus luteum that contrib-
utes to circulating progesterone. Menstrual discharges are
induced in primates after cyclic changes in the uterine en-

dometrium regulated by circulating estrogen and proges-
terone secreted by large antral and preovulatory follicles
(5).

The total number of ovarian follicles is determined
early in life, and depletion of this pool leads to reproduc-
tive senescence. The fate of each follicle is distinct and
controlled by endocrine and, more importantly, by diverse
paracrine factors. Most investigations on follicle develop-
ment have focused on follicles at early antral to preovu-
latory stages and their regulation by gonadotropins (3, 4,
6, 7). During this final stage of follicle development, FSH
is the major stimulator of follicle development, and the
clinical use of FSH as a therapeutic agent concentrates on
the development of early antral to preovulatory follicles
for infertility treatment (8). Fewer studies deal with hor-
monal regulation of the growth of preantral follicles, in-
cluding activation of dormant primordial follicles (9) and
the development of primary and secondary follicles to the
early antral stage.

The present review focuses on hormonal regulation and
development of the early (primordial, primary, and sec-

Figure 1.

Figure 1. Hormonal regulation of preantral follicle growth. Selective primordial follicles develop to the primary stage under the control of AKT and
mTOR signaling (initial recruitment), whereas most primordial follicles remain arrested by dormancy factors. Once initiated to growth, primordial
follicles develop through primary and secondary stages before acquiring an antral cavity. Although most early antral follicles undergo atresia, select
antral follicles supported by cyclic changes in pituitary FSH and LH reach the preovulatory stage, capable of releasing mature oocytes after
ovulation for fertilization (cyclic recruitment) (1). In addition to the well-studied role of FSH on antral follicle growth (above the dashed line), FSH
also regulates preantral follicle growth, together with a large number of oocyte- and granulosa cell-derived paracrine factors (below the dashed
line). Furthermore, development of preantral and antral follicle is restrained by the inhibitory Hippo signaling pathway.
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ondary) stages of folliculogenesis. In addition to summa-
rizing data on the roles of endocrine hormones (LH and
FSH) on preantral follicle growth (Figure 1), emphasis is
placed upon diverse paracrine and autocrine factors of
oocyte and granulosa cell origins to promote or suppress
preantral follicle development. We also discuss the impor-
tance of the ovarian Hippo signaling system in constrain-
ing the growth of preantral and antral follicles as well as
the role of the AKT signaling pathway in promoting pri-
mordial follicle activation and secondary follicle growth
(Figure 1). Mechanisms underlying the activation and
growth of primordial follicles will also be addressed. Al-
though there are clear differences in the number of follicles
selected for final maturation and ovulation in different
species, it remains unclear whether major differences exist
in the regulation of early folliculogenesis. Although most
findings discussed here are based on murine models, spe-
cies-specific differences are indicated when known.

In addition to understanding ovarian physiology, we
discuss potential etiologies and treatments for the 2 major
human ovarian diseases, primary ovarian insufficiency
(POI) and polycystic ovary syndrome (PCOS). We will
also discuss potential treatments for infertile patients with
poor ovarian responses to stimulation by exogenous FSH,
those with a low ovarian reserve as well as cancer and
other patients with cryopreserved ovarian tissues (10).

II. FSH Promotes Preantral Follicle
Development, Whereas C-Type Natriuretic
Peptide Is a Follicle-Stimulating Factor and an
Oocyte Maturation Inhibitor

Most studies analyze the growth-promoting (11) and an-
tiatretic actions (2) of FSH in antral follicles, whereas FSH
regulation of preantral follicle development has received
less attention. Earlier studies have demonstrated that FSH
receptors are expressed in follicles from primary to later
stages (12) and treatment with FSH and LH promotes
preantral follicle growth (13). Although follicles in FSH
receptor-null mice (14) and hypophysectomized women
(15) can still develop to the preantral stage, in vitro and in
vivo studies indicate that the growth of preantral follicles
could be enhanced by endogenous and exogenous
gonadotropins.

Reduction of the high circulating levels of gonadotro-
pins in juvenile rats after either hypophysectomy or GnRH
antagonist treatment results in decreased ovarian weight
at day 19 of age that is associated with a reduced number
of developing follicles and increased atresia of remaining
follicles (13). In contrast, FSH treatment of prepubertal
intact, hypophysectomized, or GnRH antagonist-treated

rats containing preantral and smaller follicles results in
increased ovarian weight and follicle development up to
the antral stage. Thus, the development of follicles can be
divided into gonadotropin-dependent and gonadotropin-
responsive stages (Figure 1, above and below the dashed
line). Although development to the antral stage is not de-
pendent on FSH as shown in FSH-null mice (14), preantral
follicles are responsive to FSH treatment. In addition to in
vivo studies, findings using cultured preantral follicles
demonstrated important roles of FSH and other factors in
the promotion of preantral follicle growth in diverse spe-
cies (16–19).

These findings raise an interesting question regarding
the routine monitoring of antral follicle growth to the pre-
ovulatory stage during a 10- to 14-day window in women.
It may be possible that preantral follicles could respond to
prolonged (�2 weeks) FSH stimulation in patients pre-
senting with only preantral follicles, leading to antral and
preovulatory follicle development.

In addition to FSH, C-type natriuretic peptide (CNP)
has recently been found to be a follicle-stimulating factor.
Natriuretic peptides comprise a family of 3 structurally
related molecules: atrial natriuretic peptide (ANP), brain
natriuretic peptide (BNP), and CNP (20). CNP is encoded
by the NPPC gene which is expressed in diverse cell types
in which the precursor natriuretic peptide precursor C
(NPPC) protein is cleaved into the 22-amino-acid peptide
CNP (21). CNP activates its cognate receptor natriuretic
peptide receptor-B (NPRB), also known as NPR2 or gua-
nylyl cyclase B, whereas ANP and BNP stimulate NPRA,
also known as NPR1 or guanylyl cyclase A (22, 23). Both
receptors are membrane-anchored guanylyl cyclase en-
zymes that signal via the production of the second mes-
senger cGMP and undergo both homologous and heter-
ologous desensitization, reflected by dephosphorylation
of specific sites in the kinase-homology domain (24). ANP
and BNP act as endocrine hormones to regulate blood
pressure and volume and inhibit cardiac hypertrophy (25).
In contrast, CNP acts in an autocrine/paracrine fashion to
induce bone growth (26) and to increase vasorelaxation
(27).

Earlier studies have reported ovarian expression of
NPPC and NPRB and their regulation by gonadotropins
(28, 29). Transcripts for both NPPC and the NPRB re-
ceptor are expressed in granulosa and cumulus cells of
antral and preovulatory follicles. Treatment of cumulus-
oocyte complexes with CNP stimulates cGMP production
in cumulus cells and inhibits meiotic resumption of
oocytes (30). Thus, CNP of granulosa and cumulus origins
stimulates cGMP production by acting on its receptor in
cumulus cells. Due to the existence of tight junctions be-
tween cumulus and oocytes, cGMP of cumulus origin dif-
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fuses into oocytes to suppress phosphodiesterase 3 activ-
ity, leading to the elevation of intra-oocyte cAMP levels
and oocyte maturation arrest (31) (Figure 2). Before the
LH surge, high levels of intraovarian CNP prevent pre-
mature maturation of oocytes, whereas the ovulatory LH
surge decreases CNP levels in murine ovaries and human
follicular fluid to allow germinal vesicle breakdown of
oocytes (32). These findings are consistent with earlier
identification of a low-molecular-weight oocyte matura-
tion inhibitor in follicular fluid and granulosa cell extracts
(33).

Although dwarfism and early death was found in
NPPC-null mice lacking CNP (34), NPRB-null mice show
not only skeletal defects but also the arrest of ovarian
follicles at the secondary follicle stage (35). In NPPC or
NPRB hypomorphic mutant mice, meiotic arrest of
oocytes is not sustained in most preovulatory follicles, and
meiosis resumed precociously (30, 36). Because earlier
studies demonstrated the ability of cGMP analogs to pro-
mote the development of cultured preantral follicles in rats
(37), we tested the ability of CNP to promote follicle

growth (38). RT-PCR analyses indicated increases in
NPPC and NPRB transcripts during early folliculogenesis
in mice, associated with increases in ovarian CNP peptides
(38). In cultured somatic cells obtained from infantile
mouse ovaries and granulosa cells from prepubertal ani-
mals, treatment with CNP stimulates cGMP, but not
cAMP, production. Also, treatment of cultured preantral
follicles with CNP stimulates follicle growth, whereas
treatment of cultured ovarian explants from infantile mice
with CNP, similar to FSH, increases ovarian weight gain
that is associated with the development of primary and
early secondary follicles to the late secondary stage (38).

Importantly, treatment with FSH increases levels of
NPPC, but not NPRB, transcripts in ovarian explants,
suggesting CNP is downstream of FSH in the regulation of
follicle development (38). The more severe defects in fol-
licle development in NPRB-null mice (35) as compared
with those of FSH receptor-null mice (14) underscore the
essential role of the CNP-NPRB signaling system in pre-
antral follicle growth. It is likely that basal CNP-NPRB
signaling is sufficient for suboptimal follicle growth in the

Figure 2.

Figure 2. CNP is an intraovarian factor important for preantral and antral follicle growth as well as for oocyte maturation inhibition. Based on
murine studies, CNP is secreted by granulosa cells of secondary and antral follicles in response to FSH stimulation. CNP acts through its receptor
NPRB, expressed in granulosa cells of secondary follicles, to increase cGMP production and to stimulate follicle development (38). In addition, CNP
acts through its receptor, expressed in cumulus cells of antral and preovulatory follicles, to increase cGMP production. Cumulus cell-produced
cGMP, after transporting to oocytes through gap junctions, inhibits the activity of the phosphodiesterase 3A (PDE3A) enzyme, leading to increased
intra-oocyte cAMP levels, thus suppressing oocyte maturation (30). The preovulatory LH surge decreases CNP levels in the preovulatory follicles and
allows meiotic maturation of preovulatory oocytes (32).

4 Hsueh et al Intraovarian Regulatory Mechanisms Endocrine Reviews, February 2015, 36(1):1–24

D
ow

nloaded from
 https://academ

ic.oup.com
/edrv/article/36/1/1/2354672 by guest on 05 April 2024



absence of FSH receptor signaling. Although an activating
mutation in the kinase homology domain of NPRB causes
extremely tall stature in a male patient (39), no studies on
females are available.

FSH actions are predominantly mediated by cAMP sig-
naling, whereas CNP actions are exclusively mediated by
cGMP but not cAMP signaling (38). Although the role of
cGMP in follicle growth remains to be elucidated, it is
interesting to note that NPRB hypomorphic mice showed
altered meiotic capability but retained near normal follicle
development, suggesting FSH and CNP could have over-
lapping roles on follicle growth. It is therefore of interest
to examine differences in downstream genes regulated by
FSH (predominant cAMP signaling) and CNP (exclusive
cGMP signaling) in ovarian follicles.

In vivo studies confirmed the ability of CNP to promote
preantral follicle growth by showing that daily injections
of infantile mice with CNP promote ovarian growth, al-
lowing successful ovulation induction by gonadotropins
(38). Consistent with the role of CNP as an intraovarian
factor downstream of FSH, CNP treatment alone in pre-
pubertal mice (without exogenous FSH) promotes early
antral follicle growth to the preovulatory stage, leading to
efficient ovulation induction by LH/human chorionic go-
nadotropin (38). Mature oocytes retrieved after CNP pre-
treatment are fertilizable and could develop into blasto-
cysts in vitro, allowing the delivery of viable offspring.
Thus, CNP secreted by growing follicles is capable of stim-
ulating preantral and antral follicle growth (Figure 2).
These findings raise the possibility that CNP could be ef-
fective in treating FSH poor responders in the clinic be-
cause tissue expression of NPRB is limited (brain areas,
adrenal, endothelial cells, lung, and kidney) and short-
term CNP treatment is unlikely to induce cardiac and renal
changes (40) or skeletal overgrowth.

III. Diverse Oocyte and Granulosa Cell Factors
Regulate Preantral Follicle Growth

Only a tiny fraction of the follicular pool reaches the final
stage for ovulation and the most important function of
ovarian follicles is the growth and maturation of a func-
tional oocyte for fertilization and the propagation of the
species. It appears that mechanisms have evolved to insure
that follicles with a healthy oocyte have a better chance of
reaching the final stage of development. One mechanism
is the secretion of oocyte-derived paracrine factors capable
of promoting the proliferation and differentiation of sur-
rounding somatic cells. At least 3 oocyte-derived factors
have been shown to promote granulosa cell growth, in-
cluding R-spondin2 (41), growth differentiation factor-9

(GDF9), and bone morphogenetic protein-15 (BMP15)
(42).

Wingless (WNT) proteins are conserved secreted sig-
naling molecules acting locally to control diverse devel-
opmental processes (43). A large family of WNT ligands
activates several 7-transmembrane Frizzled receptors, and
this ligand-receptor interaction requires the participation
of several coreceptors including low-density lipoprotein-
related receptor-5 or -6 as well as Kremens. After binding
to Frizzled receptors, WNT ligands activate the canonical
pathway mediated by disheveled, glycogen synthase ki-
nase-3, and ß-catenin, leading to transcriptional activa-
tion of T-cell factor/lymphoid enhancer factor-regulated
genes (44). There are 4 paralogous R-spondin proteins.
They are coligands for the WNT signaling pathway and
stimulate WNT signaling by activating their cognate re-
ceptors leucine-rich repeat-containing G-protein coupled
receptor (LGR)4, -5, and -6 (45, 46) and by preventing
Dickkopf-related protein1-mediated low-density lipopro-
tein-related receptor-6 and Kremen1 association and in-
ternalization (47). R-spondin1 induces intestinal stem cell
proliferation by activating the WNT signaling pathway
(48).

A transgene mouse insertional mutant, Footless, with a
hypomorph of R-spondin2 function, is associated with
asymmetric limb malformation and premature ovarian
failure (49). The Footless heterozygous females are fertile
only until 4 months of age. Likewise, heterozygous mutant
R-spondin2�/� female mice show fertility decline begin-
ning at 4 months of age (50). Thus, diminished levels of
R-spondin2 could lead to the failure of follicle develop-
ment during late reproductive life, resembling POI in pa-
tients. Mutations of oocyte-specific homeobox gene NO-
BOX are also associated with premature ovarian failure in
mutant mice (51) and patients (52). Of interest, ovarian
R-spondin2 expression is substantially decreased in NO-
BOX-null mice (53).

R-spondin2 transcripts are present exclusively in
oocytes of primary and larger follicles but not in primor-
dial follicles (41). In cultured somatic cells isolated from
preantral follicles, R-spondin2 treatment synergizes with
a WNT ligand to stimulate WNT signaling. In cultured
ovarian explants from prepubertal mice containing pre-
antral and smaller follicles, treatment with R-spondin2,
similar to FSH, promotes the development of primary fol-
licles to the secondary stage (41). In vivo administration of
an R-spondin agonist also stimulates the development of
primary follicles to the antral stage in both immature and
adult mice. Subsequent treatment with gonadotropins al-
lows the generation of mature oocytes capable of under-
going fertilization, early embryonic development, and suc-
cessful pregnancy. Furthermore, R-spondin agonist
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treatment of immune-deficient mice grafted with human
cortical fragments stimulates the development of primary
follicles to the secondary stage (41). Thus, oocyte-derived
R-spondin2 is a paracrine factor essential for preantral
follicle development. If comparable R-spondin2 actions
are identified in the human, R-spondin agonists could pro-
vide a new therapy for infertile women with low responses
to the traditional gonadotropin therapy.

In addition to R-spondin2, GDF9 and BMP15 are local
factors produced by oocytes, capable of stimulating folli-
cle development. They belong to the TGF-� superfamily of
cystine-knot proteins (54) and bind to receptor serine ki-
nases (RSKs) to stimulate downstream signaling (55).
Both factors bind to type II RSK BMP receptor II (56) and
recruit type I RSK [activin-like kinase (ALK)5 for GDF9
(57) and ALK6 for BMP15 (42)] to regulate downstream
SMAD proteins in granulosa cells. Studies using GDF9
null mice demonstrated that GDF9 is important for
growth of follicles beyond the primary stage (58). Subse-
quent studies indicated that GDF9 treatment enhances
growth and differentiation of preantral follicles in culture
(59) and promotes theca cell androgen biosynthesis (60)
and proliferation (61). In vivo, treatment with GDF9 pro-
motes the development of primordial follicles to primary
and small preantral stages (62). GDF9 also has antiapo-
ptotic actions during early antral follicle development
(63).

BMP15 is a paralogous gene for GDF9. BMP15, like
GDF9, is expressed in oocytes throughout folliculogenesis
and a potent stimulator of granulosa cell proliferation
(64). Although BMP15-null mutation in sheep is associ-
ated with infertility (65), there are species-specific differ-
ences in the role of BMP15 (66). BMP15-null mice only
show a decrease in ovulation rate but not sterility (67).
Furthermore, natural mutations of BMP15 in sheep can
cause both increased ovulation rate and infertility in a
dosage-sensitive manner. In the Inverdale (FecXI) sheep,
heterozygous BMP15 mutants exhibit increased ovulation
rate, but homozygous mutants are associated with pri-
mary ovarian failure (65, 68). Sheep with mutations in
both GDF9 and BMP15 have a greater ovulation rate than
those with either of the mutations separately (69).

In POI patients, different missense mutations in the
BMP15 gene have been identified (70–72), but no clear
mutation has been found for GDF9 (73). In contrast, loss-
of-function GDF9 mutations found in mothers of dizy-
gotic twins are presumably associated with increases in
ovulation rate and fecundity (74). Overall, it is difficult to
develop follicle-stimulating agents based on GDF9 and
BMP15 because 1) the RSKs (BMP receptor II, ALK5, and
ALK6) responsible for GDF9 and BMP15 actions are ex-
pressed in multiple tissues, 2) actions of GDF9 and BMP15

overlap with other TGF-� family members, and 3) there
are major species-specific differences in the mechanisms of
action of GDF9/BMP15 homo- and heterodimers, making
preclinical testing difficult (75).

In addition to oocyte factors, a large group of peptide/
protein ligands are secreted by granulosa cells and found
to modulate follicle growth. These ligands act through
receptor tyrosine kinases (RTKs), RSKs, and G protein-
coupled receptors (GPCRs) (Table 1). RTK-mediated sig-
naling will be discussed in Section VI, whereas the ovarian
roles of RSK ligands (activin, BMP6, and anti-Mullerian
hormone [AMH]) have been extensively reviewed (76–
79) and will not be discussed further. The physiological
roles of most of the above-mentioned ligands in follicle
development are less clear because 1) most studies rely
upon in vitro culture systems, 2) the ligand-receptor pairs
could exert overlapping actions, and 3) few ovary-specific
mutant mice have been generated. The roles of GPCR li-
gands (vasoactive intestinal peptide [VIP] and(pituitary
adenylate cyclase-activating polypeptide [PACAP]) will
also not be discussed further because both VIP and
PACAP, like FSH, act through the cAMP pathway (80).

In addition to local peptide hormones, ovarian steroids
(estrogens, androgens, and progesterone) also play impor-
tant roles in the intraovarian regulation of folliculogenesis
by acting on specific ovarian receptors. In patients, estro-
gen receptor-� variants have been associated with POI
(81), whereas shorter alleles of the CAG repeat in exon 1
of the androgen receptor might be related to enhanced

Table 1. Intraovarian Paracrine Hormones Act
Through RTKs, RSKs, GPCRs, Guanylyl Cyclase Receptor
NPRB, and Integrins to Regulate Preantral Follicle
Growtha

Ligands Receptors

IGF-1, KGF,
VEGF, FGF2,
FGF10

RTKs

Activins, BMP6,
AMH

RSKs (types I and II)

PACAP, VIP GPCRs
CNP Guanylyl cyclase (NPRB)
CCN2/CTGF Integrins

Abbreviations: CTGF, connective tissue growth factor.
a Diverse paracrine growth factors are secreted by granulosa cells; they act
through several distinct intracellular signaling pathways to promote follicle
development. IGF-1, KGF, VEGF, FGF2, and FGF10 act through their respective
RTKs in granulosa cells to regulate follicle development. In contrast, activins,
AMH, and BMP6 synthesized by granulosa cells act though type I and type II
RSKs in granulosa cells to regulate follicle development. Also, both PACAP and
VIP produced by granulosa cells increase cAMP production by granulosa cells to
regulate follicular functions. CNP secreted by granulosa cells binds to the
guanylyl cyclase NPRB to increase cGMP production and promote follicle
development. In contrast, CCN2/CTGF, produced by granulosa cells in response
to Hippo signaling disruption, interacts with membrane-bound integrins in
granulosa cells to promote follicle growth.
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susceptibility to PCOS (82, 83). Due to receptor-mediated
actions of ovarian steroids at hypothalamic, pituitary, and
other extraovarian sites, ovarian cell-specific receptor
gene deletion in mice is more informative to reveal ovarian
actions of these steroids. Theca cell-specific deletion of
estrogen receptor-� in mice leads to premature ovarian
failure (84), whereas deletion of androgen receptors in
granulosa cells of mice results in subfertility (85, 86). In
addition to defective ovulatory responses found in mice
with global deletion of the progesterone receptor (87),
detailed studies indicated that progesterone receptors in
preovulatory follicles play essential roles in the luteiniza-
tion process (88).

Although local estrogens promote follicle growth and
contribute to the dominance of selected follicles during
each reproductive cycle (89), studies on local actions of
androgens are complicated by their conversion to estro-
gens. Studies using cultured granulosa cells demonstrated
the ability of a nonaromatizable androgen, DHT, to in-
crease FSH receptor content (90) and to stimulate estrogen
(91) and progesterone (92) biosynthesis. However, higher
ratios of androgens to estrogens are associated with atresia
of human follicles (93). Of interest, isolated preantral mu-
rine follicles grown in concentrations of FSH that are mar-
ginal for follicle development develop faster in the pres-
ence of DHT, indicating the ability of androgens to
enhance follicle development (94).

In vivo studies on androgen actions in the ovary are
further complicated due to the ability of androgens and
estrogens to regulate pituitary gonadotropin secretion.
Treatment with androgens augments follicular FSH re-
ceptor expression in primate follicles (95), whereas ad-
ministration of a weak androgen, dehydroepiandros-
terone, has been found to be valuable in treating patients
with diminished ovarian reserve (96–98) and to improve
oocyte and embryo quality in poor responders (99). Al-
though cellular mechanisms still remain to be elucidated,
these findings suggest the potential use of weak androgens
for infertility treatment.

IV. Ovarian Hippo Signaling Constrains Follicle
Development and Promotion of Preantral
Follicle Growth by CCN Growth Factors

As early as the 1930s, ovarian wedge resection (100) was
used for treating patients with PCOS to induce follicle
growth. This is followed by recent success based on ovar-
ian drilling by diathermy or laser (101). In addition, ovar-
ian cortices are routinely fragmented to allow better freez-
ing and grafting for fertility preservation in cancer patients
who underwent sterilizing treatment (102). Subsequent

autotransplantation of ovarian fragments is associated
with follicle growth. Based on the hypothesis that damage
to ovaries could promote follicle growth, we cut ovaries
from juvenile mice containing secondary and smaller fol-
licles into 3 pieces, followed by allotransplantation under
kidney capsules of adult hosts for 5 days. Of interest, ma-
jor increases in graft sizes were evident in fragmented ova-
ries as compared with paired intact ovaries (103). This is
due to the promotion of preantral follicle development to
late secondary and antral/preovulatory stages. Further-
more, cutting of ovaries from day 23 mice containing early
antral and smaller follicles also promotes follicle growth.
The observed damage-induced follicle growth was also
found using rat ovaries, suggesting the findings are not
species-specific.

The Hippo signaling pathway is essential for organ size
control, and components of this pathway are conserved in
all metazoan animals (104–106). Hippo signaling consists
of several negative growth regulators acting in a serine/
threonine kinase cascade that ultimately phosphorylates
and inactivates key transcriptional coactivators, yes-asso-
ciated protein (YAP) and transcriptional coactivator with
PDZ-binding motif (TAZ) (Figure 3). When Hippo sig-
naling is disrupted, nuclear YAP or TAZ interacts with
TEAD (transcription factors containing the transcrip-
tional enhancer activator [TEA] DNA binding domain)
proteins to increase the expression of downstream CCN
growth factors and baculoviral inhibitors of apoptosis re-
peats-containing proteins (BIRC) apoptosis inhibitors
(104). The name CCN is derived from major family mem-
bers including cysteine-rich angiogenic protein 61
(CYR61 or CCN1), connective tissue growth factor
(CTGF or CCN2), and NOV (nephroblastoma overex-
pressed or CCN3). These CCN and BIRC proteins, in turn,
stimulate cell growth, survival, and proliferation (107).
The Hippo signaling pathway regulates liver growth and
is a suppressor of liver tumor formation. Specific deletion
of SAV1 (Salvador homolog 1) or MST1/2 (macrophage-
stimulating protein 1/2) gene in hepatocytes results in en-
larged livers in mice (108, 109). Likewise, conditional de-
letion of SAV1 leads to enlarged hearts (110). YAP is a
candidate oncogene, and several other components of the
Hippo pathway are tumor suppressors, thus connecting
the regulation of organ size and tumorigenesis (111). In
murine and human ovaries, key Hippo signaling genes
(YAP, TAZ, MST1/2, SAV1, and LATS1/2) are expressed
in follicles at different stages (103).

Unlike many extracellular ligand-induced signaling
pathways including WNT, RTKs, and RSKs, the Hippo
pathway does not have dedicated extracellular ligands and
receptors but is instead regulated mainly by a network of
upstream components involved in regulating cell adhe-
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sion, shape, and polarity (112). Actin comprises up to
10% of total soluble proteins in eukaryotic cells. Rapid
changes in the polymerization of globular actin (G-actin)
to the filamentous actin (F-actin) mediate cell adhesion,
shape maintenance, and locomotion. Taking advantage of
the ease to perform genome-wide RNA interference
screening in insect cells, cells expressing a reporter gene
driven by the promoter of Yki (an ortholog of vertebrate

YAP) was used to identify genes ca-
pable of disrupting Hippo signaling.
Of interest, most genes identified are
upstream of actin polymerization,
and deletion of them induces extra
F-actin formation and disrupts
Hippo signaling. Furthermore, over-
expression of an activated version of
the actin-polymerizing formin di-
aphanous (DIAPH) induces over-
growth in Drosophila imaginal
discs. The role of actin polymeriza-
tion in the disruption of Hippo sig-
naling is also conserved in human
HeLa cells (113, 114).

We found that fragmentation of
murine ovaries induces a transient
increase in the polymerization of G-
actin to F-actin, disrupts Hippo sig-
naling, decreases YAP phosphoryla-
tion, and increases nuclear YAP
levels, leading to increased expres-
sion of downstream CCN growth
factors and BIRC inhibitors (Figure
3) (103). The essential role of
Hippo signaling effector YAP in
mediating fragmentation-induced
follicle growth is demonstrated by
the inhibitory effect of verteporfin
(103), a low-molecular-weight com-
pound capable of blocking interac-
tions between YAP and downstream
TEAD transcriptional factors (115).
Transcripts for the 4 CCN growth
factors induced after ovarian frag-
mentation in mice were also found to
increase after cutting thawed human
cortical strips to small cubes. In ad-
dition, treatment of murine ovarian
explants with recombinant CCN2,
-3, -5, and -6 promotes the develop-
ment of preantral follicles (103), pre-
sumably by binding to their cell sur-
face integrin receptors (116). These

findings demonstrate the important role of CCN proteins
as ovarian growth factors.

Earlier studies on ovarian transplantation suggested
that ovarian damage could promote follicle growth. Al-
though initial success of orthotopic whole ovary trans-
plantation in mice was reported in 1940 (117, 118), this
procedure was substantially improved by cutting ovaries
in half before transplantation (119). For patients, ovarian

Figure 3.

Figure 3. Actin polymerization disrupts ovarian Hippo signaling and promotes nuclear YAP
actions to increase downstream CCN growth factors and apoptosis inhibitors involvement in POI,
PCOS, follicle reserve, and infertility. The Hippo serine/threonine kinase signaling cascade is
conserved from flies to mammals to restrict tissue growth. Mammalian MST1 and MST2 are
orthologous to the fly Hpo (Hippo) gene. MST1/2, acting in concert with Sav1, phosphorylates
downstream LATS1/2 to suppress YAP and TAZ actions by phosphorylating YAP and TAZ, leading
to the degradation of phospho-YAP/TAZ after binding to cytoplasmic 14–3-3 proteins. Ovarian
fragmentation induces actin polymerization (conversion of G-actin to F-actin) and disruption of
the Hippo signaling pathway, leading to decreases in YAP phosphorylation and increased nuclear
levels of YAP (103). Nuclear YAP interacts with cotranscriptional factors TEAD1/2/3/4 to stimulate
the expression of downstream CCN growth factors and BIRC apoptosis inhibitors, leading to cell
proliferation. Genomic and genetic studies underscore the important roles of the ovarian Hippo
signaling pathway. DIAPH genes are important for actin polymerization. Disruption of DIAPH2
has been found in a familiar case of POI (126), whereas this gene is also important for ovarian
reserve in a genome-wide association study (127). Likewise, DIAPH3 has been implicated in
regulating ovarian reserve in a genome-wide association study (230). For Hippo pathway genes,
LATS1 deletion in mice leads to infertility and ovarian tumorigenesis (129), whereas LATS1
regulates the activity of FOXL2 (130), a gene defective in some POI patients. Genome-wide
association studies also implicate the Hippo effector gene YAP in PCO patients (131), whereas
overexpression of YAP was found in ovarian surface epithelium (OSE) tumors (132). For
downstream genes, conditional deletion of CCN2 in granulosa cells leads to subfertility (133),
whereas gene copy changes for the BIRC1 apoptosis inhibitor gene is associated with POI in
patients (134).
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cryo-preservation and auto-transplantation can restore
fertility in women who underwent sterilizing treatments
for cancer (102), with a few dozen successful deliveries
reported so far. In these studies, ovarian cortices are rou-
tinely fragmented to allow better cryo-preservation and
grafting (120). These observations can now be explained
by ovarian fragmentation-induced disruption of Hippo
signaling that promotes follicle growth (103).

V. Hippo Signaling in Ovarian Physiology and
Pathophysiology

Findings of ovarian Hippo signaling suggest that ovarian
follicles, after activation from dormancy, could have dif-
ferent growth trajectories determined by local Hippo sig-
nals that suppress follicle growth. Of interest, 3 cohorts of
secondary follicles with different growth trajectories were
identified in nonhuman primates using encapsulated 3-di-
mensional cultures (121). Because the constraint exerted
by local Hippo signaling in situ could vary among indi-
vidual follicles at the same stage of development, one can
explain the large variation of follicle lifespans found after
tracing of follicles in transgenic mice (122). The first wave
of follicle growth was monitored in transgenic mice ex-
pressing an inducible forkhead box L2-directed fluores-
cence marker protein in granulosa cells. Although the
transgenicmarkerwas inducedat a fixed timepointduring
the initiation of primordial follicle activation, the duration
required for the development of primordial follicles to the
preovulatory stage varied from 23 to 90 days. These find-
ings explain earlier futile attempts to determine the exact
lifespan of follicles (123). It is possible that local Hippo
signaling is regulated based on the location of individual
follicles inside the ovary. Hippo signaling could also be
involved in interfollicle communications (124); larger fol-
licles could reinforce Hippo signaling in neighboring
smaller follicles to suppress their growth. During each
ovulation, large structural changes associated with follicle
rupture could also disrupt local Hippo signaling due to
rupture-induced changes in actin polymerization near the
surface epithelium. Monthly disruption of Hippo signal-
ing and resultant overproliferation of surface epithelial
cells could increase the susceptibility to ovarian surface
epithelial cancer (125).

Genomic and genetic studies provide further support
for the essential roles of ovarian Hippo signaling and actin
polymerization in regulating follicle development. Defects
in Hippo signaling genes are associated with POI, PCOS,
ovarian follicle reserve, and ovarian tumorigenesis in pa-
tients as well as ovarian infertility in mice (Figure 3). The
upstream DIAPH proteins suppress actin depolymeriza-

tion. Among 3 mammalian DIAPH genes, the coding re-
gion of DIAPH2 is disrupted in both mother and daughter
of a POI family due to chromosomal translocation (126).
DIAPH2 is also a candidate gene for menopausal age in
women based on a genome-wide association study (127).
Likewise, DIAPH3 is a marker of follicle reserve and
menopause in women of multiple ethnicities (128).
Among Hippo pathway genes, LATS1-null mice are sub-
fertile with 60% showing complete sterility; some of them
also develop ovarian stromal cell tumors (129). LATS1
phosphorylates FOXL2, a POI susceptibility gene, and
regulates FOXL2 transcriptional activity (130). For the
Hippo effector YAP, genome-wide association analyses of
PCO patients identified 2 single-nucleotide polymorphism
candidates in the third and seventh introns of YAP (131).
YAP was also found to be a tumor suppressor for ovarian
surface epithelial cancers (132). For downstream genes,
granulosa cell-specific deletion of CCN2 disrupts follicle
development and ovulation (133). The mildly subfertile
and late-onset phenotypes of CCN2 mutant mice could be
due to compensatory actions of paralogous CCN (3, 5,
and 6) growth factors also expressed in the ovary. Fur-
thermore, BIRC1 shows gene copy variations in POI pa-
tients analyzed by array comparative genomic hybridiza-
tion profiling (134).

The Hippo signaling pathway is regulated by the phys-
ical and mechanical microenvironment of cells (135). Me-
chanical cues from the extracellular matrix, cell adhesion
sites, cell shape, and the actomyosin cytoskeleton con-
verge on the regulation of the Hippo signaling pathway to
affect cell fates. Culturing mesenchymal stem cells in a stiff
extracellular matrix increases YAP activity and promotes
osteogenesis, whereas culturing them in a soft matrix de-
creases YAP activity and promotes adipogenesis (136). In
mammalian early embryos, F-actin bundles are abundant
in the trophectoderm (137), associated with increased
YAP activity and cell proliferation. In contrast, F-actin
staining is low in the inner cell mass, showing lower YAP
activity and cell differentiation (138). Mammary epithe-
lial cells embedded in a soft matrix grow into spheric ep-
ithelial monolayers with a central lumen. These cells un-
dergo growth arrest, polarization, and eventually,
differentiation (139). In contrast, culturing mammary ep-
ithelial cells in a stiff matrix increases cell proliferation and
promotes cell invasiveness into the surrounding matrix.
Many tumors have a rigid structure because they have a
stiff stroma and high cytoskeletal tension that enhances
cell proliferation (140). Although Hippo signaling
changes have not been investigated in great detail, these
findings are consistent with increased YAP activity and
proliferation of cells situated in a stiff niche, whereas a
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softer niche is associated with differentiated cells with
lower YAP activity.

In the ovary, primordial follicles are all situated in the
cortical region, which is more rigid than the inner medullar
region. Unknown mechanisms maintain most primordial
follicles in the dormant state. Once primordial follicles are
activatedtogrow,Hipposignalingofcells in folliclesnear the
cortical area could be disrupted due to the stiff niche, leading
to increased YAP activity and CCN growth factor secretion
followed by cell proliferation and follicle growth into the
secondary stage. As follicles grow larger, they move into the
softer medullar region and subsequent resumption of Hippo
signaling could slow down follicle growth.

Although it is difficult to compare follicles inside ova-
ries with those isolated for culture, recent studies indicated
that a stiff culture environment favors high progesterone
and androgen secretion, whereas decreasing alginate stiff-
ness results in estrogen production that exceeds proges-
terone and androgen accumulation, suggesting a link be-
tween the biomechanical environment and follicle
function (141). Based on follicle culture studies, Woodruff
and Shea (142) advanced a hypothesis suggesting that fol-
licle activation is dependent on the physical environment
of the ovary in addition to well-established hormonal cues.

VI. Regulation of Primordial Follicle Activation
by AKT and Mammalian Target of Rapamycin
Signaling Pathways

Earlier studies demonstrated that oocytes in dormant pri-
mordial follicles are metabolically active and transcribe
genes essential for oocyte growth (143). Thus, primordial
oocytes in these follicles are preloaded with gene tran-
scripts for further follicle growth, suggesting the existence
of factors important for maintaining follicle dormancy by
preventing the translation of these transcripts in most pri-
mordial follicles (Figure 1). Using in vitro cultures, mutant
animals, specific inhibitors, and passive immunoneutral-
ization approaches, a number of factors have been found
to be important for primordial follicle growth. These in-
clude kit ligand (144, 145), neurotrophins (146), vascular
endothelial growth factor (VEGF) (147), BMP4 (148),
BMP7 (149), leukemia inhibitory factor (150), basic fi-
broblast growth factor (FGF) (151), keratinocyte growth
factor (KGF) (152), and others. Although these findings
suggest the involvement of an overlapping and redundant
group of extracellular intraovarian factors in primordial
follicle activation, the exact factors involved in the acti-
vation of a select few primordial follicles at a given time
under physiological states is still poorly understood.

Because diverse local factors involved in initial follicle
recruitment are likely to converge on common intracellu-
lar signaling pathways, it is easier to manipulate the func-
tions of intracellular signaling pathways by pharmacolog-
ically activate dormant primordial follicles. Recent studies
provide insights into the intracellular signaling mecha-
nisms important for primordial follicle activation from the
dormant state (153). Studies using c-kit ligand that acti-
vates c-kit (an RTK) in mouse and rat oocytes demon-
strated the stimulation of AKT activity and the suppres-
sion of a downstream transcriptional factor forkhead box
O3 (FOXO3) (154). After Kit ligand activates its cognate
RTK, phosphorylation of the intracellular region of the
RTK stimulates phosphatidylinositol 3-kinase (PI3K) ac-
tivity, leading to the conversion of the lipid second mes-
senger phosphatidylinositol-4,5-bisphosphate (PIP2) into
phosphatidylinositol-3,4,5-triphosphate (PIP3). PIP3, in
turn, recruits and activates phosphatidylinositol-depen-
dent kinase 1, followed by AKT activation (Figure 4).
Translocation of AKT to the nucleus suppresses the tran-
scriptional activity of FOXO3. This pathway is also reg-
ulated by the inhibitory tumor-suppressor phosphatase
and tensin homolog (PTEN) enzyme that negatively reg-
ulates PI3K signaling by dephosphorylating PIP3 and con-
verting it back to PIP2.

The important roles of the PI3K-PTEN-AKT-FOXO3
pathway in primordial follicle activation are highlighted
by transgenic mouse studies. FOXO3-null mice show
global activation of all dormant follicles at the neonatal
stage, resulting in a premature ovarian failure phenotype
during later life (155). PTEN converts PIP3 to PIP2 and
dampens actions of endogenous follicle-activating RTK
ligands. Mutant mice with oocyte-specific PTEN deletion
also showed activation of all primordial follicles during
neonatal life (156). Furthermore, inducible deletion of
PTEN in the oocytes of adult mice also increased AKT
phosphorylation and nuclear export of FOXO3 proteins,
leading to primordial follicle activation (157). Although
the role of PI3K-PTEN-AKT-FOXO3 signaling in oocytes
is well-established based on murine models, it is important
to note that the downstream FOXO gene is likely to be
FOXO1 in women (158). In the mouse ovary, FOXO1 is
highly expressed in somatic cells (but not in oocytes) and
is also downstream of PTEN-AKT signaling (159). Al-
though the role of FOXO proteins in the Hippo signaling
pathway is unclear, it is interesting to note that CCN2
downstream of Hippo signaling is positively regulated by
FOXO1/3 and activin in granulosa cells (98).

Mammalian targetof rapamycin (mTOR) isa serine/thre-
oninekinase that regulatescellgrowthandproliferation.The
rapamycin-sensitive mTOR complex 1 positively regulates
cell growth and proliferation by promoting biosynthesis of
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proteins, lipids, and organelles and by limiting catabolic pro-
cesses such as autophagy (160). In addition to the PTEN-
AKT-FOXO3 signaling pathway, suppression of mTOR
complex 1 activity by the tuberous sclerosis 1-tuberous scle-
rosis 2 complex in oocytes has also been shown to be a pre-
requisite for maintaining the dormancy of primordial folli-
cles based on extensive studies using mice with oocyte-
specific deletion of Tsc1 and Tsc2 genes (161, 162). Of
interest, double deletion of Tsc1 and PTEN leads to syner-
gistically enhanced oocyte growth and follicle activation
when compared with singly mutated mice (162). These find-
ings demonstrate the essential and coordinate roles of AKT
and mTOR signaling pathways in regulating primordial fol-
licle dormancy and in preserving the length of female repro-
ductive life (163). In addition to primordial follicles, mTOR
signaling isalso important forgranulosacell growth inantral
follicles (164).

Based on the importance of the PI3K-PTEN-AKT-FOXO3
pathway in primordial follicle activation, an in vitro activation
(IVA) approach was used to promote the growth of dormant
primordial follicles in neonatal mouse ovaries. Short-term in
vitro treatment of ovaries with a PTEN inhibitor and a PI3K-

stimulating phosphopeptide (designed based on the intracellu-
lar region of activated platelet-derived growth factor receptor)
increasesAKTactivity, leading tonuclearexclusionofFOXO3
in primordial oocytes (165). After transplantation of ovaries
under kidney capsules of ovariectomized hosts, primordial fol-
licles develop to the preovulatory stage with mature eggs dis-
playing normal epigenetic modification of imprinted genes. Af-
ter in vitro fertilization (IVF) of these oocytes and subsequent
embryo transfer, healthyprogenywithproven fertility couldbe
delivered.

Similar in vitro treatment of human primordial follicles
in ovarian cortical fragments also leads to the activation of
dormant follicles. After xenotransplantation to immune-
deficient mice for 6 months, preovulatory follicles con-
taining oocytes capable of undergoing nuclear maturation
could be generated (165).

VII. IVA of Preantral Follicles After Hippo
Signaling Disruption and AKT Stimulation

The PI3K-PTEN-AKT pathway not only regulates pri-
mordial follicle dormancy at the oocyte level but also plays

Figure 4.

Figure 4. The PTEN-PI3K-AKT pathway in oocytes regulates primordial follicle activation. Mouse models were used to investigate the regulation of
primordial follicle dormancy. The FOXO3 gene in primordial oocytes serves as a break to prevent the initiation of follicle growth. Activation of upstream
RTKs by their cognate ligands (kit ligand, IGF-1, EGF, platelet-derived growth factor [PDGF], VEGF, etc) stimulates the autophosphorylation of intracellular
regions of these receptors. Activated receptors then stimulate PI3K activity, leading to increases in PIP3 levels and AKT stimulation. Activated AKT then
migrates to the cell nucleus and suppresses FOXO3 actions to promote primordial follicle growth. The PTEN gene encodes an enzyme that converts PIP3
to PIP2, thus damping the actions of PI3K. Oocyte-specific deletion of the PTEN gene leads to global activation of primordial follicles (156) whereas
treatment with PTEN inhibitors, bpV(hopic) [(5-hydroxy-2-pyridinecarboxylato-kN1, kO2)oxodiperoxy-vanadate (2-), dipotassium], promotes primordial
follicle activation (165). Although the exact ligand-receptor pairs responsible for the activation of primordial follicles during physiological conditions are
unknown, treatment of ovaries with a cell membrane-permeable peptide (740Y-P, designed based on the phosphorylated intracellular region of the
PDGF receptor) stimulates AKT signaling and promotes the activation of primordial follicles (165).
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an obligatory role in the FSH stimulation of granulosa cell
differentiation of antral follicles (166) as well as in oocyte
maturation of preovulatory follicles (167). Although in
vitro culture studies demonstrated stimulatory effects of
IGF-1 (168), KGF (169), VEGF (170), FGF2 (171), and
FGF10 (172) to modulate granulosa cell functions and
promote preantral follicle growth (Table 1), the most con-
vincing study showing the importance of these RTK li-
gands derives from mutant mice with specific deletion of
the PTEN gene in granulosa cells of secondary and early
antral follicles (159). These mice showed increases in gran-
ulosa cell proliferation, decreases in follicle atresia, and
increases in ovulatory efficacy (159), underscoring the im-
portance of the AKT signaling pathway in granulosa cells.

When isolated secondary follicles from infantile mice
were cultured with PTEN inhibitors and PI3K stimulators
to stimulate AKT signaling, follicle growth was evident
(103). Furthermore, ovaries from day 10 mice containing
secondary and smaller follicles also respond to AKT sig-
naling stimulation after short-term treatment with IVA
drugs (PTEN inhibitor and PI3K-stimulating peptide),
leading to increased preantral follicle development after
grafting (103). Of interest, IVA drug treatment, when
combined with fragmentation-induced Hippo signaling
disruption, leads to additive increases in preantral follicle
development. Using human cortical pieces containing sec-
ondary and smaller follicles, ovarian fragmentation, fol-

lowed by IVA drug treatment, also facilitates rapid follicle
growth in xenografts of immune-deficient mice with the
generation of preovulatory follicles within 4 weeks (103).

It is clear that both primordial and secondary follicles
can be promoted to grow likely through different mech-
anisms (Figure 5). Treatment with IVA drugs activates
dormant primordial follicles by stimulating the PTEN-
PI3K-AKT-FOXO3 pathway in oocytes. In contrast,
ovarian fragmentation (Hippo signaling) followed by IVA
drug treatment (AKT stimulation) act through granulosa
cells to promote secondary follicle growth. These findings
provide the basis to activate dormant primordial and re-
strained secondary/preantral follicles to start/resume
growth in patients with low ovarian reserve.

VIII. Etiologies of POI and Promotion of
Preantral Follicle Growth in POI Patients

POI, also known as premature ovarian failure, occurs in
1% of women (173, 174). The known causes for POI
include genetic aberrations involving the X-chromosome
or autosomes as well as autoimmune ovarian damages
(175). However, the specificity of antiovarian antibodies
and their pathogenic roles are questionable (176, 177).
Furthermore, surgery, radiation, and chemotherapeutic
interventions as well as exposure to certain environmental

Figure 5.

Figure 5. Ovarian fragmentation and IVA drug treatment promote follicle growth via different mechanisms. Incubation of ovaries with PTEN
inhibitors and PI3K stimulators activate dormant primordial follicles by increasing oocyte AKT activity to promote nuclear exclusion of FOXO3, thus
preventing its suppression of primordial follicle growth. For secondary follicles, ovarian fragmentation disrupts Hippo signaling to increase
downstream CCN growth factors and BIRC apoptosis inhibitors, leading to follicle growth. In addition, concomitant treatment with PTEN inhibitor
and PI3K stimulators leads to additive promotion of follicle growth by increasing AKT activity in granulosa cells of secondary follicles.
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factors (eg, viral infection or toxins) could also lead to
POI. Presently, the only proven means for infertility treat-
ment in POI patients involve assisted conception with the
use of donated oocytes (178, 179). For cancer patients
before chemo- or radiation therapy, cryopreservation of
ovarian tissues, mature oocytes, and embryos are potential
options (178).

Due to heterogeneity of POI etiologies, varying
amounts of residual preantral follicles are still present in
ovaries of some POI patients. Routine diagnosis of POI is
based on the monitoring of amenorrhea along with ele-
vated serum FSH concentrations above 40 IU/L and low
serum estradiol levels in women below 40 years of age.
Although monitoring of serum AMH secreted by second-
ary follicles is gaining popularity in evaluating ovarian
reserve (10), routine diagnosis is based on cessation of
menses. However, a menses-based diagnosis could pre-
clude the detection of preantral follicles in POI patients
because sloughing off of endometrial lining during men-

strual bleeding is induced by variations in ovarian sex ste-
roids secreted by antral and larger follicles.

Because treatment with PTEN inhibitors/PI3K stimu-
lators activates dormant primordial follicles, whereas
ovarian fragmentation and IVA drug treatment lead to
additive stimulation of secondary follicle growth, ovarian
fragmentation and IVA drug treatment were combined to
activate residual preantral follicles in ovaries of 27 POI
patients (Figure 6). One or both ovaries from POI patients
were removed using laparoscopic surgery. Ovaries were
cut into strips (1–2 mm thickness and 1 � 1 cm) before
vitrification (180). Frozen ovarian strips were then
thawed and fragmented into �100 cubes of 1 to 2 mm2,
followed by IVA drug treatment for 2 days. Forty to 80
ovarian cubes each were then autotransplanted beneath
the serosa of the 2 Fallopian tubes. After transvaginal ul-
trasound monitoring, together with serum estrogen mea-
surement, follicle growth was found in about 50% of pa-
tients showing residual follicles. In most POI patients

Figure 6.

Figure 6. Ovarian fragmentation/AKT stimulation followed by autografting promotes follicle growth in POI patients to generate mature oocytes for
IVF embryo transfer, pregnancy, and delivery. Under laparoscopic surgery, one or both ovaries from POI patients were removed and cut into strips
before vitrification. After thawing, strips were fragmented into 1- to 2-mm2 cubes, before treatment with AKT stimulators (PTEN inhibitors and
PI3K stimulator). Two days later, cubes were autografted under laparoscopic surgery beneath the serosa of Fallopian tubes. Follicle growth was
monitored weekly or biweekly via transvaginal ultrasound and based on serum estrogen levels. After detection of antral follicles, patients were
treated with FSH followed by human chorionic gonadotropin when preovulatory follicles were found. Mature oocytes were then retrieved and
fertilized with husbands’ sperm in vitro before cyropreservation of 4-cell-stage embryos. Patients then received hormonal treatments to prepare
the endometrium for implantation followed by transferring of thawed embryos and pregnancy. [Modified from K. Kawamura et al: Hippo signaling
disruption and Akt stimulation of ovarian follicles for infertility treatment. Proc Natl Acad Sci U S A. 2013;110:17474 (103), with permission.
© National Academy of Sciences of the United States of America.]
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responding to IVA treatment, preovulatory follicles were
found within weeks or a few months, suggesting the
growth of preantral follicles. In contrast, some preovula-
tory follicles were detected only after 6 months or longer,
likely due to the activation of dormant primordial follicles
(165). After IVF and embryo transfer, 2 patients became
pregnant (103) (Figure 6). Consistent with the reported
safety of the IVA procedure in mice (181), 2 healthy IVA
babies have been born with the first one being more than
1 year of age. The IVA approach leads to a new infertility
treatment strategy for POI patients with a very poor prog-
nosis for achieving a pregnancy otherwise.

Although these observations may have profound clin-
ical implications, it has to be emphasized that the above-
described findings involve uncontrolled cases in a small
population of women diagnosed with POI. Spontaneous
recovery of menstrual cycles and subsequent pregnancies
has been described in POI patients (182). Therefore, con-
trolled studies should be undertaken and preliminary re-
sults confirmed before such approaches can be advocated
for more widespread clinical use. To avoid residual effects
of IVA drugs in vivo and to minimize unwanted retarda-
tion of human follicle growth found after prolonged cul-
ture with PTEN inhibitors (183), ovarian fragments were
treated with IVA drugs for only 2 days and rinsed exten-
sively before grafting back to patients.

IX. Predicting Follicle Reserve and Promotion of
Preantral Follicle Growth in Women With Diminished
Ovarian Reserve
For POI patients and other patients with low ovarian re-
serve as well as women suffering from decreased fertility
of ovarian origins, it is important to identify biomarkers to
predict ovarian reserve to estimate the chances for patients
to generate mature oocytes spontaneously or in response
to assisted reproductive technology (ART). Due to an age-
dependent decline in both quality and quantity of oocytes,
patient age is the most important parameter in determin-
ing the chances that a women will conceive (10). In the
2011 ART report by the U.S. Centers for Disease Control
and Prevention, canceled ART cycles increase from 6.4%
in female patients less than 35 years of age to 26.8% for
patients greater than 44 years of age. In addition to age, a
large number of clinical parameters might predict poor
responses to gonadotropin stimulation, including serum
levels of basal FSH and inhibin B, antral follicle count,
ovarian volume, and serum AMH levels (184–187).

AMH expression is negligible in primordial follicles,
low in granulosa cells of primary follicles, and highest in
granulosa cells of secondary and small antral follicles. In
larger antral follicles, AMH expression gradually declines
(188). These findings are consistent with the elevation of

serum AMH levels in PCOS patients showing excess early
antral follicles (189, 190). Because serum AMH levels de-
crease over time in young normo-ovulatory women and
are strongly correlated with the number of antral follicles,
serum AMH levels have been used to monitor ovarian
reserve (191) for predicting outcomes from ovarian stim-
ulation and the timing of menopause (184). Because AMH
is produced by granulosa cells from primary to small an-
tral but not primordial follicles (192), the use of serum
AMH levels as an ovarian reserve marker could neglect the
presence of primordial follicles (193). However, a corre-
lation between serum AMH levels and primordial follicle
counts has been reported (194), suggesting that additional
studies are needed to elucidate the relationship between
primordial and larger follicles.

Future searches for markers of preantral follicles could
include different oocyte-derived factors due to the large
size of oocytes as compared with small numbers of sur-
rounding somatic cells in primordial and primary follicles.
GDF9 and BMP15 are predominantly secreted by oocytes
of primary and larger human follicles (195, 196), whereas
oocyte-specific R-spondin2 is expressed in primary and
larger follicles in rodents (41). For these oocyte factors,
development of ultrasensitive assays is needed to detect the
presumably low leakage of these secreted factors from
ovaries into the systemic circulation.

In women with regular menstrual cyclicity, �20 early
antral follicles are present during the early follicular phase
(197), producing low amounts of sex steroids (198). Dur-
ing the late follicular phase of the menstrual cycle, a single
antral follicle develops to the preovulatory stage and se-
crets sufficient estrogens to induce uterine cell prolifera-
tion (Figure 7). After ovulation, the newly formed corpus
luteum secretes progesterone and estrogens to induce uter-
ine cell differentiation, followed by menstrual bleeding
when levels of sex steroids decline during luteolysis. In
these regularly cycling women, treatment with exogenous
gonadotropins usually promotes the development of a
large number (15–30) of preovulatory follicles (8) (Figure
7). A subgroup of these women develops fewer (�3) pre-
ovulatory follicles after exogenous FSH stimulation (199).
These FSH poor responders have early antral follicles but
may have insufficient expression of functional FSH recep-
tors or other defects (Figure 7). As discussed earlier, these
patients may benefit from CNP therapies to promote pre-
antral and antral follicle growth.

Due to the delay of childbearing age in the modern
society, many middle-aged women beyond 40 years of age
are experiencing infertility because of diminishing ovarian
reserve. Decreases in egg quantity, as well as quality, prog-
ress exponentially after 35 years of age. Based on the 2008
report by the U.S. Centers for Disease Control and Pre-
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vention, the likelihood of conception per cycle for a
woman at 40 and 45 years of age is approximately 10%
and 1%, respectively (200). Although middle-aged
women experience irregular menstrual cyclicity, their ova-
ries still contain preantral follicles (10) (Figure 7). How-
ever, many of these patients do not respond to the tradi-
tional gonadotropin therapy. For these patients and others
with diminished ovarian reserve (201), the IVA approach
or treatment with ovarian paracrine factors, including
CNP, may be effective in stimulating preantral follicle
growth.

On average, menopause occurs at 51 years of age. For
POI patients and infertile women showing early meno-
pause before 51 years of age, residual preantral follicles
could still be present in the ovary (Figure 7). The IVA
procedure promotes primordial follicle activation as well
as stimulates secondary follicle growth by combining
Hippo signaling disruption and AKT stimulation.

X. Does a Subgroup of PCOS Patients Have
Ovarian Structural Defects?

Between 5% and 10% of reproductive-age women are
infertile due to the PCOS (202). PCOS patients have en-
larged ovaries with a thickened sclerotic capsule. PCOS
ovaries contain a high number of small antral follicles but
no preovulatory follicles (203). In their original paper
published in 1935, Stein and Leventhal (100) reported 7
cases of amenorrhea associated with polycystic ovaries.
After wedge resection of ovaries, normal menses reap-
peared in all 7 patients. Subsequently, surgical ovarian
wedge resection was largely abandoned due to the risk of
postsurgical adhesions and introduction of medical ovu-
lation induction with clomiphene citrate and exogenous
gonadotropins. Based on the wedge resection principle,
laparoscopic ovarian drilling (LOD) (204, 205) can now
be performed on an outpatient basis with less trauma and

Figure 7.

Figure 7. Diagrammatic representation of hypothesized follicle dynamics under different clinical conditions. In women with regular menstrual
cyclicity (left panel), �20 early antral follicles are present during the early follicular phase and produce low amounts of sex steroids. During the first
half of the menstrual cycle, development of a single antral and then preovulatory follicle (n � 1) confers the secretion of sufficient estrogens and
progesterone to induce uterine changes, resulting in regular menses. Treatment of these women with exogenous gonadotropins promotes
development of a large number [15 to 30] of preovulatory follicles (good FSH responders). Ovarian activity above the dashed line denotes sufficient
ovarian sex steroid secretion to affect uterine functions, leading to regular menstrual cycles. For poor FSH responders, early antral follicles may be
present, but insufficient expression of functional FSH receptors could lead to the development of fewer (�3) preovulatory follicles after exogenous
FSH stimulation. These patients could benefit from CNP therapies. For middle-aged infertile women with irregular menstrual cycles, few early
antral follicles are present, but many preantral follicles still exist. These patients could benefit from IVA therapy or treatment with ovarian paracrine
factors, including CNP. For POI patients and infertile women showing early menopause before 51 years of age, residual preantral follicles could still
be present in the ovary. The IVA procedure promotes primordial follicle activation as well as stimulates secondary follicle growth by combining
Hippo signaling disruption and AKT stimulation. The arrow at the bottom emphasizes the age-dependent decline in follicle number and egg
quality under both physiological and pathophysiological conditions.
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fewer postoperative adhesions than the traditional wedge
resection approaches. Of interest, there was no difference
in the live birth rate and miscarriage rate in women with
clomiphene-resistant PCOS undergoing LOD compared
with gonadotropin treatment. As compared with the risk
of ovarian hyperstimulation after FSH treatment, the re-
duction in multiple pregnancy rates in women undergoing
LOD makes this option attractive (206). However, there
are ongoing concerns regarding long-term effects of LOD
on ovarian reserve.

Although the factors that mediate ovarian tissue re-
sponses to these damaging procedures (wedge resection
and LOD) have not been elucidated, changes in actin po-
lymerization and Hippo signaling in specific regions of the
ovary could play an important role. In PCOS patients after
wedge resection, there is a marked but temporary reduc-
tion of ovarian androstenedione secretion and a persistent
decrease in testosterone secretion. Because these changes
had no discernible effect on circulating gonadotropins, it
was proposed that intraovarian mechanisms are involved
(207, 208).

Multiple genome-wide association (209–212) and can-
didate gene studies (213–217) implicated up to 100 PCOS
susceptibility genes in the ovary (listed in the Ovarian Ka-

leidoscope Database at ovary.stanford.edu) (218). How-
ever, the exact cellular signaling pathways underlying the
PCOS phenotypes remain elusive. As discussed in Section
V, more rigid cortical niche disrupts Hippo signaling and
promotes follicle growth. As follicles grow larger and
move into the softer medullary region, subsequent re-
sumption of Hippo signaling slows down their growth
(Figure 8, right). For the classical PCOS cases reported by
Stein and Leventhal (100), extra-rigid and sclerotic cortex
is formed due to increased cortical collagen and accom-
panying stromal hypertrophy (219). This phenotype could
be related to defects in actin polymerization, leading to
higher F-actin content and/or aberrant biosynthesis of in-
tercellular matrix proteins. The hardened cortical layer
contains more polymerized actin with increased tensile
strength (higher F-actin) of the stromal tissue could dis-
rupt local Hippo signaling, leading to YAP overactivity in
stromal and follicular cells (Figure 8, left). This is followed
by increased secretion of CCN growth factors to promote
stromal, thecal, and granulosa cell proliferation, resulting
in the growth of multiple early antral follicles. Theca cell
hyperplasia is a hallmark of PCOS, and increased andro-
gen production by thecal cells could lead to secondary
increases in pituitary LH secretion (220). The mechanical

Figure 8.

Figure 8. Hypothesized ovarian structural abnormality in PCOS. Aberrant extracellular matrix and Hippo signaling defects lead to thecal hyperplasia
and the PCO phenotype. Normal ovaries have softer cortexes, and Hippo signaling restrains most follicles from overgrowth, leading to
physiological levels of ovarian androgen secretion and serum LH to FSH ratios. A subgroup of PCOs could have defects in extracellular matrix
regulation, leading to rigid and sclerotic cortexes. The stiff cortex of these ovaries could lead to dysregulation of Hippo signaling and excessive
proliferation of stromal, theca, and granulosa cells. Thecal cell hyperplasia could increase androgen production and elevate ratios of serum LH to
FSH levels, followed by the arrest of a high number of early antral follicles and enlarged ovaries characteristic of PCOS.
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cue for thecal and stromal cell hyperplasia could establish
a vicious cycle for excessive androgen biosynthesis, in-
creases in LH to FSH ratios, arrest of early antral follicles,
and enlarged ovaries characteristic of PCOS.

Fibrillins are extracellular matrix molecules that as-
semble into microfibrils in many connective tissues. Fam-
ily-based association studies identified fibrillin-3 (FNB3)
as a PCOS susceptibility gene (214, 221). Fibrillin-3 is
present in the stromal compartment of fetal ovaries and
highly expressed in developing human fetal ovaries when
stromal tissue is expanding and follicles are forming (222).
Overexpression of FNB3 in the extracellular matrix in
some PCOS patients could lead to thickened ovarian cap-
sules, associated with increased tensile strength (higher
F-actin) of stromal tissues surrounding the follicles. The
stiff cortical region could decrease local Hippo signaling,
leading to overactivity of YAP, increased CCN growth
factor secretion, stromal cell proliferation, and thecal cell
hyperplasia (Figure 8). Of interest, genome-wide associ-
ation studies identified 2 single-nucleotide polymorphism
alleles in the YAP gene of PCOS patients (131). This find-
ing is consistent with the hypothesis that YAP overactivity
could lead to excessive stromal cell proliferation, theca cell
hyperplasia, and the PCOS phenotypes. Patients with YAP
overactivity could have polycystic follicles but without
defects in actin polymerization. Future genome-wide as-
sociation studies on a subgroup of PCOS patients could
identify additional gene variants involved in actin polym-
erization and extracellular matrix formation responsible
for the sclerotic cortical phenotype.

XI. Future Treatment Options

For patients with ovaries containing only preantral folli-
cles and those with poor responses to the traditional FSH
therapy, current clinical approaches involve predomi-
nantly the use of donor oocytes, and its global use is grow-
ing year by year (223, 224). Success of the IVA approach
highlights the possibility to promote the growth of pre-
antral follicles. Because gonadotropin stimulation of early
antral follicles to escape from atresia and continue growth
into preovulatory follicles is well-established, the next
challenge for ovarian infertility treatment involves the
generation of early antral follicles from preantral follicles
to allow exogenous gonadotropin therapies. In the IVA
protocol, promotion of secondary follicles to the preovu-
latory stage requires only a few weeks (103). If mature
oocytes can be generated from preovulatory follicles de-
rived from arrested preantral follicles, patients can have
their own genetic children. Because grafting of activated
follicles in the IVA protocol can be performed at any time

after successful vitrification of tissues derived from one or
portions of one ovary, future options for women include
cryopreservation of ovarian tissues at an appropriate
younger age to minimize age-related deterioration of egg
quality.

In the future, infertile patients with secondary follicles
could be treated with FSH, CNP, and Hippo signaling
disrupters as well as AKT and mTOR stimulators to gen-
erate early antral follicles (Figure 1). To avoid potential
systematic side effects of CNP, paracrine factors, and sig-
naling pathway-regulating drugs, one can take advantage
of the established ultrasound and laparoscopic procedures
to administer drugs directly into the ovary to promote
preantral follicle growth. This approach could include the
administration of long-acting CNP analogs, R-spondin
agonists, AKT-stimulating drugs, and actin polymeriza-
tion-promoting drugs. It is important to note that all these
potential therapies only increase the number of mature
oocytes generated by patients but do not alter the age-
associated decline in oocyte quality (Figure 7).

It is clear that PCOS represents a heterogeneous disease
with multiple origins (225). In addition to ovarian struc-
tural alterations and associated endocrine changes, some
patients are at high metabolic risk, and metabolic changes
could exacerbate ovarian dysfunctions. It is of interest to
investigate the relationship between ovarian structural
changes and metabolic disturbances in PCOS. Although
multiple early antral follicles are arrested in PCOS, in-
creases in endogenous or exogenous FSH levels lead to the
development of preovulatory follicles. New follicle-trac-
ing approaches are needed to investigate whether these
early antral follicles are indeed arrested or undergoing
slow turnover. With a better understanding of the ovarian
Hippo signaling system, PCOS patients may be treated
locally with actin-polymerization drugs to disrupt ovarian
Hippo signaling (226) instead of wedge resection, ovarian
drilling, or even FSH administration. Because sphin-
gosine-1-phosphate, lysophosphatidic acid, and thrombin
havebeen showntopromoteactinpolymerization,disrupt
Hippo signaling, and increase YAP nuclear localization
(227–229), these compounds could also be useful in pro-
moting follicle growth. After transient disruption of local
Hippo signaling, one follicle becomes dominant and
grows into the preovulatory follicle. Regular cyclicity
could ensue, followed by normal conception and preg-
nancy. The use of locally administered drugs minimizes
follicle loss associated with ovarian damaging procedures.
Furthermore, local administration of CCN growth factors
downstream of ovarian Hippo signaling could be effective
in promoting follicle growth.

In addition to new treatments for PCOS, further inves-
tigation of intraovarian control of early folliculogenesis
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could provide opportunities to design new therapies for
infertile patients still possessing preantral follicles but are
not responding to the traditional gonadotropin therapy.
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