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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 intra-ovarian factors, thus providing the possibility to develop new therapeutic
approaches. Granulosa cell-derived C-type natriuretic factor (CNP) 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 WNT, 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 hor-
monal factors involved in primordial follicle activation has yet to be elucidated, the AKT and mTOR signaling
pathways are important for the activation of dormant primordial follicles. Hippo signaling disruption following
ovarian fragmentation, combined with treating ovarian fragments with PTEN inhibitors and phosphoinositide-
3-kinase stimulators to augment AKT signaling, promote the growth of preantral follicles in patients with
primary ovarian insufficiency (POI), leading to a new infertility intervention for such patients. Elucidation of
intraovarian mechanisms underlying early folliculogenesis may allow the development of novel therapeutic
strategies for patients diagnosed with POI, polycystic ovary syndrome (PCOS), and poor ovarian response to FSH
stimulation, as well as for infertile women of advanced reproductive age.

I. Introduction

MAMMALIAN OVARIES CONSIST of follicles as
basic functional units. Follicle development starts

during fetal (for human) or neonatal (for rodents) life
when primordial follicles are formed. Once initiated to
grow, the activated primordial follicles with a single layer
of flattened granulosa cells surrounding the primordial
oocytes develop into primary follicles, secondary and
eventually antral follicles (1). Most early antral follicles
undergo atretic degeneration (2), whereas a few of them,
under cyclic gonadotropin stimulation occurring after pu-
berty, reach the preovulatory stage (Figure 1) (3) (4). In
women of reproductive age, these preovulatory/Graafian
follicles are the major source of the cyclic secretion of
ovarian estrogens. In response to the preovulatory gonad-
otropin surge during each reproductive cycle, the domi-

nant Graafian follicle ovulates to release the mature
oocyte for fertilization, whereas the remaining theca and
granulosa cells undergo transformation to become the cor-
pus luteum that contributes to circulating progesterone.
Menstrual discharges are induced in primates following
cyclic changes in the uterine endometrium regulated by
circulating estrogen and progesterone 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 (4) (3)
(6) (7). During this final stage of follicle development, FSH
is the major stimulator of follicle development and the

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

Abbreviations:

doi: 10.1210/er.2014-1020 Endocrine Reviews edrv.endojournals.org 1

The Endocrine Society. Downloaded from press.endocrine.org by [${individualUser.displayName}] on 07 November 2014. at 16:06 For personal use only. No other uses without permission. . All rights reserved.



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 early (primordial, primary, and second-
ary) stage of folliculogenesis. In addition to summarizing
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 prean-
tral follicle development. We also discuss the importance
of ovarian Hippo signaling system in constraining the
growth of preantral and antral follicles as well as the role
of AKT signaling pathway in promoting primordial folli-
cle activation and secondary follicle growth (Figure 1).
Mechanisms underlying the activation and growth of pri-
mordial follicles will also be addressed. Although 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, species-specific differ-
ences are indicated when known.

In addition to understanding ovarian physiology, we
discuss potential etiologies and treatments for the two ma-
jor 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).

I. FSH promotes preantral follicle development whereas
CNP is a follicle stimulating factor and an oocyte
maturation inhibitor

Most studies analyze the growth-promoting (11) and
antiatretic actions (2) of FSH in antral follicles whereas
FSH regulation of preantral follicle development has re-

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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ceived 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 pro-
motes 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 following 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 pre-
pubertal intact, hypophysectomized, or GnRH antago-
nist-treated rats containing preantral and smaller follicles
results in increased ovarian weight and follicle develop-
ment up to the antral stage. Thus, the development of
follicles can be divided into gonadotropin-dependent and
gonadotropin-responsive stages (Figure 1, above and be-
low the dash line). Although development to the antral
stage is not dependent 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 pre-
antral follicles demonstrated important roles of FSH and
other factors in the promotion of preantral follicle growth
in diverse species (16) (17) (18) (19).

These findings raise an interesting question regarding
the routine monitoring of antral follicle growth to the pre-
ovulatory stage during a 10–14 day “window” in women.
It may be possible that preantral follicles could respond to
prolonged (� two 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 three structur-
ally related molecules: atrial natriuretic peptide (ANP),
brain natriuretic peptide (BNP), and CNP (20). CNP is
encoded by the NPPC (Natriuretic Peptide Precursor C)
gene which is expressed in diverse cell types in which the
precursor NPPC protein is cleaved into the 22 amino acid
peptide CNP (21). CNP activates its cognate receptor
NPRB (natriuretic peptide receptor-B), also known as
NPR2 or guanylyl cyclase B (GC-B), whereas ANP and
BNP stimulate natriuretic peptide receptor-A (NPRA),
also known as NPR1 or guanylyl cyclase (GC)-A (22, 23).
Both receptors are membrane-anchored guanylyl cyclase
enzymes 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 (BP) and volume, and inhibit cardiac hypertro-
phy (25). In contrast, CNP acts in an autocrine/paracrine
fashion to induce bone growth (26) and to increase vaso-
relaxation (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-
fuses into oocyte to suppress phosphodiesterase 3 (PDE3)
activity, leading to the elevation of intra-oocyte cAMP
levels and oocyte maturation arrest (31) (Figure 2). Before
the LH surge, high levels of intra-ovarian CNP prevent
premature maturation of oocytes whereas the ovulatory
LH surge decreases CNP levels in murine ovaries and hu-
man follicular fluid to allow germinal vesicle breakdown
of oocytes (32). These findings are consistent with earlier
identification of a small molecular weight oocyte matu-
ration inhibitor (OMI) 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 re-
sumed precociously (30) (36). Because earlier studies dem-
onstrated the ability of cGMP analogs to promote the de-
velopment 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, associ-
ated with increases in ovarian CNP peptides (38). In cul-
tured somatic cells obtained from infantile mouse ovaries
and granulosa cells from prepubertal animals, 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 which is associated
with the development of primary and early secondary fol-
licles to the late secondary stage (38).

Importantly, treatment with FSH increases levels of
NPPC, but not NPRB, transcripts in ovarian explants,
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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
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/hCG (38). Mature
oocytes retrieved after CNP pretreatment are fertilizable
and could develop into blastocysts in vitro, allowing the
delivery of viable offspring. Thus, CNP secreted by grow-
ing follicles is capable of stimulating preantral and antral
follicle growth (Figure 2). These findings raise the possi-
bility that CNP could be effective in treating FSH poor
responders in the clinic because tissue expression of the
NPRBreceptor is limited (brainareas, adrenal, endothelial
cells, lung, and kidney) and short-term CNP treatment is

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 PDE3A (phosphodiesterase 3A) 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).
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unlikely to induce cardiac and renal changes (40) or skel-
etal overgrowth.

II. 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
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 three oocyte-derived fac-
tors have been shown to promote granulosa cell growth,
including R-spondin2 (41), GDF9 (growth differentiation
factor-9) and BMP15 (bone morphogenetic protein-15)
(42).

Wingless (WNTs) proteins are conserved secreted sig-
naling molecules acting locally to control diverse devel-
opmental processes (43). A large family of WNT ligands
activates several seven-transmembrane Frizzled receptors
and this ligand-receptor interaction requires the partici-
pation of several coreceptors including low-density lipo-
protein (LDL)-related receptors LRP5 or 6 as well as Kre-
mens. Following binding to Frizzled receptors, WNT
ligands activate the canonical pathway mediated by di-
shevelled, glycogen synthase kinase-3, and ß-catenin,
leading to transcriptional activation of T-cell factor/lym-
phoid enhancer factor (TCF/Lef)-regulated genes (44).
There are four paralogous R-spondin proteins. They are
coligands for the WNT signaling pathway and stimulate
WNT signaling by activating their cognate receptors
LGR4, 5, and 6 (45, 46) and by preventing DKK1-medi-
ated LRP6 and Kremen1 association and internalization
(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 only
fertile until 4 months of age. Likewise, heterozygous mu-
tant R-spondin2(�/-) female mice show fertility decline
beginning at 4 months of age (50). Thus, diminished levels
of R-spondin2 could lead to the failure of follicle devel-
opment during late reproductive life, resembling primary
ovarian insufficient in patients. Mutations of oocyte-spe-
cific homeobox gene NOBOX are also associated with
premature ovarian failure in mutant mice (51) and pa-
tients (52). Of interest, ovarian R-spondin2 expression is
substantially decreased in NOBOX 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
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 (transforming
growth factor)-beta superfamily of cystine-knot proteins
(54) and bind to receptor serine kinases (RSKs) to stimu-
late downstream signaling (55). Both factors bind to type
II RSK BMPRII (56) and recruit type I RSK (ALK5 for
GDF9 (57) and ALK6 for BMP15 (42)) to regulate down-
stream SMAD proteins in granulosa cells. Studies using
GDF9 null mice demonstrated that GDF-9 is important
for growth of follicles beyond the primary stage (58). Sub-
sequent 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,
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heterozygous BMP15 mutants exhibit increased ovulation
rate but homozygous mutants are associated with primary
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 mis-sense mutations in the
BMP15 gene have been identified (70) (71, 72), but no
clear mutation has been found for GDF9 (73). In contrast,
loss-of-function GDF9 mutations found in mothers of
dizygotic 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 (BMPRII, ALK5, and ALK6)
responsible for GDF9 and BMP15 actions are expressed in
multiple tissues, 2) actions of GDF9 and BMP15 overlap
with other TGF-beta family members, and 3) there are
major species-specific differences in the mechanisms of
action of GDF9/BMP15 homo- and hetero-dimers, mak-
ing 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), receptor serine kinases
(RSKs), and G protein-coupled receptors (GPCRs) (Table
1). RTK-mediated signaling will be discussed in section VI
whereas the ovarian roles of RSK ligands (activin, BMP6
and AMH) have been extensively reviewed (76) (77) (78)
(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 (VIP: Vasoactive Intestinal Peptide and PACAP (Pi-
tuitary Adenylate Cyclase-Activating Polypeptide) 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-alpha variants have been associated with pri-
mary ovarian insufficiency (81) whereas shorter alleles of
the CAG repeat in exon 1 of the androgen receptor might
be related to enhanced 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 are
more informative to reveal ovarian actions of these ste-
roids. Theca cell-specific deletion of estrogen receptor-
alpha 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 de-
fective ovulatory responses found in mice with global de-
letion of the progesterone receptor (87), detailed studies
indicated that progesterone receptors in preovulatory fol-
licles play essential roles in the luteinization process (88).

Although local estrogens promote follicle growth and
contribute to the dominance of selected follicle(s) during
each reproductive cycles (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, dihydroxytes-
tosterone, to increase FSH receptor content (90) and to
stimulate estrogen (91) and progesterone (92) biosynthe-
sis. However, higher ratios of androgens to estrogens are
associated with atresia of human follicles (93). Of interest,
isolated preantral murine follicles grown in concentra-
tions of FSH that are marginal for follicle development
develop faster in the presence of dihydroxytestosterone,
indicating the ability of androgens to enhance follicle de-
velopment (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 admin-
istration of a weak androgen dehydroepiandrosterone has
been found to be valuable in treating patients with dimin-
ished ovarian reserve (96, 97) (98) and to improve oocyte

Table 1. Intraovarian paracrine hormones act through
receptor tyrosine kinases (RTKs), receptor serine kinases
(RSKs), GPCRs (G protein-coupled receptors), a guanyl
cyclase receptor NPRB, and integrins to regulate
preantral follicle growth.

Ligands Receptors

IGF1, KGF,
VEGF, FGF2,
FGF10

RTKs

Activins, BMP6,
AMH

RSKs (type I and
type II)

PACAP, VIP GPCRs
CNP Guanyl cyclase

(NPRB)
CCN2/CTGF Integrins

Diverse paracrine growth factors are secreted by granulosa cells; they act through
several distinct intracellular signaling pathways to promote follicle development.
IGFI, 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 guanyl 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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and embryo quality in poor responders (99). Although
cellular mechanisms still remain to be elucidated, these
findings suggest the potential use of weak androgens for
infertility treatment. III. Ovarian Hippo signaling con-
strains follicle development and promotion of preantral
follicle growth by CCN growth factors

As early as the 1930’s, 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,
ovarian cortices are routinely fragmented to allow better
freezing and grafting for fertility preservation in cancer

patients who underwent sterilizing
treatment (102). Subsequent auto-
transplantation of ovarian frag-
ments is associated with follicle
growth. Based on the hypothesis that
damages to ovaries could promote
follicle growth, we cut ovaries from
juvenile mice containing secondary
and smaller follicles into three
pieces, followed by allo-transplanta-
tion under kidney capsules of adult
hosts for five days. Of interest, major
increases in graft sizes were evident
in fragmented ovaries as compared
with paired intact ovaries (103). This
is due to the promotion of preantral
follicle development to late second-
ary, and antral/preovulatory stages.
Furthermore, cutting of ovaries from
day 23 mice containing early antral
and smaller follicles also promotes
follicle growth. The observed dam-
age-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 con-
served in all metazoan animals (104)
(105) (106). Hippo signaling con-
sists of several negative growth reg-
ulators acting in a serine/threonine
kinase cascade that ultimately phos-
phorylates and inactivates key tran-
scriptional coactivators, YAP (Yes-
associated protein) and TAZ
(Transcriptional coActivator with
PDZ-binding motif) (Figure 3).
When Hippo signaling is disrupted,
nuclear YAP or TAZ interacts with
TEAD (Transcription factors con-
taining the TEA/ATTS DNA bind-
ing domain) proteins to increase the
expression of downstream CCN
growth factors and BIRC apoptosis
inhibitors (104). The name CCN is

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 following binding to cytoplasmic 14–3–3 proteins. Ovarian
fragmentation induces actin polymerization ((conversion of globular (G)-actin to filamentous (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 (231). 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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derived from major family members including CYR61
(cysteine-rich angiogenic protein 61 or CCN1), CTGF
(connective tissue growth factor or CCN2), and NOV
(nephroblastoma overexpressed or CCN3). In contrast,
BIRC denotes Baculoviral Inhibitors of apoptosis Re-
peats-Containing proteins. These CCN and BIRC pro-
teins, in turn, stimulate cell growth, survival, and prolif-
eration (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 enlarged livers in mice (108, 109).
Likewise, conditional deletion of SAV1 leads to enlarged
hearts (110). YAP is a candidate oncogene, and several
other components of the Hippo pathway are tumor sup-
pressors, 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-
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 form (F-actin) mediate cell adhesion,
shape maintenance, and locomotion. Taking advantage of
the ease to perform genome-wide RNAi screening in insect
cells, cells expressing a reporter gene driven by the pro-
moter of Yki (an ortholog of vertebrate YAP) was used to
identify genes capable of disrupting Hippo signaling. Of
interest, most genes identified are upstream of actin po-
lymerization and deletion of them induces extra F-actin
formation and disrupts Hippo signaling. Furthermore,
overexpression of an activated version of the actin polym-
erizing formin Diaphanous (DIAPH) induces overgrowth
in Drosophila imaginal discs. The role of actin polymer-
ization in the disruption of Hippo signaling is also con-
served 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 signaling, decreases YAP phos-
phorylation, and increases nuclear YAP levels, leading to
increased expression 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 small molecular weight com-
pound capable of blocking interactions between YAP and

downstream TEAD transcriptional factors (115). Tran-
scripts for the four CCN growth factors induced after
ovarian fragmentation in mice were also found to increase
after cutting thawed human cortical strips to small cubes.
In addition, treatment of murine ovarian explants with
recombinant CCN 2, 3, 5, and 6 promotes the develop-
ment of preantral follicles (103), presumably by binding to
their cell surface integrin receptors (116). These findings
demonstrate the important role of CCN proteins as ovar-
ian 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
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).

IV. Hippo signaling in ovarian physiology and
pathophysiology

Findings of ovarian Hippo signaling suggest that ovar-
ian follicles, after activation from dormancy, could have
different growth trajectories determined by local Hippo
signals that suppress follicle growth. Of interest, three co-
horts of secondary follicles with different growth trajec-
tories were identified in nonhuman primates using encap-
sulated 3D 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 life spans found fol-
lowing tracing of follicles in transgenic mice (122). The
first wave of follicle growth was monitored in transgenic
mice expressing an inducible FoxL2-directed fluorescence
marker protein in granulosa cells. Although transgenic
marker was induced at a fixed time point during the ini-
tiation of primordial follicle activation, the duration re-
quired for the development of primordial follicles to the
preovulatory stage varies from 23 to 90 days. These find-
ings explain earlier futile attempts to determine the exact
life span 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
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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 three mammalian DIAPH genes, the coding
region of DIAPH2 is disrupted in both mother and daugh-
ter 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 two SNP candidates in 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 de-
letion of CCN2 disrupts follicle development and ovula-
tion (133). The mildly subfertile and late onset phenotypes
of CCN2 mutant mice could be due to compensatory ac-
tions of paralogous CCN (3, 5, and 6) growth factors also
expressed in the ovary. Furthermore, BIRC1 shows gene
copy variations in POI patients analyzed by array com-
parative genomic hybridization profiling (134).

The Hippo signaling pathway is regulated by physical
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 a great detail, these
findings are consistent with increased YAP activity and
proliferation of cells situated in a stiff niche whereas a
softer niche is associated with differentiated cells with
lower YAP activity.

In the ovary, primordial follicles are all situated in the
cortical region that is more rigid than the inner medullar
region. Unknown mechanism(s) maintains most primor-
dial follicles in the “dormant” state. Once primordial fol-
licles are activated to grow, Hippo signaling of cells in
follicles near 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 sub-
sequent 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 which 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 advanced a hypothesis suggesting that follicle
activation is dependent on the physical environment of the
ovary in addition to well-established hormonal cues (142).

V. Regulation of primordial follicle activation by the
AKT signaling pathway

Earlier studies demonstrated that oocytes in “dor-
mant” primordial follicles are metabolically active and
transcribe genes essential for oocyte growth (143). Thus,
primordial oocytes in these follicles are “preloaded” with
gene transcripts for further follicle growth, suggesting the
existence of factors important for maintaining follicle dor-
mancy by preventing the translation of these transcripts in
most primordial follicles (Figure 1). Using in vitro cul-
tures, mutant animals, specific inhibitors, and passive im-
muno-neutralization approaches, a number of factors
have been found to be important for primordial follicles
growth. These include kit ligand (144) (145), neurotro-
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phins (146), vascular endothelial growth factor (VEGF)
(147), BMP4 (148), BMP7 (149), leukemia inhibitory fac-
tor (150), basic fibroblast growth factor (151), keratino-
cyte growth factor (152), and others. Although these find-
ings suggest the involvement of an overlapping and
redundant group of extracellular intraovarian factors in
primordial follicle activation, the exact factor(s) involved
in the activation of 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 FOXO3
(154). After Kit ligand activates its cognate RTK, phos-

phorylation of intracellular region of the RTK stimulates
PI3K (phosphatidylinositol 3-kinase) activity, leading to
the conversion of the lipid second messenger PIP2 (phos-
phatidylinositol (4, 5) bisphosphate) into PIP3 (phospha-
tidylinositol (3, 4, 5) triphosphate). PIP3, in turn, recruits
and activates PDK1 (Phosphatidylinositol-Dependent Ki-
nase 1), followed by AKT activation (Figure 4). Translo-
cation of AKT to the nucleus suppresses the transcrip-
tional activity of FOXO3. This pathway is also regulated
by the inhibitory PTEN (tumor-suppressor Phosphatase
with tensin homology) enzyme that negatively regulates
PI3K signaling by dephosphorylating PIP3 and converting
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

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, IGFI, EGF, PDGF, VEGF, etc.,) stimulates the auto-phosphorylation of intracellular regions of these
receptors. Activated receptors then stimulate PI3K (phosphatidylinositol-3-kinase) 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)) 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 phosphorylated intracellular region of the PDGF receptor) stimulates AKT signaling
and promotes the activation of primordial follicles (165).
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also showed the activation of all primordial follicles dur-
ing neonatal life (156). Furthermore, inducible deletion of
PTEN in the oocyte of adult mice also increases AKT phos-
phorylation and nuclear export of FOXO3 proteins, lead-
ing 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 target of rapamycin (mTOR) is a serine/
threonine kinase that regulates cell growth and prolifer-
ation. The rapamycin-sensitive mTORC1 positively reg-
ulates cell growth and proliferation by promoting
biosynthesis of proteins, lipids and organelles, and by lim-
iting catabolic processes such as autophagy (160). In ad-
dition to the PTEN-AKT-FOXO3 signaling pathway, sup-
pression of mTORC1 activity by the Tsc1–Tsc2 complex
in oocytes has also been shown to be a prerequisite for
maintaining the dormancy of primordial follicles 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 synergistically en-
hanced oocyte growth and follicle activation when com-
pared with singly mutated mice (162). These findings dem-
onstrate the essential and coordinate roles of AKT and
mTOR1 signaling pathways in regulating primordial fol-
licle dormancy and in preserving the length of female re-
productive life (163). In addition to primordial follicles,
mTOR signaling is also important for granulosa cell
growth in antral 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 phospho-peptide
(designed based on the intracellular region of activated
PDGF receptor) increases AKT activity, leading to nuclear
exclusion of FOXO3 in primordial oocytes (165). After
transplantation of ovaries under kidney capsules of ovari-
ectomized hosts, primordial follicles develop to the pre-
ovulatory stage with mature eggs displaying normal epi-
genetic modification of imprinted genes. After in vitro
fertilization (IVF) of these oocytes and subsequent embryo
transfer, healthy progeny with proven fertility could be
delivered.

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

VI. In vitro activation (IVA) of preantral follicles
following 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 an obligatory role in the FSH stimulation of granu-
losa cell differentiation of antral follicles (166) as well as
in oocyte maturation of preovulatory follicles (167). Al-
though in vitro culture studies demonstrated stimulatory
effects of IGF1 (168), KGF (169), VEGF (170), FGF2
(171), and FGF10 (172) to modulate granulosa cell func-
tions and promote preantral follicle growth (Table 1), the
most convincing study showing the importance of these
RTK ligands derives from mutant mice with specific de-
letion of the PTEN gene in granulosa cells of secondary
and early antral follicles (159). These mice showed in-
creases in granulosa cell proliferation, decreases in follicle
atresia, and increases in ovulatory efficacy (159), under-
scoring the importance 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 following short term treatment with
IVA drugs (PTEN inhibitor and PI3K-stimulating pep-
tide), 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 xeno-grafts 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-
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strained secondary/preantral follicles to start/resume
growth in patients with low ovarian reserve.

VII. Etiologies of primary ovarian insufficiency (POI) and
promotion of preantral follicle growth in POI patients

Primary ovarian insufficiency (POI), also known as pre-
mature ovarian failure (POF), 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 factors (eg, viral infec-
tion or toxins) could also lead to POI. Presently, the only
proven means for infertility treatment in POI patients in-
volve assisted conception with the use of donated oocytes
(178) (179). For cancer patients before chemo- or radia-
tion 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, menses-based diagnosis could preclude
the detection of preantral follicles in POI patients because
sloughing off of endometrial lining during menstrual
bleeding is induced by variations in ovarian sex steroids
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 1–2 mm2,
followed by IVA drug treatment for two days. Forty to 80
ovarian cubes each were then auto-transplanted beneath
the serosa of the two Fallopian tubes. Following trans-
vaginal ultrasound monitoring, together with serum es-
trogen measurement, follicle growth was found in about
50% of patients showing residual follicles. In most POI
patients responding to IVA treatment, preovulatory folli-
cles were found within weeks or a few months, suggesting

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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the growth of preantral follicles. In contrast, some pre-
ovulatory follicles were only detected after 6 months or
longer, likely due to the activation of dormant primordial
follicles (165). After IVF and embryo transfer, two pa-
tients became pregnant (103) (Figure 6). Consistent with
reported safety of the IVA procedure in mice (181), two
healthy IVA babies have been born with the first one being
more than one year of age. The IVA approach leads to a
new infertility treatment strategy for POI patients with a
very poor prognosis 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 two days and rinsed ex-
tensively before grafting back to patients.

VIII. Predicting follicle reserve and promotion of
preantral follicle growth in women with diminished
ovarian reserve

For POI patients and other patients with low ovarian
reserve as well as women suffering from decreased fertility
of ovarian origins, it is important to identify biomarkers to
predict ovarian reserve in order to estimate the chances for
patients to generate mature oocytes spontaneously or in
response to assisted reproductive technologies (ART).
Due to age-dependent decline in both quality and quantity
of oocytes, patient age is the most important parameter in
determining the chances that a women will conceive (10).
In the 2011 ART report by Center for Disease Control in
USA, 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 re-
sponses to gonadotropin stimulation, including serum lev-
els of basal FSH and inhibin B, antral follicle count (AFC),

Figure 6.

Ovarian fragmentation/AKT stimulation followed by auto-grafting 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 stripes
before vitrification. After thawing, strips were fragmented into 1–2 mm2 cubes, before treatment with AKT stimulators (PTEN inhibitors and PI3K
stimulator). Two days later, cubes were auto-grafted under laparoscopic surgery beneath 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 hCG when preovulatory follicles were found. Mature oocytes were then retrieved and fertilized with husbands’ sperm in vitro
before cyro-preservation 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 (103) with permission.
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ovarian volume, and serum AMH levels (184) (185) (186)
(187).

AMH expression is negligible in primordial follicles,
low in granulosa cells of primary follicles but 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
decrease 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.
GDF-9 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). Following ovulation, the newly formed
corpus luteum secrets progesterone and estrogens to in-
duce uterine cell differentiation, followed by menstrual
bleeding when levels of sex steroids decline during lute-
olysis. In these regular cycling women, treatment with ex-
ogenous gonadotropins usually promotes the develop-
ment of a large number (15–30) of preovulatory follicles
(8) (Figure 7, Good FSH responders). A subgroup of these
women develops fewer (�3) preovulatory follicles follow-
ing exogenous FSH stimulation (199). These FSH “poor-
responders” have early antral follicles but may have in-
sufficient expression of functional FSH receptors or other
defects (Figure 7). As discussed earlier, these patients may

benefit from CNP therapies to promote preantral and an-
tral 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 Center for Disease Control in the USA, the like-
lihood 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 ovaries still contain preantral
follicles (10) (Figure 7). However, many of these patients
do not respond to the traditional gonadotropin therapy.
For these patients and others with diminished ovarian re-
serve (201), the IVA approach or treatment with ovarian
paracrine factors, including CNP, may be effective in stim-
ulating 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.

IX. Does a subgroup of PCOS patients have ovarian
structural defects?

Between 5%–10% of reproductive age women are in-
fertile 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 reported 7 cases of
amenorrhea associated with polycystic ovaries. After
wedge resection of ovaries, normal menses reappeared in
all 7 patients (100). Subsequently, surgical ovarian wedge
resection was largely abandoned due to the risk of post-
surgical adhesions and introduction of medical ovulation
induction with clomiphene citrate and exogenous gonad-
otropins. Based on the wedge resection principle, laparo-
scopic ovarian ’drilling‘ (LOD) (204) (205) can now be
performed on an outpatient basis with less trauma and
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
to gonadotropin treatment. As compared with the risk of
ovarian hyper-stimulation after FSH treatment, the reduc-
tion in multiple pregnancy rates in women undergoing
LOD makes this option attractive (206). However, there
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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 fol-
lowing wedge resection, there is a marked but temporary
reduction of ovarian androstenedione secretion and a per-
sistent decrease in testosterone secretion. Since these
changes had no discernible effect on circulating gonado-
tropins, it was proposed that intraovarian mechanisms are
involved (207) (208).

Multiple genome-wide association (209) (210) (211)
(212) and candidate gene studies (213) (214) (215) (216,
217) implicated up to 100 PCOS susceptibility genes in the
ovary (listed in Ovarian Kaleidoscope Database at ova-
ry.stanford.edu) (218). However, the exact cellular sig-

naling pathways underlying the PCOS phenotypes remain
elusive. As discussed in an earlier section, more rigid cor-
tical “niche” disrupts Hippo signaling and promotes fol-
licle growth. As follicles grow larger and move into the
softer medullar region, subsequent resumption of Hippo
signaling slows down their growth (Figure 8, Normal). For
the classical PCOS cases reported by Stein and Leventhal
(100), extrarigid and sclerotic cortex is formed due to in-
creased cortical collagen and accompanying stromal hy-
pertrophy (219). This phenotype could be related to de-
fects in actin polymerization, leading to higher F-actin
content and/or aberrant biosynthesis of intercellular ma-
trix proteins. Hardened cortical layer contains more po-
lymerized actin with increased tensile strength (higher F-
actin) of the stromal tissue could disrupt local Hippo
signaling, leading to YAP overactivity in stromal and fol-
licular cells (Figure 8, PCOS). This is followed by in-
creased secretion of CCN growth factors to promote stro-

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 (15–30) of preovulatory follicles (Good FSH Responders). Ovarian activity above the dash 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 following
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 lower X-axis emphasizes age-dependent decline in follicle number and egg quality
under both physiological and pathophysiological conditions.
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mal, thecal and granulosa cell proliferation, resulting in
the growth of multiple early antral follicles. Theca cell
hyperplasia is a hallmark of PCOS and increased androgen
production by thecal cells could lead to secondary in-
creases in pituitary LH secretion (220). The mechanical
cue for thecal and stromal cell hyperplasia could establish
a vicious cycle for excessive androgen biosynthesis, in-
creases in LH/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 fribrillin3 (FNB3)
as a PCOS susceptibility gene (221) (222). Fibrillin3 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 (223).
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 two SNP alleles in the YAP gene of
PCOS patients (131). This finding 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 po-
lymerization. Future genome-wide association studies on
subgroup of PCOS patients could identify additional gene
variants involved in actin polymerization and extracellu-
lar matrix formation responsible for the sclerotic cortical
phenotype.

X. Future treatment options
For patients with ovaries containing only preantral fol-

licles 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 (224) (225). 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

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/FSH ratios. A subgroup of PCO ovaries could have defects in extracellular matrix regulation, leading to
rigid and sclerotic cortexes. Stiff cortex of these ovaries could lead to dys-regulation 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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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
following successful vitrification of tissues derived from
one or portions of one ovary, future options for women
include cryo-preservation of ovarian tissues at appropri-
ate 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 age-asso-
ciated decline in oocyte quality (Figure 7).

It is clear that PCOS represents a heterogeneous disease
with multiple origins (226). 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 tracing
approaches are needed to investigate if these early antral
follicles are indeed “arrested” or undergoing slow turn-
over. 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 (227) instead of wedge resection, ovarian dril-
ling, or even FSH administration. Because sphingosine-1-
phosphate, lysophosphatidic acid, and thrombin have
been shown to promote actin polymerization, disrupt
Hippo signaling, and increase YAP nuclear localization
(228) (229) (230), these compounds could also be useful
in promoting 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
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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