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Primordial follicle activation as new treatment for
primary ovarian insufficiency
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Primordial follicle activation is a process in which individual primordial follicles leave their dormant state and enter a growth phase. While exist-
ing hormone stimulation strategies targeted the growing follicles, the remaining dormant primordial follicles were ruled out from clinical use.
Recently, in vitro activation (IVA), which is a method for controlling primordial follicle activation, has provided an innovative technology for pri-
mary ovarian insufficiency (POI) patients. IVA was developed based on Hippo signaling and phosphatase and tensin homolog (PTEN)/phos-
phatidylinositol-3-kinase (PI3K)/protein kinase B (AKT)/forkhead box O3 (FOXO3) signaling modulation. With this method, dormant primordial
follicles are activated to enter growth phase and developed into competent oocytes. IVA has been successfully applied in POI patients who only
have a few remaining remnant primordial follicles in the ovary, and healthy pregnancies and deliveries have been reported. IVA may also pro-
vide a promising option for fertility preservation in cancer patients and prepubertal girls whose fertility preservation choices are limited to tis-
sue cryopreservation. Here, we review the basic mechanisms, translational studies, and current clinical results for IVA. Limitations and further

study requirements that could potentially optimize IVA for future use will also be discussed.
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Introduction

Primary ovarian insufficiency (POI) is diagnosed based on the ces-
sation of menses in women younger than 40 years of age. Since its
first report in 1942 by Fuller Albright, this condition has been hetero-
geneously termed premature ovarian failure, early menopause, and
premature menopause. In POI, ovarian follicles decrease below a cer-
tain threshold and lose the potential for ovulation, leading to amen-
orrhea. The incidence of POI has been reported to be 1% in women
younger than age 40 and 0.1% among women under 30 [1-3]. Proper
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diagnostic criteria for POI are currently lacking; however, oligomen-
orrhea or amenorrhea for at least 4 months and persistently elevated
follicle-stimulating hormone levels that exceed 25-40 IU/L on two
occasions more than 4 weeks apart in women under the age of 40
defines POI clinically [4]. The cause of POI is mostly idiopathic, al-
though genetic factors, including permutations in FMR1, X-chromo-
some deletion abnormalities, and single gene mutation, have been
identified [5]. Additionally, autoimmune disorders, such as autoim-
mune polyglandular syndrome, and iatrogenic factors, including
chemotherapy, radiation therapy, and ovarian surgery, are other
known causes [6,7]. Because patients with POl do not respond to tra-
ditional fertility treatments, options for raising children for these pa-
tients have been adoption or egg donation, despite their continued
hope for genetic offspring.

Three out of four women with POl have ovarian follicles remaining
in the ovaries; yet, these follicles remain dormant. Thus, novel treat-
ments to awaken dormant primordial follicles are urgently needed
[1]. Pioneering studies have evaluated the use of gamete formation
from stem cells, isolation of ovarian stem cells, activation of dormant
follicles using in vitro activation (IVA), ovarian fragmentation for follic-
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ular activation (OFFA), stem cell ovarian transplantation, and injec-
tion of platelet-rich plasma. Among these methods, IVA has been
successfully applied in humans with promising results. Here, we re-
view IVA, a new potential treatment for POI patients.

Basic and translational studies for primordial
follicle activation

1. What maintains primordial follicle dormancy?

Current hormonal stimulation strategies to induce multiple ovula-
tions are only effective for the growing follicles, and the remaining
dormant primordial follicles are therefore unable to be activated for
potential clinical utility. While understanding the biological basis of
primordial follicle activation is critical, the molecular mechanism un-
derlying maintenance of either the dormant or activated states of
primordial follicles is far from completely understood. It is known
that multiple local factors and intracellular signaling pathways are in-
volved. Multiple activators (BMP4/7, GDF-9, KIT-ligand, FGF2/7, insu-
lin, GREM1/2, and LIF) and suppressors (AMH, LHX8, PTEN, Tsc1m/
TORC1, FOXO3a, YAP/Hippo signaling, and FOXL2) have been report-
ed to be related to primordial follicle development [8-20]. Recently,
focus has been placed on the phosphatase and tensin homolog
(PTEN)/phosphatidylinositol-3-kinase (PI3K)/protein kinase B (AKT)/
forkhead box 03 (FOXO3) and Hippo signaling pathways.
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2. Primordial follicle activation mechanism
1) PTEN/PI3K/AKT/FOXO03 signaling pathway

The PTEN/PI3K/AKT/FOXO3 pathway has been implicated as a ma-
jor signaling pathway involved in cancer; however, biochemical and
genetic studies in mice have revealed that this pathway also plays an
important role in the regulation of dormancy and initial follicular ac-
tivation in ovary. FOXO subclasses are transcription factors that have
important roles in cell cycle arrest, apoptosis, and stress responses in
vitro [21]. While disruption of the FOXOT gene results in embryonic
lethality as a consequence of incomplete vascular development, de-
letion of the FOXO3a gene in a mouse model resulted in offspring
that were viable and grossly indistinguishable from their littermate
controls. FOXO3a-null females, however, showed age-dependent in-
fertility and abnormal ovarian follicle development. These mice ex-
hibited normal assembly of the primordial follicles followed by im-
mediate global activation, resulting in ovarian hyperplasia, follicle
depletion, premature ovarian failure, and infertility [22]. Within oo-
cytes, FOXO3a is regulated by nucleocytoplasmic shuttling, essential-
ly being imported into the nucleus during primordial follicle assem-
bly and exported upon activation. Within the oocytes, FOXO3a may
have a suppressive effect on initiation of follicular growth by affect-
ing the mechanisms intrinsic to the ovary [21].

Oocyte-specific deletion of PTEN also caused global primordial fol-
licle activation, similar to the phenotype induced by FOXO3a knock-
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Figure 1. PTEN/PI3K/AKT/FOXO03 signaling and pathway modulators. RTK, receptor tyrosine kinase; PI3K, phosphatidylinositol-3-kinase; PIP2,
phosphatidylinositol-4,5-bisphosphate; PIP3, phosphatidylinositol-3,4,5-trisphosphate; PDK1, phosphatidylinositol-dependent kinase 1; AKT,
protein kinase B; P; phosphate group; FOXO3, forkhead box 03; PTEN, phosphatase and tensin homolog.
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out, and resulted in POI [23]. Interestingly, both the FOXO3- and the
PTEN-knockout female mice are initially fertile, indicating that the
deletion of either of the factors does not appear to disrupt subse-
quent steps of follicle maturation, ovulation, and fertilization. Anoth-
er study utilizing pharmacological inhibition of PI3K showed that
PVI3K suppressed the PTEN-knockout but not the FOXO3-knockout
ovarian phenotype, suggesting that FOXO3 lies downstream of PTEN
[24]. Furthermore, oocyte-specific ablation of PTEN resulted in PI3K-
induced conversion of secondary messenger phosphatidylinositol-4,
5-bisphosphate (PIP2) into phosphatidylinositol-3,4,5-trisphosphate
(PIP3), which then activates phosphatidylinositol-dependent kinase
1 (PDK1), resulting in AKT activation [24]. Within the nucleus, AKT ac-
tivation leads to FOXO3a hyperphosphorylation and nuclear export,
thereby triggering primordial follicle activation. These findings sug-
gest that hypoactivation or negative regulation of the PTEN/PI3K/
AKT/FOXO03 pathway may cause retardation of follicle activation and
excessive primordial follicle atresia. On the contrary, inhibition of PTEN
and activation of PI3K may cause activation of dormant follicles, since
PTEN is a negative regulator of the PI3K/AKT signaling pathway. In
addition, accumulating evidence shows that the PTEN/PI3K/AKT/
FOXO3 pathway is responsible for chemotherapy-induced POI [25]
and that chronic stress and bisphenol A are related to pathway mod-
ulation [26,27]. Numerous inhibitors and activators directed against
either individual or multiple components of this pathway have al-
ready been developed, based on the primary importance of modu-
lating this pathway for cancer treatment (Figure 1) [28]. Currently,
several PI3K/AKT/mammalian target of rapamycin (mTOR) modulat-
ing agents, primarily agents to induce pathway inhibition, have been
identified. LY294002 and wortmannin, which are the best character-
ized inhibitors, prevent ATP binding and activation of PI3K. Both in-
duce apoptosis of cancer cells and rescue drug sensitivity [29,30].
Perifosine is a water-soluble synthetic alkylphosphocholine with oral
bioavailability, and this agent inhibits AKT, reduces cell proliferation,
and induces apoptosis in a wide variety of cancers [31]. Rapamycin is
an mTOR inhibitor that results in inhibition of proliferation and sensi-

Table 1. Core Hippo signaling pathway in Drosophila and human

Drosophila Human
Ste20-like protein kinase Hippo (Hpo) MST1-2

WW domain-containing protein Salvador (Sav), SAV1/WW45
NDR family protein kinase Warts (Wts) LATS1-2
Adaptor protein Mob as tumor suppressor (Mats) MOBKL1A-B
Yorkie (Yki) YAP, TAZ

NDR, nuclear Dbf3-related; MST1-2, mammalian sterile 20-like kinase-1; SAV1,
protein salvador homolog 1; LATS1-2, large tumor suppressor kinase 1-2;
MOBKL1A-B, Mps one binder kinase activator-like TA-B; YAP, yes-associated
protein; TAZ, YAP and transcriptional coactivator with PDZ-binding motif.
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tization to chemotherapeutic agents, and a recent study suggested
that rapamycin can inhibit the excessive activation of primordial folli-
cles in PTEN-knockout rat ovaries, reducing follicle consumption and
maintaining ovarian reserve [32]. It has also been suggested that ad-
ministration of PI3K/AKT/mTOR inhibitors can give rise to potentially
life-threatening adverse events, such as pneumonitis and others [33].
While these PI3K/AKT/mTOR inhibitors have been developed for
therapeutic use, very few PI3k/AKT/mTOR activators have been iden-
tified, since activation of this signaling pathway has been demon-
strated to induce malignancies, be associated with poor prognosis,
and enhance drug resistance after cancer treatment [28]. Nonethe-
less, PTEN inhibitors, such as bisperoxovanadium (HOpic), bpV (HOp-
ic), have been shown to effectively activate primordial follicles with-
out any known side effects.

2) Hippo signaling pathway

First discovered in genetic screens for tumor suppressors in Dro-
sophila, the Hippo signaling pathway is a conserved regulator of or-
gan size, halting organ growth at the appropriate time during devel-
opment and regeneration [34]. Central to this pathway is a kinase
cascade that leads from the tumor suppressor Hippo (MST1 and MST2
in mammals) to the oncoprotein Yorkie (yes-associated protein [YAP]
transcriptional coactivator with PDZ-binding motif [TAZ] in mam-
mals), which is a transcriptional coactivator of target genes involved
in cell proliferation and survival (Table 1). Activation of YAP/TAZ sig-
naling results in increased expression of intercellular signaling pro-
tein (CCN; CYR61, connective tissue growth factor [CTGF], and
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Figure 2. Hippo signaling activation after actin polymerization. P,
phosphate group; TEAD, TEA domain family member; BIRC, baculovi-
ral inhibitors of apoptosis repeat containing.
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nephroblastoma overexpressed [NOV] proteins) [35]. The Hippo
pathway, however, actively prevents aberrant tissue growth by deac-
tivating YAP/TAZ and other transcription factors via phosphorylation.

Dysregulation of Hippo signaling leads to development of various
human diseases, including cancer development. In the ovary, Hippo
signaling specifically prevents activation of primordial follicles. Me-
chanical manipulation of ovarian tissue by cutting this tissue into
cubes can disrupt this pathway (Figure 2), as ovarian fragmentation
changes intercellular tension and facilitates conversion of globular
actin (monomer) to fibrous actin (polymer) and this actin polymer-
ization process disrupts Hippo pathway-related genes. Decreasing
phospho-YAP (pYAP) levels in concert with increased nuclear local-
ization of YAP leads to increased CCN growth factors and baculoviral
inhibitors of apoptosis repeat containing apoptosis inhibitors, which
promote follicle growth [35-37].

3. Murine studies of primordial follicle activation

Several murine models have demonstrated successful application
of AKT stimulation drugs and Hippo signaling disruption on primor-
dial follicle activation [35-38]. Adhikari et al. [36] treated neonatal
mouse ovaries with the PTEN inhibitor bpV (HOpic) to generate ma-
ture oocytes and confirmed its safety by monitoring the second gen-
eration of progeny. Li et al. [37] administered a combination treat-
ment of bpV and 740YP, a PI3K activator, and reported the live birth
of healthy pups from cotreated juvenile ovaries transplanted into
adult hosts. Kawamura et al. [38] also showed successful live births of
mouse pups after allotransplantation of mature follicles activated by
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fragmentation of day 10 mouse ovaries followed by treatment with a
combination of PTEN inhibitor and PI3K activation. Similarly, the
same experimental animals underwent xenotransplantation with
human ovarian cortical tissue. In this study, human cortical strips that
contained secondary and smaller follicles were incubated with AKT
stimulators and engrafted into immunodeficient mice. Within 4
weeks, antral follicles were detected, demonstrating rapid follicle
growth. These studies suggest the possibility for clinical application
of PI3K/PTEN signaling modulation in patients with diminished ovar-
ian reserve.

Clinical application of primordial follicle
activation

Recently, primordial follicle activation technology has been suc-
cessfully translated for human patients, and estimates suggest that
more than 10 live births have occurred (Table 2) [38-41]. The first
clinical protocol suggested by Kawamura and colleagues was IVA.
For this procedure, POI patients underwent laparoscopic oophorec-
tomy, and harvested ovarian cortical tissue containing residual folli-
cles was dissected and cut into small strips (1x 1 cm?, 1-2-mm thick-
ness). Using 10% of each ovarian strip, the presence of residual folli-
cles was detected by histologic analysis, while the remaining tissue
strips were cryopreserved by a vitrification technique. Ovarian corti-
cal strips with confirmed presence of residual follicles were than
thawed and further fragmented into 1-2-mm? cubes before IVA drug
treatment with 30 mM bpV, a PTEN enzyme inhibitor, and 150 mg/mL

Table 2. Previously reported cases with primordial follicle activation in POI

. Residual Follicle Mature L
Study Procedure Nq. of Inc!uspn follicle growth/ oocyte/ Prelgnanrc]y/d Live birth
type patients criteria visualized/total total total total (method) rate
Kawamura et al. [38] IVA 27 POl 13/27 8/27 5/27 2/27 (IVF) 1:27
Amenorrhea >1yr
FSH >40 mlU/mL
Suzuki et al. [39] IVA 10 POI 7/10 1/10 1/10 1/10 (IVF) 1:10
Amenorrhea >4 mo
FSH >35 mlU/mL
Zhai et al. [40] IVA with fresh 14 POI 7/14 6/14 4/14 1/14 (IVF) 1:14
tissue transfer Amenorrhea >1yr
FSH > 35 mlU/mL
Fabregues et al. [41] IVA with drug free 1 POl 11 3/Unknown 2/Unknown  1/1 (IVF) 24 Weeks
Amenorrhea >2yr ongoing
FSH 89.9 mIU/mL
Pellicer et al. (2017)? OFFA 14 POI Unknown Unknown  Unknown  3/14 (Natural) 3:14
Kawamura et al. >100 POI Unknown 10 (IVF) 6 6 (IVF) 6:>100

(2018, including initial study)?

POI, primary ovarian insufficiency; IVA, in vitro activation; FSH, follicle-stimulating hormone; IVF, in vitro fertilization; OFFA, ovarian fragmentation for follicular

activation.

@Unofficial data are from conference presentations of stated scientists.
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740YP, a PI3K stimulator, for 24 hours followed by incubation with
740YP alone for another 24 hours. Then, the ovarian fragments were
thoroughly washed with warmed cultured medium and auto-trans-
planted beneath the serosa of fallopian tubes. A total of 27 POI pa-
tients were initially recruited for laparoscopic oophorectomy, result-
ing in two pregnancies and 1 healthy delivery [39]. More recently,
Zhai et al. [40] reported a single successful delivery after simplified
IVA by grafting fresh ovarian tissue, and Fabregues et al. [41] reported
another successful delivery without the use of PTEN/PI3K/AKT/
FOXO3 signaling modulators.

As mentioned for murine studies, fragmentation of ovarian tissues
activates the primordial follicles even in the absence of further sig-
naling modulation, and thus, OFFA has been used for POI treatment.
This protocol excludes IVA drug treatment. Together with infusion of
bone marrow-derived stem cells into ovarian artery, Pellicer et al.
(Spain) reported three natural pregnancies in POI patients; however,
these results have not been officially published.

Limitations and further applications for
primordial follicle activation

While IVA offers promise for POl patients, its success rate has pre-
sented a challenge. Considering that natural pregnancy rate after
long-term follow-up of POI patients receiving hormone replacement
therapy reaches approximately 1.5%-5%, pregnancy rate after IVA is
relatively disappointing [42]. However, the pregnancy rate following
in vitro fertilization in its early days only reached 9%. Thus, while IVA
technology is innovative, there is still considerable room for clinical
improvement.

Another concern following IVA is the possibility of carcinogenic or
other deleterious effects of IVA drugs. The PI3K/AKT pathway is fre-
quently activated in human cancers, and although no cancer devel-
opment following IVA has been reported, we should remain cautious
about its clinical application due to the ability of the synthetic IVA
drugs to modulate a well-known molecular cancer pathway. Addi-
tionally, a recent study suggested that inhibition of PTEN via a syn-
thetic inhibitor may result in activation of primordial follicles but may
compromise the development of the growing follicle [43]. In addition
to the risks of the IVA drugs, there are other limitations of this tech-
nique. IVA technology involves at least one laparoscopic surgery,
which is fairly extensive. Epigenetic studies of embryos and the
health of the baby following IVA have yet to be confirmed. Thus, fu-
ture endeavors should investigate safer and more effective methods
for IVA and discover additional physiologic candidates for the modu-
lation of the PTEN/PI3K/AKT/FOXO3 signaling pathway. In this re-
spect, recent success regarding complete in vitro development of oo-
cytes derived from human ovarian tissue that contained primordial/
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unilaminar follicles is quite encouraging. Until recently, a culture sys-
tem that could support complete growth from the earliest stages of
human follicle development through metaphase Il had not been re-
ported. McLaughlin et al. [44] however, recently described such a
four-step culture system. In this report, full in vitro culture of the folli-
cle took only 21 days, which is extremely fast compared to in vivo
systems. Confocal microscopy analysis of those oocytes revealed ab-
normally large polar bodies, suggesting that further optimization re-
mains to be achieved [44]. In the future, combining IVA with a com-
plete in vitro culture system to achieve pregnancy may abrogate the
need for surgery and minimize the risk for cancer development.

In addition to hope for POI patients, IVA offers a promising option
for fertility preservation in cancer patients and prepubertal girls. For
patients who are not candidates for oocyte and embryo cryopreser-
vation, the use of IVA to activate primordial follicles may increase the
effectiveness of ovarian tissue freezing by maximizing the number of
oocytes available [45]. Additionally, the ability to recruit these dor-
mant follicles into the pool of activated follicles and support their
complete development in vitro would help to obtain a greater num-
ber of competent oocytes for assisted reproduction techniques, thus
improving the chance of pregnancy especially for poor responders
[46].

Conclusion

IVA represents innovative technology for POI patients. Based on pri-
mordial follicle activation using tissue fragmentation and PTEN/PI3K/
AKT/FOXO3 signaling modulation, this technique has been success-
fully applied for POI patients, resulting in healthy deliveries. Further-
more, IVA may provide a promising option for fertility preservation in
cancer patients and prepubertal girls, whose fertility preservation
choices are limited to tissue cryopreservation. The use of IVA as a
treatment for POl remains highly experimental with limited data on
outcomes and a requirement for invasive procedures. Additionally,
low pregnancy rates and possible carcinogenic effects following IVA
require special caution. Thus, IVA should be performed only under
approval of an Institutional Review Board to ensure patient safety. In
the future, a better understanding of the mechanism underlying pri-
mordial follicle activation, improvements in culture and tissue trans-
plantation technology, and development of safer physiologic IVA
drugs may help to optimize this new technology, yielding better clin-
ical outcomes for patients.
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