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Abstract
Purpose Our aim was to elucidate the mechanisms involved in follicle activation of the ovarian reserve after human ovarian
tissue transplantation, with specific focus on the role of the effectors of the PI3K (mTOR and FOXO1) and Hippo (YAP)
signaling pathways and whether they are somehow altered.
Methods Frozen-thawed ovarian tissue was collected from six women (age 25–35 years) undergoing surgery for non-ovarian
pathologies and divided into 4 fragments in each case: one for non-grafted controls and three for grafting to immunodeficient
mice for 3, 7 and 21 days. The tissue was processed for hematoxylin and eosin staining, immunohistochemistry and immuno-
fluorescence at different timepoints before and after grafting. Activation of the PI3K and Hippo signaling pathways was
investigated by analysis of mTOR phosphorylation, FOXO1 cytoplasmic localization and YAP nuclear localization.
Results No change in mTOR levels was observed in primordial follicles post-transplantation, but a significant upturn was
recorded in growing follicles compared with primordial follicles, irrespective of grafting time. A higher percentage of primordial
follicles was also found with FOXO1 in the cytoplasm after 3 days of transplantation than in non-grafted controls. Finally, a
greater proportion of primordial follicles was detected with YAP in the nucleus at all timepoints after grafting.
Conclusions This study supports the hypothesis that follicle activation may occur as an early event after transplantation, with
follicle growth and death both contributing to the burnout phenomenon. This is the first time that the effectors of the PI3K and
Hippo pathways have been investigated in grafted human ovarian tissue and their role in burnout documented.
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Introduction

Cancer survival rates have increased progressively over recent
decades, but chemotherapy and radiotherapy are highly
gonadotoxic treatments, often leading to premature ovarian
insufficiency (POI) and infertility in affected women [1, 2].
Among currently available options that can be offered to these

patients to preserve and subsequently restore their fertility,
ovarian tissue cryopreservation and transplantation is the only
alternative for young women who need to undergo immediate
treatment, and also for prepubertal patients [2]. Although
more than 130 live births have been achieved worldwide with
this technique [2], there are still unresolved issues related to
the procedure, as massive loss of primordial follicles consti-
tuting the ovarian reserve is known to occur after transplanta-
tion. This event appears to be the consequence of early hyp-
oxia that characterizes the immediate post-grafting period [3,
4]. However, this loss of dormant follicles is accompanied by
an increase in the growing follicle population [5, 6], suggest-
ing a double mechanism at play: follicle death and follicle
activation [7].

The phosphatase and tensin homolog deleted on chromo-
some 10 (PTEN)/phosphoinositol-3-kinase (PI3K)/protein ki-
nase B (Akt) signaling cascade is fundamental to a wide range
of cellular processes, including nutrient metabolism, cell
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survival, cell growth and apoptosis [8] (Fig. 1). Akt activation
is regulated by the balance between PTEN and PI3K, which
ultimately results in varying degrees of Akt phosphorylation
and consequently activation of a number of pathways, includ-
ing forkhead box O (FOXO) and the mechanistic target of
rapamycin complex 1 (mTORC1). Animal studies have
proved that stimulation of the Akt/FOXO and mTOR path-
ways does indeed lead to primordial follicle activation and
growth [9–16]. The Hippo pathway also appears to be in-
volved in follicle activation and growth, through the action
of yes-associated protein (YAP)/transcriptional coactivator
with PDZ-binding motif (TAZ) downstream effectors [17].
Nevertheless, there is no conclusive proof of the role of these
pathways in the activation of human primordial follicles, de-
spite animal studies suggesting a clear involvement of these
factors in primordial follicle activation in rodents. In 2013,
Kawamura et al [18] documented disruption of the Hippo
pathway in human ovarian biopsies from POI patients after
vitrification, incubation with Akt stimulators and xenografting
for 4 weeks. We decided to apply this current knowledge and
compare the main effectors of the PI3K and Hippo pathways
at different timepoints after short-term grafting. We recently
demonstrated that follicle density decreases after ovarian tis-
sue transplantation after only 3 days of grafting and that Akt

phosphorylation increases in primordial follicles over the
same 3-day period, indicating that Akt could be responsible
for early follicle activation [7]. Advancing further along the
pathway involved in follicle activation in human ovarian tis-
sue and comparing the main effectors of the PI3K and Hippo
pathways at different timepoints after grafting, could well
shed more light on follicle dynamics in the early days after
transplantation of frozen-thawed human ovarian tissue.

Material and methods

Experimental design

Frozen-thawed human ovarian tissue from six different pa-
tients (age 25–35 years, mean 29.8 years) was used for the
study. All six women underwent surgery for non-ovarian pa-
thologies (breast cancer n = 4, Hodgkin’s lymphoma n = 1 and
sarcoma n = 1) and provided written informed consent to
donate their cryopreserved ovarian tissue for research pur-
poses. There was no significant difference in follicular density
between patients. Use of human ovarian tissue was approved
by the Institutional Review Board of the Université
Catholique de Louvain (Reference 2012/23MAR/125).

Fig. 1 Representation of the PI3K and Hippo pathways involved in
follicle activation. PIP2: phosphatidylinositol 4,5-bisphosphate; PIP3:
phosphatidylinositol (3,4,5)-trisphosphate; PTEN: phosphatase and
tensin homolog deleted on chromosome 10; PI3K: phosphoinositol-3-
kinase; PDK1: pyruvate dehydrogenase lipoamide kinase isozyme 1;
Akt: protein kinase B; FOXO: forkhead box O; TSC1 and TSC2:
tuberous sclerosis proteins 1 and 2; mTOR: mechanistic target of

rapamycin; S6K1: ribosomal protein S6 kinase beta-1; RPS6: ribosomal
protein S6. MST1/2: mammalian Ste20-like 1/2; SAV1: protein salvador
homolog 1; LATS1/2: large tumor suppressor kinase 1/2; YAP: yes-
associated protein, TAZ: transcriptional coactivator with PDZ-binding
motif; TEAD 1/2/3/4: TEA domain family members 1/2/3/4; BIRC:
baculoviral inhibitors of apoptosis repeat containing
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Two or 3 cryovials containing ovarian tissue were thawed
per patient in order to obtain 4 fragments, each measuring
approximately 5 × 8 × 1 mm3, one to be used for non-
grafted controls and three to be grafted. Three grafting dura-
tions were evaluated: 3, 7 and 21 days. Follicle activation was
analyzed by immunohistochemistry (IHC) for phospho-
mTOR (p-mTOR) and FOXO1, and by immunofluorescence
for YAP.

Ovarian tissue freezing and thawing

Cryopreservation of ovarian tissue was undertaken according
to the slow-freezing protocol, as described elsewhere [19, 20].
Frozen ovarian tissue was thawed at room temperature for 2
min, immersed in a water bath at 37 °C for another 2 min, and
then washed three times in fresh HEPES-MEM medium
(Gibco, ThermoFisher, Belgium) to remove the cryoprotectant
[21].

Transplantation to immunodeficient mice

Guidelines for animal welfare were fully respected and the
study was granted approval from the Committee on Animal
Research of the Université Catholique de Louvain (Reference
2018/UCL/MD/40). Nine female severe combined immuno-
deficient (SCID) mice (Charles River, L’Arbresle, France)
were used for the transplantation experiments. A median inci-
sion was made in the abdomen and peritoneum of the animals,
and human ovarian tissue fragments were fixed to the inner
sides of the peritoneum with 1 or 2 stitches of 6-0 Prolene
(Ethicon; Johnson & Johnson International, USA). The ab-
dominal wall and skin were then closed with 6-0 Prolene
(Ethicon; Johnson & Johnson International, USA). The mice
were kept in sterile conditions for the entire duration of the
grafting period and subsequently euthanized by cervical dis-
location. The ovarian grafts were left in place for 3, 7 and 21
days. Upon retrieval, they were subjected to histological anal-
ysis (formol).

Histology

For each patient, non-grafted ovarian tissue and grafts from
the three timepoints were fixed in 4% formaldehyde, embed-
ded in paraffin and serially sectioned (5-μm-thick sections).
Every fourth slide was stained with hematoxylin and eosin
(H&E) (Merck, Darmstadt, Germany) for histological
evaluation.

Follicle activation

Follicle activation was evaluated by immunostaining for p-
mTOR , FOXO1 and YAP. Se c t i o n s we r e f i r s t
deparaffinized with Histosafe (Yvsolab SA, Beerse,

Belgium) and rehydrated in 2-propanol (Merck,
Darmstadt, Germany). After blocking endogenous peroxi-
dase activity by incubation with 3% H2O2 (Merck,
Darmstadt, Germany) for 30 min at room temperature, and
heat epitope retrieval in citrate buffer for 75 min at 98 °C,
nonspecific staining was blocked by incubation with goat
serum for 30 min. The slides were incubated overnight at 4
°C with primary antibodies, namely rabbit anti-human p-
mTOR (Ser2448) (dilution 1/200, #2976, Cell Signaling,
USA), rabbit anti-human FOXO1 (dilution 1/200, #2880,
Cell Signaling, USA) and mouse anti-human YAP (dilution
1/200, #12395, Cell Signaling, USA), followed by a further
60 min at room temperature with EnVision anti-rabbit and
anti-mouse secondary antibodies (Dako, NC, USA). For p-
mTOR and FOXO1, diaminobenzidine (DAB vector 4100,
Dako, NC, USA) was used as a chromogen and nuclei were
counterstained with hematoxylin, while for YAP, tyramide
488 (dilution 1/200, ThermoFisher, Brussels, Belgium) was
applied and nuclei were counterstained with Hoechst 33342
(dilution 1/1000, ThermoFisher, Brussels, Belgium).
Negative controls were conducted in line with current
guidelines using rabbit-specific and mouse-specific FLEX
polyclonal antibodies (ready to use, IS600, Dako, NC,
USA) to subs t i t u t e the p r imary an t ibody [22 ] .
Comprehensive images of p-mTOR sections were obtained
with the Leica SCN400 slide scanner at 20X magnification
(Leica Biosystems, Dublin, Ireland). This analysis was con-
ducted by two observers, one of whom was blinded, and
only follicles with a visible oocyte in the central area were
evaluated. After delineation and annotation, computer-
assisted quantification of staining concentrations was
achieved with Leica’s proprietary artificial intelligence
(TissueIA, Wetzlar, Germany) by applying the following

fo rmu l a : staining concentration ¼ IA
Imean

� �
* SposA

SposTot

� �� �
þ

h

IB
Imean

� �
* SposB

SposTot

� �� �
þ…�*Imean (where IA=average intensity

annotation A; Imean=mean of average staining intensities of
all annotations; SposA=total tissue area of annotation A;
SposTot=sum of total tissue area of all annotations) [23–26].
FOXO1 andYAP slides were digitized by automated whole-
slide capture using the Pannoramic P250 Flash III scanner
(3DHISTECH, Hungary) in brightfield and the green (SR-
FITC-Zero) filter respectively. Image files were analyzed
with CaseViewer (3DHISTECH) software.

Statistics

GraphPad Prism, version 7.00 for Windows (GraphPad
Software, USA), was applied for statistical analyses. The
paired t test was used to evaluate p-mTOR, and Fisher’s exact
test to assess FOXO1 and YAP. A p value < 0.05 was consid-
ered statistically significant.
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Results

Follicle activation

p-mTOR analysis

Staining for p-mTORwas observed in oocytes, granulosa cells
(GCs) of primordial follicles and follicles at every growth
stage, and stromal cells (Fig. 2a–h). Only follicles with a vis-
ible oocyte in the central area were investigated using the
appropriate software (TissueIA, Wetzlar, Germany). A total
of 478 follicles were analyzed after classification into primor-
dial or growing stages (Table 1), and the paired t test was
carried out. Quantification of p-mTOR in primordial follicles,
based on the intensity and extent of the signal, revealed no
increase after 3 days of grafting compared with primordial
follicles in non-grafted tissue (mean staining concentration:
1172 in non-grafted tissue vs 1226 on day 3, p = 0.8) (Fig.
2i). A significant increase in mTOR phosphorylation was nev-
ertheless observed in growing follicles compared with primor-
dial follicles in the non-grafted group (mean staining concen-
tration: 1172 in primordial follicles vs 2330 in growing folli-
cles, p = 0.0016) (Fig. 2i).

FOXO1 analysis

FOXO1 staining was detected in both oocytes and GCs of
primordial and growing follicles (Fig. 3a–e). Cytoplasmic
FOXO1 was observed in oocytes of growing follicles at all
timepoints after grafting (Fig. 3e). Consistent with the aim of
this study, namely elucidating the dynamics of early follicle
activation in resting follicles, we focused on localizing
FOXO1 in oocytes of primordial follicles. A total of 155 pri-
mordial follicles were counted (Table 1). They were

considered activated when FOXO1 was identified in the cy-
toplasm (Fig. 3b–d), and results are reported as the percentage
of primordial follicles with cytoplasmic FOXO1. The paired t
test was used for verification. Although there was an increase
in primordial follicles expressing FOXO1 in their cytoplasm
at all timepoints after grafting, it was only significant on day 3
(80%, p = 0.01) compared with non-grafted controls (14.6%)
(Fig. 3f).

YAP analysis

YAP staining was detected in GCs of primordial and growing
follicles (Fig. 4a–d). In this case too, we focused on localizing
YAP in either the nucleus or cytoplasm of GCs of primordial
follicles. A total of 124 primordial follicles were counted
(Table 1). They were considered activated when YAP was
identified in the nucleus of at least one GC. The paired t test
was used for statistical analysis. An increase in primordial
follicles expressing YAP in the nucleus was detected after 3
days of grafting (43.8%, p = 0.04) compared with non-grafted
controls (26%) (Fig. 4e).

Discussion

While a number of studies have addressed the molecular
mechanisms involved in primordial follicle activation in ro-
dents [9–16], knowledge with respect to human ovarian tissue
remains limited. Our objective was to describe the phenome-
non of follicle activation after transplantation of human ovar-
ian tissue and the role that signaling pathways play.

In a previous study [7], we demonstrated a significant in-
crease in growing follicles, leading to a significant decrease in
the primordial follicle population 3, 7 and 21 days post-

a b c d

e f g h

i

p<0.001

Fig. 2 Phospho-mTOR immunostaining in primordial (a) and growing
(b) follicles in non-grafted ovarian tissue, in primordial (c) and growing
(d) follicles in ovarian tissue grafted for 3 days, in primordial (e) and
growing (f) follicles in ovarian tissue grafted for 7 days, and in
primordial (g) and growing (h) follicles in ovarian tissue grafted for 21

days. i mTOR phosphorylation in primordial (left) and growing (right)
follicles in the non-grafted group (D0), and on D3, D7 and D21 post-
grafting (mean + SEM), scale bar: 10 μm. a significantly different from b
(p < 0.001)
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transplantation. Significant follicle death was also encoun-
tered after grafting, with around half the follicle population
lost after 3 days and a further 50% in the subsequent 4 days
[7]. This indicated that the decline in the primordial follicle
pool is due to two events, follicle activation and growth on the
one hand, and follicle death on the other, both concurring and
contributing to the burnout effect. In that study, we also found
enhancedAkt phosphorylation in human primordial follicles 3
days after ovarian tissue transplantation, and can therefore
infer that this could be a direct consequence of the hypoxic
window that characterizes the immediate post-grafting period
[3, 4, 23–26].

In the current study, we were aiming at further elucidate the
mechanisms involved in follicle activation and determine
whether the effectors of the PI3K (mTOR and FOXO1) and
Hippo (YAP) pathways are somehow altered after grafting,
which is why we decided to investigate these three specific
effectors. mTOR is a conserved serine/threonine kinase,

negatively regulated by tuberous sclerosis complex 1 and tu-
berous sclerosis complex 2, and suppression of mTOR activ-
ity appears to be a prerequisite for maintaining dormancy of
primordial follicles [12–14, 16]. FOXO is a downstream ef-
fector of the Akt pathway and acts as a transcriptional factor in
the nucleus of primordial follicles, where it suppresses follicle
growth. Upon phosphorylation, it is translocated to the cyto-
plasm and relieved of its inhibitory role, giving rise to follicle
activation [9, 11, 27].

In this study, we did not observe any upturn in mTOR
phosphorylation levels in primordial follicles after grafting,
but detected significantly higher levels in growing follicles
in non-grafted tissue and after 3 days of grafting. This may
be due to its physiological role, since mTOR plays a funda-
mental part in regulating cell growth and metabolism in re-
sponse to growth factors and nutrients [28, 29], so increased
activity of this factor was expected in growing follicles. Our
hypothesis is that the lack of change seen in levels of mTOR

a b

c d

e f

p=0.01

Fig. 3 FOXO1 immunostaining in a primordial follicle in non-grafted
ovarian tissue (a) and in ovarian tissue grafted for 3 (b), 7 (c) and 21
(d) days. Follicles were considered activated when FOXO1 was
identified in the cytoplasm. Cytoplasmic staining in the oocyte is visible
at all time-points after grafting (arrow). FOXO1 immunostaining in a

growing (primary) follicle in non-grafted ovarian tissue (e). f FOXO1
staining in primordial follicles in non-grafted ovarian tissue (D0), and
on D3, D7 and D21 post-grafting (mean + SEM), p = 0.01, scale bar:
10 μm

Table 1 Number of follicles analyzed for mTOR (left), FOXO1 (center) and YAP (right)

mTOR Primordial
follicles (n)

Growing
follicles (n)

FOXO1 Primordial follicles
with cytoplasmic
staining (n)

Total number of
primordial follicles
(n, %)

YAP Primordial follicles
with nuclear
staining (n)

Total number of
primordial follicles
(n, %)

D0 101 32 D0 23 60 (38,3%) D0 9 40 (22.5%)

D3 49 24 D3 20 22 (90,9%) D3 16 23 (69.5)

D7 45 130 D7 37 46 (80,4%) D7 17 26 (65.3%)

D21 46 51 D21 13 27 (48,1%) D21 18 35 (51.4%)

Total 241 237 Total 93 155 Total 60 124
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phosphorylation in primordial follicles after grafting could be
the reason of mTOR phosphorylation being a late event in the
signaling cascade, occurring when follicles have already
started to grow and need to promote further growth. We there-
fore hypothesize that mTOR phosphorylation is not a conse-
quence of transplantation-induced follicle activation, but a
physiological event that happens when follicles start to devel-
op to more advanced stages. Concerning FOXO1, an increase
was observed in the cytoplasm of primordial follicles after
grafting. This translocation of FOXO1 from the nucleus to
the cytoplasm can be directly attributed to Akt phosphoryla-
tion [10], and this latter result confirms that transplantation of
human ovarian tissue may promote follicle activation via the
Akt-FOXO pathway.

PI3K pathway manipulation was recently attempted in an
effort to improve primordial follicle activation and growth to
more advanced stages [15, 14, 18, 30, 31], with three live
births reported in the literature [31, 32]. However, recent data
from our laboratory demonstrate that there is no difference in
terms of follicle density or follicle growth after grafting human
ovarian tissue with or without prior in vitro culture with Akt
stimulators [33]. These findings corroborate our results and
indicate that the procedure of transplantation itself is enough
to cause significant follicle activation. The lifespan of ovarian
tissue grafts is related to the ovarian reserve present in the graft
itself, so we believe that future studies should focus on finding
ways to preserve the primordial follicle population by
preventing its activation and death. Efforts should concentrate
on improving the early post-transplantation period by

enhancing oxygenation and promoting revascularization.
Indeed, favorable results were recently obtained by
Manavella et al [3, 4] after preparing the transplantation site
with adipose tissue-derived stem cells prior to grafting.

We also decided to evaluate a key component of the Hippo
pathway. This pathway is fundamental to maintaining optimal
organ size [34, 35] and includes a number of negative growth
regulators acting in a kinase cascade that eventually phosphor-
ylates and inactivates the key Hippo signaling effectors YAP/
TAZ. When Hippo signaling is impaired, upon ovarian frag-
mentation for example, nuclear levels of YAP increase as a
consequence of decreases in YAP phosphorylation, ultimately
leading to stimulation of cell growth, survival, and prolifera-
tion [34, 36, 37]. We detected elevated expression of YAP in
the nucleus of primordial follicles after 3 days of grafting,
confirming that the Hippo pathway is involved in follicle
activation.

The present study adds relevant new information to the
field of follicle activation and burnout. By comparing the ef-
fectors of the PI3K and Hippo pathways, we evidenced a
probable synchrony in Akt/FOXO1 and YAP responses to
transplantation, as levels of both rose significantly after 3 days
of grafting. Our findings may indeed suggest a link between
the PI3K and Hippo pathways, with both contributing to the
phenomenon of follicle burnout [38].

Nevertheless, the study has some limitations. First, we
opted to use immunostaining in order to distinguish chang-
es in phosphorylation levels of mTOR and the shifting
localization of FOXO1 and YAP, as it is known that the

a b e

p=0.04

c d

Fig. 4 YAP immunofluorescent staining in a primordial follicle in non-
grafted ovarian tissue (a) and in ovarian tissue grafted for 3 (b), 7 (c) and
21 (d) days. Follicles were considered activated whenYAPwas identified
in the nucleus of at least one GC. Nuclear staining in GCs is visible at all

time-points after grafting (arrow). eYAP staining in primordial follicles in
non-grafted ovarian tissue (D0), and on D3, D7 and D21 post-grafting
(mean + SEM), p = 0.04, bar scale: 10 μm
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function of both these proteins depends on their site.
Determining their cellular localization gives us an indica-
tion of the state of activation of follicles. Additional tech-
niques and analyses, such as western blotting, should now
be applied to corroborate our results. Moreover, it is known
that mTOR is involved in two different complexes
(mTORC1 and mTORC2), with mTORC1 implicated in
follicle activation through the PI3K/Akt signaling pathway
and mTORC2 acting at the upper level of the Akt pathway
and also possessing different cellular functions [39]. A
second limitation is that analysis of mTOR alone might
not be sufficient to identify which complex is involved,
so other effectors of the pathway, such as S6K1, RPS6
and 4EBP1, should be investigated in the future.

In conclusion, this study supports the hypothesis that acti-
vation of human primordial follicles and growth to later de-
velopmental stages is an early event after transplantation, and
that significant follicle death contributes to burnout too, even-
tually culminating in early depletion of the ovarian reserve.
We also corroborate the premise that Akt plays a central role in
follicle activation in human ovarian tissue and is potentially
involved in both follicle growth and death. Its effect on follicle
growth is explained by FOXO1 translocation. Transplantation
of ovarian tissue has no direct impact on mTOR, which may
itself participate in further promoting follicle growth. Finally,
our results clearly demonstrate that the Hippo pathway also
has a role in transplantation-induced follicle activation and
could contribute to the phenomenon of burnout. Indeed, acti-
vation of both the PI3K and Hippo pathways could trigger
parallel survival and cell growth signaling pathways, ultimate-
ly resulting in highly significant follicle depletion. This is the
first time that the effectors of the PI3K and Hippo pathways
have been analyzed and compared in grafted human ovarian
tissue, and their role in follicle burnout elucidated and
documented.
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