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Abstract
Purpose The objective of this study was to analyse the expression and cellular localization of FOXO3, pFOXO3 and PTEN
throughout human ovary development both before and after birth.
Methods Foetal, pubertal and adult paraffin-embedded ovarian samples were analysed by immunohistochemistry for cellular
localization of FOXO3, pFOXO3 and PTEN proteins. Protein and mRNA expression were analysed by western blot and real
time PCR, respectively, from fresh biopsies.
Results PTEN was not detected by immunohistochemistry in germ cells and follicles of foetal, pubertal and adult
ovaries. Occasional PTEN immunoreactive granulosa cells were found in atretic antral follicles in the adult ovary.
Western blot analysis showed low levels of PTEN protein. Nuclear FOXO3-expressing primordial follicles repre-
sented a variable proportion of the ovarian reserve. The presence of FOXO3-expressing primordial follicles was very
low in foetal ovary; although always represented in a low proportion, prevalence increased during pubertal and adult
life.
Conclusion Our results seem to indicate that two subpopulations of primordial follicles, i.e. nuclear FOXO3-expressing
and no FOXO3-expressing primordial follicles are found in the postnatal human ovary. This scenario suggests that
FOXO3 could be acting as in the mouse model, preventing primordial follicle activation. However, the strategy would
not be an “all or nothing” system as in mouse ovary but rather a selected subpopulation of primordial follicles preserved to
ensure long-term fertility.
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Introduction

Primordial germ cells, originating in the extra-embryonic
compartment of the newly implanted conceptus [1], reach
and colonise the genital ridges at approximately 6–7 weeks
post-conception (wpc) [2]. After colonisation, as the embryo
has been committed to the female fate, definitive ovarian his-
togenesis takes place. Germ cells start to be surrounded by
somatic cells about 12–13 wpc in a process referred to as
follicular assembly. Follicular assembly yields by birth an
endowment of resting, non-growing primordial follicles, com-
prising an oocyte surrounded by a single layer of flattened
somatic cells, which forms the ovarian reserve (OR).
Primordial follicles in the OR remain quiescent in women
for years or decades until they are lost by atresia or activated
to enter a process of maturation in the so-called growing fol-
licular pool. At puberty, quiescent primordial follicles cycli-
cally selected for maturation undergo folliculogenesis yield-
ing just one preovulatory follicle-enclosed dominant oocyte at
each menstrual cycle [3].

Genetic factors involved in maintaining the quiescent state
or activating the dormant primordial follicle to enter the grow-
ing follicular pool are diverse, and they are expressed either in
the germ cell proper or in the granulosa cells [4]. Among the
different genes involved in dormancy/activation of the OR,
the forkhead transcription factors, FOXOS, are key effectors
of the PI3K/AKT signalling pathway [5, 6]. In the mouse
ovary, Foxo3 is expressed in the nuclei of primordial follicles
and translocates to the cytoplasm of primary follicles coming
from activated primordial follicles leaving the OR. The potent
effect of Foxo3 in maintaining the dormant state becomes
evident in Foxo3−/− mice whose primordial follicles start
growing without control voiding the OR by the age of
15 weeks [7]. Similarly, Foxo3 seems to regulate dormancy/
activation of the primordial follicle in the OR of other rodents
such as the rat and the deer mouse [8]. However, in non-rodent
mammals as diverse as cow, cat, dog, pig and some non-
human primates, no specific localization of nuclear or cyto-
plasmic FOXO3 was detectable in primordial or primary oo-
cytes [8]. In humans, the only sample analysed, the adult ova-
ry of a 38-year-old woman, showed no FOXO3 expression as
in the other non-rodent mammals [8].

Other factors involved in the PI3K/AKT signalling path-
way participate in the control of dormancy/activation of pri-
mordial follicles in the OR. In mice, for example, the ablation
of Pten, the phosphatase and tensin homologue detected on
chromosome 10 gene, a negative regulator of PI3K, was found
to promote massive recruitment of primordial follicles from
the OR [9] as shown for Foxo3 knockout mice. At present,
attempts to relate PTEN [10, 11] or FOXO3 [12] expression
with human premature ovarian failure or primary amenorrhea
were unsuccessful showing that haploinsufficiency, i.e. muta-
tion of a single allele, at least in FOXO3, does not seem to

contribute to ovarian failure. However, the inhibition of PTEN
in human ovary in vitro promotes an increased activation of
primordial follicles [13].

Although the Foxo3 and Pten functioning in mouse ovary
seems to be specific for maintaining dormancy in the OR, our
knowledge in humans is up to day very scarce and not con-
clusive. We report here the analysis of expression and
immunolocalisation of FOXO3, pFOXO3 and PTEN through-
out human ovary development both before and after birth
including infant, pubertal and adult ovary, especially focusing
in primordial and primordial-to-primary follicle transition.

Materials and methods

Collection of ovarian samples

A total of 59 samples of human ovarian tissue were collected
and analysed. Foetal ovaries (n = 23) were obtained as pre-
served paraffin-embedded tissues (8 to 30 wpc) from the
Maternidad y Hospital Infantil Ramón Sardá, Buenos Aires
City, and as fresh tissue (30 to 41 wpc) from the Hospital
Municipal de Merlo, Merlo, Buenos Aires Province
(Table S1). Fresh foetal ovaries were obtained from spontane-
ous abortion; the age of the foetuses was estimated from the
date of the last menstruation of the mother and the
cephalocaudal length at the time of the autopsy. Foetuses with
normal morphological appearance without signs of necrosis, in
which death was considered to have occurred just before the
autopsy, were included. Infant and pubertal tissue samples
(n = 13) were obtained by laparoscopic surgery at the
Hospital de Niños “Dr. Ricardo Gutiérrez”, Buenos Aires
City, including pre-menarcheal patients of 6 (n = 1), 9 (n = 2)
and 11 (n = 1) years old and post-menarcheal patients of 12
(n = 2), 13 (n = 2), 14 (n = 3), 15 (n = 1) and 16 (n = 1) years
old (Table S1). Adult ovary samples (n = 23) ranging from 29
to 52 years old, obtained by laparoscopic surgery, were recov-
ered at the Hospital General de Agudos J. A. Penna and the
Hospital Israelita, Buenos Aires City. According to the age of
donors, samples were divided into three groups: group A (n =
7), 29–35 years old, group B (n = 9), 37–45 years old and
group C (n = 6), 46–52 years old. All adult samples were ex-
amined in haematoxylin-eosin stained sections; only those
classified as histological normal tissue were included in this
study. The exclusion criteria included: ovarian cancer, endo-
metriosis in ovary or pelvic cavity and polycystic ovary.
Samples collected at the time of surgery under sterile condi-
tions were preserved in 10% formaldehyde until embedded in
paraffin, serially sectioned at 5 μm thickness, mounted onto
cleaned slides and kept at room temperature until used. When
possible (cf. Table S1), two small fresh-tissue fragments were
preserved either in an RNAse/DNAse-free sterile cryotube or
in 1 ml RNA later (QiaGen, Ambion Inc., Austin, TX, USA)
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and stored at − 80 °C until used. The present study was
reviewed and approved by the Institutional Research Ethics
Committee, Universidad Maimónides, Buenos Aires,
Argentina, and Research Ethics Committees from collaborat-
ing hospitals. Samples were used after obtaining the patients’,
and/or parents or legal representatives’, informed consent.

Immunohistochemistry

Mounted paraffin sections were dewaxed in xylene,
rehydrated in graded alcohols and washed in distilled water.
Endogenous peroxidase activity was inhibited with 0.5%
H2O2/methanol (v/v) for 20 min at room temperature.
Sections were then blocked for 1 h with 15% normal horse
serum or normal rabbit serum in phosphate buffered saline
(PBS) and incubated overnight at room temperature with the
1:100 diluted primary antibodies: mouse monoclonal anti-
FKHRL1 (FOXO3) (sc-48348), goat polyclonal anti-p-
FKHRL1 (pFOXO3) (sc-12357) and mouse polyclonal anti-
PTEN (sc-7974), all from Santa Cruz Biotechnology, Dallas,
TX, USA. After overnight incubation, slides were rinsed
thrice in PBS and incubated for 1 h at room temperature with
the appropriate 1:200-diluted biotinylated secondary antibody
(Vector Labs, Peterborough, UK). After further washing in
PBS, sections were incubated for 30 min with 1:100 diluted
streptavidin-peroxidase complexes (ABC kit, Vector Labs,
UK). Sections were then washed twice with PBS, and devel-
opment of peroxidase activity was revealed with 0.05% 3,3′-
diaminobenzidine (w/v) and 0.1% H2O2 (v/v) in Tris-HCl.
Finally, sections were washed with distilled water and
mounted in Canada balsam (Biopack, Buenos Aires,
Argentina). In preparative assays, we performed comparative
immunohistochemistry without and with citrate buffer-
antigen retrieval. As no differences were found in protein de-
tection, antigen retrieval was omitted since in some cases cit-
rate buffer incubation damaged the fixed tissue. Negative con-
trols were processed simultaneously by omitting the primary
antibody and/or preincubating the primary antibody with the
specific commercial synthetic peptide when available.
Sections were examined in an Olympus BX40 microscope.
Semiquantification of positive follicles was carried out
counting the number of positive follicles with respect to the
total of each follicular stage present in all the tissue section
analysed.

Western blot analysis of PTEN

Ovarian fragments preserved at − 80 °C were homogenized in
ice-cold lysis buffer containing a protease inhibitor cocktail
[0.5 mM phenylmethylsulfonyl fluoride (PMSF);10 mM
leupeptin; 10 mM pepstatin; 10 mM aprotinin], and centri-
fuged at 1.200g at 4 °C for 10 min. The supernatant was
collected and proteins were quantified using the Bradford

Protein Assay (Bio-Rad Laboratories, Inc., Hercules, CA,
USA). Total proteins (20 μg) from tissue extracts were sepa-
rated by one-dimensional SDS-PAGE 15% and then trans-
ferred onto polyvinylidene fluoride (PVDF) membrane
(Amersham Hybond-P, GE Healthcare). Membrane was then
blocked for 1 h in PBS + 0.1% Tween20 with 5% non fat dry
milk. After that, it was incubated 1 h at room temperature with
the mouse polyclonal anti-PTEN diluted 1/100 (A2B1: sc-
7974 Santa Cruz Biotechnology. Dallas, TX, USA). After
washing, membrane was incubated with a goat anti-mouse
IgG horseradish peroxidase conjugated secondary antibody
(Bio- Rad, 1:5000). The immunoreactive product was visual-
ized using the enhanced chemiluminescence system ECL plus
GE (Amersham, Fairfield, Connecticut, USA) and Image
Quant 350. To confirm equal loading, each membrane was
analysed for β-actin protein expression demonstrating that
the band intensities did not show significant changes between
the samples analysed. Briefly, membrane was incubated with
mouse monoclonal anti-β-actin (Sigma, Saint Louis, MO,
USA) diluted 1/1000. After washing, membrane was incubat-
ed with a goat anti-mouse IgG horseradish peroxidase conju-
gated secondary antibody (Bio-Rad, 1:5000). Stained protein
molecular weight markers were used as standards (Fermentas,
Vilnius, Lithuania). Densitometry was performed on Scion
Image for Windows software (Scion Corporation, Frederick,
MD, USA) and PTEN expression was normalized to β-actin.
Human uterine fibroblast (HUF) cell line was utilized as a
positive control for PTEN expression [14].

RNA isolation and real time-PCR

Samples recovered in RNA later at the surgery room were
maintained in that solution for 48 h and then stored a −
80 °C until used. Total ovary RNA was extracted with
TRIzol (Invitrogen, Waltham, MA, USA) according to the
manufacturer’s instructions. Total RNA (3 μg) was treated
with DNAse I (Invitrogen, Waltham, MA, USA) and used
for reverse transcription in a 20-μl reaction containing M-
MLV reverse transcriptase (200 U/μl, Promega, Madison,
WI, USA) and random hexamers primers (Biodynamics,
Buenos Aires, Argentina). Reverse-transcribed cDNA was
employed for quantitative polymerase chain reaction (PCR)
using SYBR Green PCRMaster Mix and specific forward (F)
and reverse (R) primers (PTEN: F 5′-CCAATGTTCAGTGG
CGGAACT-3′, R 5′-GAACTTGTCTTCCCGTCGTGT-3′.
FOXO3: F 5´-TCTACGAGTGGATGGTGCGTT-3′, R 5′-
CGACTATGCAGTGACAGGTTGT-3′, ACTIN: F 5′-CTTC
CCCTCCATCGTGGG-3′, R 5′-GTGGTACGGCCAGA
GGCG-3′), in a Stratagene MPX500 cycler (Stratagene, La
Jolla, CA, USA). Primers were used at a concentration of
0.3 μM in each reaction. The cycling conditions were as fol-
lows: step 1, 10 min at 95 °C; step 2, 15 s at 95 °C; step 3, 30 s
at 60 °C; step 4, 30 s at 72 °C, repeating steps 2 to 4 forty-five
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times. Data from the reaction were collected and analysed by
the complementary computer software (MxPro3005P v4.10
Build 389, Schema 85, Stratagene, La Jolla, CA, USA).
Melting curves were run to confirm specificity of the signal.
Relative quantization of gene expression was performed using
standard curves and normalized toβ-actin in each sample. For
assessment of quantitative differences in the cDNA target be-
tween samples, the mathematical model of Pfaffl was applied.
The expression ratio was determined for each sample by cal-
culating (Etarget)ΔCt(target)/(EGβACTIN)ΔCt(βactin),
where E is the efficiency of the primer set and CT is threshold
cycle with ΔCt = Ct (normalization cDNA) −Ct (experimen-
tal cDNA). The amplification efficiency of each primer set
was calculated from the slope of a standard amplification
curve of log (ng cDNA) per reaction vs. Ct value (E =
10-(1/slope)). Efficiencies of 2 ± 0.1 were considered optimal.

Statistical analysis

Mean and standard error (SEM) were calculated and the
InfoStat Software (Version 2012, Grupo InfoStat,
Universidad Nacional de Córdoba, Córdoba, Argentina) was
used for one-way analysis of variance. A log10 transformation
of data was done. Tukey’s test was used when differences
between more than two groups were compared. A p value of
less than 0.05 was considered statistically significant.

Results

PTEN, FOXO3 and p-FOXO3 protein expression in
foetal human ovaries

PTEN protein was not specifically detected by immunohisto-
chemistry in oogonia, primordial follicles or other follicle
types in foetal ovaries from 8 to 30 wpc (Fig. 1a–c). During
the last trimester of pregnancy (30 to 41 wpc), very low levels
of PTEN were detected by western blot (Fig. 1d), most likely
indicating its expression from other somatic compartments,
e.g. smooth muscle from blood vessels (cf. Fig. 1a’) which
served as an internal positive control.

FOXO3 was negative in oogonia and the great majority of
follicles apart from very rare primordial follicles showing oocyte
nuclear expression from 18 wpc onwards (Fig. 2a, b). pFOXO3
protein was negative in all foetal samples (Fig. 2c, d).

PTEN, FOXO3 and p-FOXO3 protein expression in in-
fant and pubertal human ovaries

The ovarian sections of infant and pubertal ovaries analysed
by immunohistochemistry only showed primordial and prima-
ry follicles. In all cases, both types of follicles were negative
for PTEN (Fig. 3a), with the exception of a single primary

follicle found in the 16-year-old patient (Fig. 3b). Although
PTEN expression in other types of follicles cannot be
discarded, it seems unlikely since detection by western blot
was very low in all patients (Fig. 3c).

FOXO3 protein showed a variable pattern of expression in
the pool of primordial follicles; some primordial follicles were
negative while others showed nuclear expression of FOXO3,
with the exception of one follicle displaying cytoplasmic signal
(Fig. 4a, b). Table S2 shows the counting of FOXO-positive
and FOXO-negative primordial follicles in the only four avail-
able paraffin-fixed samples from infant ovaries. The preva-
lence of FOXO-expressing follicles was variable and low, with
nuclear localization, except for one case of cytoplasmic local-
ization. Primary, secondary and antral follicles showed nuclear
FOXO3 signal in some granulosa cells (Fig. 4c, d). In all cases,
p-FOXO3 immunostaining was negative (Fig. 4e, f).

PTEN, FOXO3 and p-FOXO3 protein expression in
adult human ovaries

PTEN was not detectable in primordial, primary and second-
ary follicles in adult ovaries from groups A, B and C
(Fig. 5a, b); some positive granulosa cells were observed in
atretic antral follicles (Fig. 5c). AIbicans bodies were negative
(Fig. 5d). Detection by western blot was low in all samples
from each group (Fig. 5e). FOXO3 protein immunodetection
was variable in primordial follicles.

As seen in pubertal ovaries, adult ovaries displayed a var-
iable expression of FOXO3 in primordial follicles. FOXO3-
expressing primordial follicles mostly expressed nuclear
FOXO3; however, cytoplasmic expression of FOXO3 was
also found (Fig. 6a). Six out of 8 available paraffin-fixed sam-
ples were used for counting FOXO expression (Table S3). As
shown for infant ovarian samples, a low proportion of primor-
dial follicles displayed nuclear FOXO3 signal, with great var-
iability among samples. FOXO3 was also immunodetected in
the nucleus of granulosa cells of secondary follicles, atretic
antral follicles and luteal bodies (Fig. 6b). Contrary to what
was observed in the infant ovary, cytoplasmic FOXO3- and
pFOXO3-expressing primordial follicles were more evident
in these samples (Fig. 6c, d; Tables S3 and S4). Primary,
secondary and antral follicles were found negative for
pFOXO3 (Fig. 6e, f).

FOXO3 and PTEN transcription throughout ovary
development

FOXO3- and PTEN-mRNA detected levels did not show any
significant difference throughout the different developmental
stages analysed herein (Fig. 7). Both genes showed compara-
ble levels of transcription at foetal, infant and adult periods,
with a considerable variability among samples for any given
age interval.
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Fig. 1 Expression of PTEN in
human foetal ovary. (a–c)
General view of ovarian section at
13, 18 and 30 wpc, respectively,
negative for PTEN
immunolocalisation both in
oogonia and primordial follicles;
arrows point to primordial
follicles. An example of negative
control staining performed by
avoiding primary antibody is
shown in Fig. 1S. (a’) Internal
positive control showing FOXO3
expression in blood vessels from
the same histological section. (d)
Western blots and quantification
showing low PTEN detection in
all samples from 30 wpc to birth.
HUF, Human uterine fibroblast
cell line used as positive control
(see “Materials and methods”);
wpc, weeks post-conception
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Fig. 2 Immunohistochemical
detection of FOXO3 and
pFOXO3 in human foetal ovary.
(a) General view of a 16wpc
histological section showing no
FOXO3 localisation in oogonia.
(a’) internal positive control,
foetal lung epithelium. (b)
Occasional primary follicle
(18wpc) showing nuclear
FOXO3 localisation. (c, d)
Negative immunolocalisation of
pFOXO3 at 13 and 28 wpc, re-
spectively. (c′) Internal positive
control, foetal lung epithelium.
Wpc, weeks post-conception.
Arrows point to primordial
follicles
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Discussion

The current study is the first report analysing PTEN, FOXO3
and pFOXO3 expression throughout development of the hu-
man ovary. In general, we found that PTEN does not
immunolocalise in primordial follicles during the different
developmental stages including foetal, pubertal and adult ova-
ry and shows low levels of mRNA detection. On the contrary,
nuclear FOXO3 was expressed in a proportion of primordial
follicles that varied with ovarian age.

FOXO3 expression pattern found in the human ovary dif-
fered from that reported for the mouse model in which
FOXO3 is globally expressed in the nucleus of all primordial
follicle-enclosed oocytes, and its translocation to the cyto-
plasm is coincident with follicle activation and growth [5,
6]. In contrast to what is seen inmice and other muroid rodents
such as the deer mouse and the rat, primordial follicles in adult

ovary of non-rodent mammals, including non-human pri-
mates, do not express FOXO3 [8, 15]. However, our results
show that this is also not the case for the human adult ovary in
which a variable number of primordial follicles express nucle-
ar FOXO3. Moreover, FOXO3 expression varied with human
ovarian age from a very low prevalence in foetal stage which
seems to increase in pubertal age and in the adult ovary. In any
case, this apparent increase in the number of FOXO3-
expressing oocytes in primordial follicles has to be seen cau-
tiously and needs further in-depth analysis. The number of
samples analysed is low, preventing quantification and statis-
tical analysis. Moreover, available sections were highly vari-
able between them, as expected, in terms of germ cell abun-
dance. Although no differences were observed in mRNA
levels between both genes, the detection of FOXO3 protein
in primordial follicles might reflect a different regulation of
translation or, simply, a preferential elimination through
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Fig. 3 Expression of PTEN in
pubertal human ovary. (a)
Illustrative primordial follicle
with no signal for PTEN from a
14-year-old sample. An example
of negative control staining
performed by avoiding primary
antibody is shown in Fig. 1S. (a’)
Internal positive control. (b)
Unique primary-to-secondary
transition follicle showing
cytoplasmic localisation of PTEN
protein found in the 16-year-old
sample. (c) Western blot
quantification showing low
detection in almost all samples
analysed
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apoptosis of no FOXO3-expressing oocytes from primordial
follicles (see below). Strikingly, the rhesus macaque ovary
displays an opposite behaviour. Highest prevalence of
FOXO3 is found in germ cells before follicle assembly, pro-
gressively decreasing in primordial follicles during foetal and
prepubertal stages to finally disappear in adult monkey ovary
[15].

PTEN and FOXO3 expression in germ cells, primordial
and primary follicles in foetal and neonatal ovaries of some
mammals, like pig and sheep, suggest that these proteins
could participate in follicular assembly and growth during
foetal life [16, 17]. As stated above, our results in the foetal
human ovary showed an almost absent expression of PTEN
and a very low FOXO3 expression in primordial follicles. In
the rhesus macaque foetal ovary, FOXO3 is sparingly
expressed in mitotically active germ cells in the cortical region
and at a lower prevalence in assembled primordial follicles
[15]. According to these authors, the possibility that FOXO3

is just expressed when primordial follicles are activated cannot
be ruled out. Nevertheless, it is difficult to reconcile the very
low expression of FOXO3 in the foetal human ovary with
classical studies showing that primordial follicles enter the
growth phase from the third trimester of gestation leading to
approximately 69% of primary follicles at birth [2]. Therefore,
PTEN and FOXO3 as part of the PI3K/AKT pathway do not
seem to be a relevant player in follicular assembly, activation
and growth during the human foetal period.

In the infant and pubertal ovary, the number of primordial
follicles that express FOXO3 becomes more evident. The ma-
jority of the follicles that begin to grow during this develop-
mental stage will undergo a process of atresia through apopto-
sis [18] that can be favoured by FOXO3 expression as well as
PTEN expression in granulosa cells in antral follicles [19–24].
It has been shown that FOXO3 activates apoptosis through
upregulation of BH3-only proteins or through extrinsic apo-
ptotic factors such as FASL and TRIAL [25]. Thus, nuclear
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C D
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100µm

200µm
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Fig. 4 Immunohistochemical
detection of FOXO3 and
pFOXO3 in pubertal human
ovary. (a) Pubertal ovary showing
negative FOXO3 primordial
(green arrowhead) and primary
(red arrowhead) follicle. (b)
Illustrative primordial follicle
(arrow) showing nuclear FOXO3
expression. (c) FOXO3-
expressing granulosa cells in
pre-antral follicle. (d) Detail of
FOXO-expressing granulosa cells
in antral follicle; (d’) inset, arrow
indicates the approximate region
magnified in D. (e) Primordial
follicles negative for pFOXO
immunolocalosation. (f)
Illustrative primary follicle
negative for pFOXO
immunolocalisation. Insets a´ and
c´, internal positive control
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FOXO3 expression in primordial follicle might indicate the
entrance to the apoptosis pathway or, alternatively, the pre-
vention to activate as seen in mice. Our results, based on an
observational description and a limited number of samples, do

not allow discerning between those possibilities; however, the
low prevalence of cytoplasmic FOXO3 we found might indi-
cate a role in preventing activation rather than entrance in
apoptosis. Moreover, considering that the human ovary
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Fig. 5 PTEN expression in the adult human ovary. (a) Illustrative
example of negative PTEN expression in primordial follicles. (a’)
Internal positive control, blood vessels. (b) PTEN negative staining in
primary follicle. (c) Granulosa cells from an atretic follicle showing

positive PTEN expression. (d) PTEN negative albicans body. (e)
Western blot analysis showing low PTEN detection in almost all cases.
HUF, Human uterine fibroblast cell line used as positive control (see
“Materials and methods”)
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Fig. 6 Immunohistochemical
detection of FOXO3 and
pFOXO3 in the human adult
ovary. (a) Illustrative primordial
follicles showing nuclear (green
arrowhead) and cytoplasmic (red
arrowhead) expression of FOXO3
and pFOXO3. (b) Nuclear
FOXO3 expression in primordial
follicles from a 39-year-old
patient. (c) Negative primordial
follicles for pFOXO3 staining. (d)
Illustrative primordial follicle
showing cytoplasmic localisation
of pFOXO3. Insets a´ and c´,
internal positive controls. An
example of negative control
staining performed by avoiding
primary antibody is shown in Fig.
1S
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displays the highest rate of intraovarian germ cell elimination
through apoptosis seen in mammals, reaching by puberty ap-
proximately 95% of the original OR established during foetal
life [26, 27], it is tempting to suppose that nuclear FOXO3
expression is preserving the activation of a proportion of pri-
mordial follicles and, consequently, fertility during the adult
reproductive life. Thus, the correlation between nuclear
FOXO3 expression and preservation of primordial follicle ac-
tivation deserves a closer experimental examination in the
human ovary. Moreover, other FOXO genes, e.g. FOXO1
and FOXO4, also require a thorough examination.

The adult ovary also showed a variable number of primor-
dial follicles expressing nuclear FOXO3. Although the num-
ber of samples available for counting FOXO3 expression was
limited, the prevalence of nuclear FOXO3-expressing primor-
dial follicles was comparable to that seen in the pubertal ova-
ry. Further, in the adult ovary, cytoplasmic pFOXO3 was first
detected (cf. Table S3) indicating a transition to the activated
state or a possible entrance in the apoptotic pathway (see
above).

Taking together the results of FOXO3 expression from
foetal to adult ovary, with due caution of the limited number
of analysed samples, our results seem to indicate that two
subpopulations of primordial follicles, i.e. nuclear FOXO3-
expressing and no FOXO3-expressing primordial follicles,
seem to coexist in the postnatal human ovary. Until 30wpc
we found a very low prevalence of FOXO3-expressing folli-
cles. At puberty, the prevalence of FOXO3-expressing pri-
mordial follicles becomes more evident and still persists in
the adult ovary. In this scenario, FOXO3 could be acting as
in the mouse model, preventing primordial follicle activation.
In this case, however, the strategy would not be an “all or
nothing” system as in mouse ovary but rather a selected sub-
population of primordial follicles preserved to ensure long-
term fertility. It is worth to mention that such a difference
complies with the disparate reproductive strategies in mice
and humans. A global preservation and regulation of the OR
dormancy/activation seems adaptive to female mice entering
quickly in reproductive life, with consecutive pregnancies,

large litters and a short lifespan. On the other hand, preserving
a subpopulation of primordial follicle-enclosed oocytes that
must wait for years and even decades to enter the growing
follicular pool, ovulation and fertilisation fits in the long
lifespan of women.

Finally, the existence of a FOXO3-expressing subpopula-
tion in the ovarian reserve of pubertal and adult human ovary
that could regulate primordial follicle activation has a signif-
icant interest of clinical implication. For instance, variability
in the size of this subpopulation can have an impact on prima-
ry ovarian insufficiency that has at present elusive causal ge-
netic basis. Moreover, FOXO3-expressing primordial follicle
could be a suitable target for in vitro follicle maturation or
pharmacological manipulation of the PI3K/AKT pathway.
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