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Abstract
Research question Are glioma-associated oncogene homolog 1, 2, and 3 (GLI1, 2, and 3) and protein patched homolog 1
(PTCH1) specific markers for precursor theca cells in human ovaries as in mouse ovaries?
Design To study the GDF9-HH-GLI pathway and assess whether GLI1 and 3 and PTCH1 are specific markers for precursor
theca cells in the human ovary, growth differentiation factor 9 (GDF9), Indian Hedgehog (IHH), Desert Hedgehog (DHH), Sonic
Hedgehog (SHH), PTCH1 and GLI1, 2 and 3 were investigated in fetal (n=9), prepubertal (n=9), reproductive-age (n=15), and
postmenopausal (n=8) human ovarian tissue. Immunohistochemistry against GDF9, IHH, DHH, SHH, PTCH1, GLI1, GLI2, and
GLI3 was performed on human ovarian tissue sections fixed in 4% formaldehyde and embedded in paraffin. Western blotting
was carried out on extracted proteins from the same samples used in the previous step to prove the antibodies’ specificity. The
quantitative real-time polymerase chain reaction was performed to identify mRNA levels for Gdf9, Ihh, Gli1, Gli2, and Gli3 in
menopausal ovaries.
Results Our results showed that, in contrast to mice, all studied proteins were expressed in primordial follicles of fetal, prepu-
bertal, and reproductive-age human ovaries and stromal cells of reproductive-age and postmenopausal ovaries. Intriguingly,
Gdf9, Ihh, andGli3mRNA, but notGli1 and 2, was detected in postmenopausal ovaries. Moreover, GLI1, GLI3, and PTCH1 are
not limited to a specific population of cells. They were spread throughout the organ, which means they are not specific markers
for precursor theca cells in human ovaries.
Conclusion These results could provide a basis for understanding how this pathway modulates follicle development and ovarian
cell steroidogenesis in human ovaries.

Keywords Growth differentiation factor 9 . Hedgehog ligands . PTCH1 receptor . Precursor theca cells . Glioma-associated
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Introduction

While orchestrated communication between the pituitary
gland and the ovary is needed for reproduction in mammals,
successful follicle growth and ovulation require highly

elaborate communication between the oocyte and its sur-
rounding granulosa and theca cells. Any flaw in this process
can have dire consequences on female reproductive health and
fertility [1–3].

Theca cells play a crucial role in successful folliculogenesis
by providing structural support and producing androstenedi-
one as a substrate for granulosa cells to convert into estradiol
[4]. Despite the importance of theca cells, their origin in the
ovary has not been positively identified. There are studies in
neonatal mouse ovaries showing that precursor theca cells can
be detected by glioma-associated oncogene homolog 1 (GLI1)
[3], GLI3, and protein patched homolog 1 (PTCH1) [5]. Cells
positive for these markers differentiate into theca interna cells
(TICs) in the presence of Hedgehog (HH) ligands synthesized
by granulosa cells. Differentiated TICs express GLI1 [3],
GLI2, PTCH2, and luteinizing hormone receptor (LHR) [5].
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For this process to occur, the HH pathway is activated in
granulosa cells by secreted growth differentiation factor 9
(GDF9) expressed by oocytes [3]. Indeed, it has been reported
that in mutant mice lacking GDF9, the TIC layer fails to de-
velop, causing follicle development arrest at preantral stages
[3, 6]. GDF9 has been shown to mediate induction and acti-
vation of the HH signaling pathway in neonatal mouse ovarian
granulosa cells [3].

HH proteins are responsible for lineage specification in
many organs [7], particularly mouse follicles, but HH ligands,
Desert Hedgehog (DHH), and Indian Hedgehog (IHH) pro-
duced by granulosa cells are involved in the recruitment of
TICs from the ovarian stroma [8, 9].Moreover, DHH and IHH
deletion studies in mice ovaries [3] and Leydig cells in testes
[10] indicate that they are implicated in regulating the differ-
entiation and steroidogenic capacity of endocrine cells, in-
cluding TICs, partly by modulating the expression of Sf-1/
Nr5a1 and steroidogenic enzymes like cytochrome P450 fam-
ily 11 subfamily A member 1 (Cyp11a1) and cytochrome
P450 17A1 (Cyp17a1) (3, 10, reviewed by 11).

Inmammalian ovarian follicles, the HH signaling pathway is
activated by stoichiometric binding of HH ligands in granulosa
cells to their receptor PTCH1 [12–14] on theca cells and their
precursors [3, 9]. PTCH1 is a conserved 12-pass transmem-
brane protein receptor that plays an obligate negative regulatory
role in the HH signaling pathway [15]. In the absence of HH
proteins, PTCH1 suppresses constitutive activity in the seven-
transmembrane G protein-like Smoothened (SMO) receptor
[16]. The presence of HH proteins inactivates the action of
PTCH1 in adjacent cells [17] by removing PTCH1 inhibition
on SMO activity [16, 18, 19]. This leads to activation of latent
cytoplasmic transcription factors, namely zinc finger proteins
GLI1, 2 and 3 [17, 20], in (precursor) theca, interstitial/fibro-
blast, and/or perivascular cells within the theca layer [9, 21].
These transcription factors regulate the expression of selected
genes, such as enzymes involved in the steroidogenic pathway
of TICs, including Cyp11a1 and Cyp17a1 [9, 11].

Due to a lack of knowledge on the origin of TICs in human
ovaries, the goal of this study was to investigate the GDF9-
HH-GLI pathway in human ovaries and assess whether GLI1,
2, and 3 and PTCH1 are specific markers for precursor TICs,
as has been demonstrated in mice [3, 5]. To this end, we
analyzed the expression of proteins and genes involved in
the GDF9-HH-GLI pathway in fetal, prepubertal, reproduc-
tive-age, and postmenopausal human ovaries.

Materials and methods

Collection of human ovarian samples

The Institutional Review Board approved the use of the hu-
man ovarian cortex of the Université Catholique de Louvain

on May 13, 2019 (IRB reference 2012/23MAR/125, registra-
tion number B403201213872). Thanks to the collaboration
between UCLouvain’s Gynecology Research Unit (GYNE)
and the Anatomic Pathology Department of Saint-Luc’s
Hospital, we were able to study human ovarian biopsies ob-
tained from the biobank of the Cliniques Universitaires Saint-
Luc (BB190044). Based on the absence of ovarian patholo-
gies (patient history) and anomalies and alterations (histolog-
ical analysis), ovarian tissue fragments from fetal, prepubertal,
reproductive-age, and postmenopausal ovaries (Table 1) were
selected from the hospital biolibrary, where all samples of
tissues/organs collected from patients are registered and
stored. Apart from menopausal tissue, all ovaries contained
follicles at different stages of development, as well as corpora
lutea.

Histological and immunohistochemical analyses

Excised biopsies were fixed in 4% formaldehyde (VWR,
Leuven, Belgium) for 24 h before being dehydrated and em-
bedded in paraffin. Paraffin blocks were serially sectioned
(5-μm-thick sections) (Microtome HM325, Thermo Fisher
Scientific, Merelbeke, Belgium), and every tenth section was
stained with hematoxylin and eosin (Merck, Darmstadt,
Germany) for morphological analysis, while the remaining
sections (Superfrost® Plus, Menzel-Glaser, Braunschweig,
Germany) were kept for immunohistochemistry (IHC).
Follicles were classified according to their stage of develop-
ment as follows:

Type 1: Resting primordial follicles containing a single
layer of flattened granulosa cells
Type 2: Primary follicles with one layer of cuboidal gran-
ulosa cells
Type 3: Secondary follicles with two layers of granulosa
cells
Type 4: Secondary follicles with three or more layers of
granulosa cells and the start of theca cell layer formation
Type 5: Small antral follicles (less than 6mm in diameter)
Type 6: Large antral follicles (more than 6 mm in
diameter)

IHC analysis was performed with GDF9, IHH, DHH,
Sonic Hedgehog (SHH), PTCH1, GLI1, GLI2, and GLI3 an-
tibodies on consecutive tissue sections using an indirect per-
oxidase method concurrently for all ages. Information on pri-
mary antibodies, their dilution and incubation time, and details
about the different steps of IHC for each antibody are provided
in Supplementary Table 1.

Briefly, tissue sections were deparaffinized and rehydrated,
followed by endogenous peroxidase inhibition using hydro-
gen peroxide. Apart fromGDF9, antigen retrieval was done in
a water bath at 96°C for 20min or 98°C for 75min, depending
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on the antibody. Nonspecific protein inhibitionwas performed
using Tris-buffered saline (TBS), 3% non-fat milk, 7.5% bo-
vine serum albumin, 1.5% Tween 20, and 3% human immu-
noglobulins (Igs, 3%, Sandoz, West Princeton, USA) before
incubation with primary antibody. Secondary antibody incu-
bation (60 min) with EnVision anti-mouse (Dako, USA) for
PTCH1 and GLI1, and EnVision anti-rabbit (Dako, USA) for
GDF9, IHH, DHH, SHH, GLI2, and GLI3 followed by
streptavidin/horseradish peroxidase (HRP), was accomplished
after overnight incubation with primary antibody. For nega-
tive controls, the primary antibody was omitted. Instead, in
these slides, the FLEX negative control mouse cocktail of
mouse IgG1, IgG2a, IgG2b, IgG3, and IgM ready-to-use
(Dako Autostainer/Autostainer Plus, ref. IS750, Dako) and
rabbit immunoglobulin fraction of serum from non-
immunized rabbits, solid-phase absorbed ready-to-use (Dako
Autostainer/Autostainer Plus, ref. IS600, Dako) depending on
the primary antibody was added. Ovarian tissue and the same
tissue used for positive controls were treated similarly, but
without any primary antibody. Diaminobenzidine (DAB,
Vector, Burlingame, USA) was used to stain the sections,
followed by counterstaining with hematoxylin, dehydration
in isopropanol, and mounting for further analyses.

Scanning and image analyses

Stained sections were digitized with an SCN400 slide scanner
(Leica Biosystems, Wetzlar, Germany) at 20× magnification.
Using ImageJ software (version 1.52a, Wayne Rasband, NIH,
USA), the total number of immunostained follicles for all
proteins of interest was counted in each group (fetal, prepu-
bertal, reproductive-age, and postmenopausal). Follicles were
considered positive when staining was detected in the cyto-
plasm or nucleus of oocytes, granulosa, and/or theca cells. We
finally identified all positive follicles at every stage of devel-
opment in each age group and for each protein (Tables 2, 3,
and 4). All ovarian tissue sections were scored for the intensity
of staining in oocytes and granulosa, theca, and stromal cells.
Relative intensities of staining were scored as follows: -, no
staining; +, moderate staining; or ++, strong staining [21].
Immunostaining was evaluated blindly by two observers.

Protein extraction

The Qproteome FFPE kit (Qiagen, Hilden, Germany) was
used to extract proteins from formalin-fixed paraffin-

embedded (FFPE) tissue (fetal, n=4; prepubertal, n=3; repro-
ductive-age, n=4; postmenopausal, n=2; positive controls,
n=5 (n corresponds to the number of the paraffin blocks,
which represent individual samples)). Positive controls were
the same samples as used for IHC (Supplementary Table 1).
Extraction was achieved according to the kit datasheet.
Briefly, the first step involves deparaffinization, where tissue
sections (10–15-μm thickness) are successively incubated for
10 min at room temperature (RT) in xylene and 100%, 96%,
and 70% ethanol. After incubation, the supernatant is carefully
removed and the pellet is retained. Once the paraffin has been
removed, tissue sections undergo an incubation step for pro-
tein extraction. Samples are incubated in 100-μl extraction
buffer (EXB + ß-mercaptoethanol) and undergo a first heating
treatment using a heating block at 100°C for 20 min. This
allows formalin crosslinking to be reversed. The second
heating step is performed in a thermomixer at 80°C, with
agitation at 750 rpm for 2 h to ensure the highest protein
solubilization. After centrifugation at 14000 g at 4°C, extract-
ed proteins were recovered from the supernatant. Protein
quantification was then carried out using the Qubit 4 fluorom-
eter (Thermo Fisher Scientific) and protein assay kit (Thermo
Fisher Scientific).

Western blotting

Two polyacrylamide gel formulations (10% and 6% acrylam-
ide) were used to detect proteins of low (GDF9, IHH, and
SHH) and high (PTCH1, GLI1, GLI2, and GLI3) molecular
weight, respectively. Two different molecular weight markers
(ladders) appropriate for proteins with small (PageRulerTM

prestained protein ladder, 10–180 kDa, Thermo Fisher
Scientific) and large (HiMarkTM prestained protein standard,
31–460 kDa, Thermo Fisher Scientific) molecular mass were
used. Seven microliters of FFPE proteins extracted from each
sample (around 30 μg/ml) were mixed with 2.5-μl fresh
Laemmli sample buffer (100-μl β-mercaptoethanol in
900-μl buffer) and placed on a heated plate at 95°C for
5 min before loading into the gel wells next to the loaded
ladder. Migration of proteins based on size occurs first at
120 V for 10 min and then at 150 V for at least 40 min until
the blue marker reaches the bottom limit of the gel. Since
proteins need to be accessible for antibody detection, they
are transferred from the gel to a polyvinylidene difluoride
(PVDF) membrane at 100 V for 1 h. Before incubating with
the primary antibody, a blocking step is required to inhibit

Table 1 Number of used paraffin
block samples and their age range Fetal Prepubertal Fertile Menopausal

Age range 14–39 weeks Newborn to 6 years 35–43 years 68–91 years

Number of samples* 9 9 15 8

* Each sample corresponds to a patient
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interactions between the membrane and the primary antibody.
For this, the membrane is incubated in 5% blocking solution
(5-g non-fat dried milk in TBS-T 1× [100-ml TBS + 100-μl
100% Tween 20]) for 1 h at RT. It is then incubated with the
primary antibody (overnight at 4°C with gentle agitation)
against the protein of interest diluted in 0.5% of the previous
blocking solution. After 3 rinses (5 min each) in TBS-T to
remove the unbound primary antibody, the membrane is in-
cubated (1 h at RT with gentle agitation) with the secondary
antibody (goat anti-mouse Ig [115-035-062, Jackson
ImmunoReserch, Pennsylvania, USA] or goat anti-rabbit Ig
[111-035-144, Jackson ImmunoReaserch, Pennsylvania,
USA]) diluted in 0.5% of the blocking solution. The second-
ary antibody is linked to a peroxidase (HRP) to ensure clear
identification of the protein of interest on the membrane,
allowing its detection through a chemiluminescent reaction
using SuperSignal West Pico PLUS Chemiluminescent
Substrate (35477, Thermo Fisher Scientific). This is based
on a substrate present in the kit, which recognizes HRP in
the secondary antibody and produces light that can be visual-
ized using Fusion software (Vilber Lourmat, Collégien,
France).

RNA extraction and cDNA synthesis

Five human control ovarian tissue samples (age range, 52–79
years; mean age, 63.8) were frozen in Tissue-Tek® O.C.T.™
compound (Sakura, Zoeterwoude, Netherlands) and cut into
5-μm sections with the Thermo Scientific Microm HM560
Cryostat-Series (Thermo Fisher Scientific). Tissue processing

was performed as previously described [22]. Briefly, frag-
ments were placed in lysing matrix Z tubes (MP
Biomedicals, Ohio, USA) containing 2-mm yttria-stabilized
zirconium beads with 600-μl RLT Plus buffer from the
AllPrep DNA/RNA Micro Kit (Qiagen) with 1% β-
mercaptoethanol (Sigma-Aldrich, Steinheim, Germany).
Samples were lysed by bead beating for two 30-s cycles at 6
m/s in FastPrep lysing matrix Z tubes. A cooling step on ice
(40-s cycles) was performed between the two bead beatings.
Tubes containing the lysates were then centrifuged for 3 min
at 14000 g. Supernatant was collected, and RNA extracted
according to the manufacturer’s instructions. Isolated RNA
concentrations were measured using the Qubit 4 fluorometer
and Qubit RNA broad range assay kit (Thermo Fisher
Scientific). The QuantiTect whole transcriptome kit (Qiagen)
was used to synthesize and amplify cDNA from 20 ng of
isolated RNA. Synthesized cDNA concentrations were mea-
sured using the Qubit 4 fluorometer and Qubit dsDNA broad
range assay kit (Thermo Fisher Scientific).

Quantitative real-time polymerase chain reaction
(qPCR)

mRNA expression of Gdf9, Ihh, Gli1, Gli2, and Gli3 was
investigated by quantitative real-time PCR using TaqMan
probes for Gdf9 (Hs03986126-s1), Ihh (Hs00745531-s1),
Gli1 (Hs00171790-m1), Gli2 (Hs01119974-m1), and Gli3
(Hs00609233-m1). Rplp0 (Hs99999902-m1) and B2M
(Hs00187842_m1) served as housekeeping genes. cDNA
from 10 reproductive-age human ovaries was used as positive

Table 2 Immunostaining patterns
of the GDF9-HH-GLI pathway in
follicles and stromal cells in fetal
ovaries

Protein Follicle type (n) Oocytes Granulosa cells Stromal cells

Nucleus Cytoplasm Nucleus Cytoplasm Nucleus Cytoplasm

GDF9 1 (426) - + - - - -
2 (198) - + - -

IHH 1 (879) - + - ++ - ++
2 (12) - + - ++

DHH 1 (780) - ++ - ++ - ++
2 (11) - + - ++

SHH 1 (1304) - ++ - +/++ - ++
2 (17) - ++ - ++

PTCH1 1 (804) - + - - - -/+
2 (24) - + - +

GLI1 1 (1051) -/++ -/++ -/++ -/++ -/++ +/++
2 (51) ++ ++ ++ ++

GLI2 1 (117) -/++ ++ -/++ -/++ -/++ -/++
2 (0) ° ° ° °

GLI3 1 (623) -/+ + + ++ -/+ +/++
2 (0) ° ° ° °

Staining scored as follows: -, no staining observed; +, moderate staining; ++, strong staining. No type 2 follicles
found on the slides
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controls for Gli1 (data not shown), and cDNA from two indi-
vidual hepatocyte samples were used as the control for Gli1,
Gli2, and Gli3 (data not shown). A total of 1-μl primer; 7-μl
pyrogen, DNAse, and RNAse-free diethyl pyrocarbonate
(DEPC) water (Invitrogen, Thermo Fisher Scientific); 10-μl
TaqMan Gene Expression Master Mix (Thermo Fisher
Scientific); and 2-μl cDNA (50 ng/μl) was added to each well.
Target genes were analyzed in duplicate for each sample.
Standard cycling conditions were applied as recommended
by the manufacturer. Thermal cycling and fluorescence detec-
tion were performed using the StepOnePlus real-time PCR
system (Applied Biosystems, California, USA).

Results

Immunohistochemistry

Although no statistical analyses were performed, ovaries from
14- and 33-week-old fetuses were quite different in morphol-
ogy from each other. In the youngest fetal ovaries (14 weeks),
the cell population was a mixture of stromal cells and oogonia
(Fig. 1a). At around 17 weeks, some oocytes were observed in
addition to oogonia in fetal ovaries (Fig. 1b). From approxi-
mately week 22 onward, primordial follicles are known to
emerge, and primary oocytes are surrounded by one layer of

Table 3 Immunostaining patterns of the GDF9-HH-GLI pathway in follicles and stromal cells in prepubertal ovaries

Protein Follicle type (n) Oocytes Granulosa cells Theca cells Stromal cells

Nucleus Cytoplasm Nucleus Cytoplasm Nucleus Cytoplasm Nucleus Cytoplasm

GDF9 1 (1360) - +/++ - - ° ° - -
2 (50) - +/++ - - ° °

3 (3) - + - - ° °

4 (0) °° °° °° °° °° °°

IHH 1 (1477) - +/++ - ++ ° ° - +
2 (102) - + - ++ ° °

3 (3) - ++ - ++ ° °

4 (0) °° °° °° °° °° °°

DHH 1 (1360) - +/++ - ++ ° ° - ++
2 (50) - +/++ - ++ ° °

3 (3) + - ++ ° °

4 (0) °° °° °° °° °° °°

SHH 1 (3962) - ++ - ++ ° ° - -/++
2 (34) - ++ - ++ ° °

3 (2) - ++ - ++ ° °

4 (2) - + - + - -

PTCH1 1 (2096) - + - + ° ° - -/+
2 (39) - + - + ° °

3 (1) - + - + ° °

4 (0) °° °° °° °° °° °°

GLI1 1 (2114) -/++ -/+ -/++ -/++ ° ° -/+ -/+
2 (77) -/++ -/+ -/++ -/++ ° °

3 (2) - + ++ + ° °

4 (2) - + ++ + - -

GLI2 1 (2957) -/++ ++ ++ ++ ° ° -/+ -/+
2 (35) -/++ ++ ++ ++ ° °

3 (4) -/++ +/++ -/++ -/++ ° °

4 (3) ++ ++ ++ ++ - -

GLI3 1 (2396) -/+ + -/+ + ° ° ++ ++
2(79) -/+ + -/+ + ° °

3 (4) + + + + ° °

4 (1) - + ++ + - -

Staining scored as follows: -, no staining observed; +, moderate staining; ++, strong staining

Type 1 to 3 follicles not yet surrounded by a theca layer

No type 4 follicles found on the slides
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Table 4 Immunostaining patterns of the GDF9-HH-GLI pathway in follicles and stromal cells in reproductive-age ovaries

Protein Follicle type (n) Oocyte Granulosa cells Theca cells Stromal cells

Nucleus Cytoplasm Nucleus Cytoplasm Nucleus Cytoplasm Nucleus Cytoplasm

GDF9 1 (170) - + - - ° ° - +/++

2 (89) - + - - ° °

3 (4) - + - - ° °

4 (3) - + - + - +

5 (0) °° °° °° °° °° °°

6 (11) - - - + - +

IHH 1 (69) - + - - ° ° - +/++

2 (55) - + - ++ ° °

3 (7) - + - + ° °

4 (1) - - - ++ - +

5 (0) °° °° °° °° °° °°

6 (14) - - - -/+ - ++

DHH 1 (143) - + - - ° ° - ++

2 (75) - + - ++ ° °

3 (13) - + - ++ ° °

4 (7) - + - ++ _ +

5 (0) °° °° °° °° °° °°

6 (18) - - - ++ - +

SHH 1 (89) - ++ - ++ ° ° - ++

2 (55) - ++ - ++ ° °

3 (10) - + - ++ ° °

4 (3) - + - + _ ++

5 (0) °° °° °° °° °° °°

6 (7) - - - +/++ - ++

PTCH1 1 (94) - ++ - + ° ° - +

2 (48) - + - + ° °

3 (8) - + - ++ ° °

4 (0) °° °° °° °° °° °°

5 (2) - + - -/+ - ++

6 (9) - - - + - ++

GLI1 1 (85) ++ + + + ° ° -/++ -/++

2 (102) ++ + ++ ++ ° °

3 (20) ++ + ++ ++ ° °

4 (4) ++ + ++ + ++ ++

5 (3) + + ++ + ++ ++

6 (13) - - ++ ++ ++ ++

GLI2 1 (92) -/++ ++ ++ ++ ° ° -/++ -/+

2 (104) -/++ + -/+/++ -/+/++ ° °

3 (10) ++ + ++ + ° °

4 (6) ++ + ++ + ++ -

5 (0) °° °° °° °° °° °°

6 (12) - - ++ + ++ +

GLI3 1 (101) - + ++ ++ ° ° -/++ -/++

2 (92) - +/++ + + ° °

3 (9) + +/++ + + ° °

4 (3) + + ++ + - -

5 (2) - - +/++ + + -

6 (7) - - +/++ -/+ -/+ -

Staining scored as follows: -, no staining observed; +, moderate staining; ++, strong staining

°Type 1 to 3 follicles not yet surrounded by a theca layer

°No follicles found on the slides
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follicular cells, which will later form granulosa cells (Fig. 1c).
Fetal ovaries at 33 weeks (Fig. 1d) contain the pool of primor-
dial follicles that a girl will be born with. In our tissue samples
from newborns to 2-year-old girls, the number of primordial
follicles was still high, and up to 150 follicles were counted in
each ovarian section (Fig. 2a). By the age of 6 years, the
ovarian reserve had already declined (Fig. 2b). It is interesting
to note that in the prepubertal group, additional follicle stages
(type 2, type 3, and type 4) appeared in the stroma (Fig. 2c).

Descriptive immunohistochemical analysis of follicles in
fetal ovaries revealed expression of GDF9, IHH, DHH,
SHH, PTCH1, GLI1, GLI2, andGLI3 in the oocyte cytoplasm
(Table 2; Figs. 3, 4, 5, 6, 7, 8, 9, and 10). All members of the
HH family were also strongly expressed in the cytoplasm of
follicular/granulosa cells (Figs. 3, 4, 5, 6, 7, 8, 9, 10). Stromal
cells were positive for IHH, DHH, SHH, and PTCH1 only in
their cytoplasm and for GLI1, GLI2, and GLI3 in the cyto-
plasm and sometimes in the nucleus (Table 2; Figs. 3, 4, 5, 6,
7, 8, 9, 10).

In ovaries from newborn to 6-year-old girls, GDF9 staining
was specific to the oocyte and some stromal cells cytoplasm
(Table 3; Fig. 3). HH ligands (IHH, DHH, and SHH) were
expressed in oocytes and the granulosa cell cytoplasm in types
1 to 3 follicles, showing moderate to strong staining (Table 3;
Figs. 4, 5, 6). As in fetal ovaries, there was weak staining for
PTCH1 receptor in the cytoplasm of oocytes and granulosa
cells from type 1 to 3 follicles (Table 3; Fig. 7). It is important

to note that GDF9, IHH, DHH, and PTCH1 expressions were
not possible to assess in type 4 follicles, as they were not
detected in sections used for protein staining. Transcription
factors GLI1, GLI2, and GLI3 showed positive nuclear and/
or cytosolic staining in oocytes and granulosa cells in type 1 to
4 follicles (Table 3; Figs. 8, 9, 10). Only type 4 follicles
contained a layer of theca cells, which did not stain any protein
involved in the studied pathway. Stromal cells exhibited im-
munostaining for all markers except GDF9, but their nuclei
expressed only GLI1, GLI2, and GLI3 (Table 3; Figs. 8, 9,
10).

In reproductive-age subjects, follicles continue their
growth up to the final stages of development. Unlike prepu-
bertal ovaries, where a great number of primordial follicles
were observed, in the reproductive-age group, this follicle
population appeared less abundant. On the other hand, in the
latter group, type 5 and 6 follicles were identified. At this stage
of development, the cortex and medulla can be easily distin-
guished from each other, and the majority of follicles are lo-
cated in the cortex. IHC in reproductive-age ovaries showed
cytoplasmic expression of GDF9 in oocytes of type 1 to 4
follicles and granulosa and theca cells of type 5 and 6 follicles,
at the samemoderate intensity (Table 4; Figure 3). Staining for
HH ligands was observed in the cytoplasm of both oocytes
and granulosa cells for type 1 to 6 follicles (Table 4; Figs. 4, 5,
6). Type 5 follicles were not detected on slides used for GDF9,
IHH, DHH, and SHH staining, but PTCH1 expression was

Fig. 1 Histological sections of fetal ovaries at different time points of
gestation. At around 14 weeks, oogonia (arrowhead) are visible (a). At
around 17 weeks, oocytes (arrow) can be observed (b). At around 22

weeks, type 1 follicles (arrow) are found in the ovaries (c). At around
33 weeks (d), the ovary contains many type 1 follicles (arrow). Scale bar:
100 μm (a, b, and c), 300 μm (d)
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Fig. 2 Histological sections of prepubertal ovaries at around the time of
birth age 6. Abundant population of type 1 follicles in a newborn girl (a).
Decrease in the number of type 1 follicles in the ovary of a 6-year-old girl

(b). Presence of types 2, 3, and 4 follicles in addition to type 1 (shown by
arrow) in the ovary of a 6-year-old girl (c). Scale bar: 100 μm

Fig. 3 Immunohistochemical staining of GDF9 in fetal, prepubertal,
reproductive-age, and postmenopausal ovaries. No staining for GDF9 in
a 17-week-old fetal ovary; GDF9 cytoplasmic staining in oocytes from
type 1 follicles in 22- and 33-week-old fetal ovaries; GDF9 cytoplasmic
staining in oocytes from type 1 follicles and stromal cells in prepubertal

ovaries; GDF9 cytoplasmic staining in oocytes from types 1, 2, 3, and 4
follicles and stromal cells in reproductive-age ovaries and the theca
interna and externa of type 5 and 6 follicles; GDF9 cytoplasmic
expression in postmenopausal ovarian stromal cells; testes as positive
and negative controls for GDF-9. Scale bar: 100 μm
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Fig. 4 Immunohistochemical staining of IHH in fetal, prepubertal,
reproductive-age, and postmenopausal ovaries. No staining for IHH in
the ovary of a 17-week-old fetus; IHH cytoplasmic staining of oocytes,
granulosa, and stromal cells in 22- and 33-week-old fetuses and

prepubertal ovaries; IHH cytoplasmic staining in oocytes, granulosa,
theca interna and externa, and stromal cells in reproductive-age ovaries;
IHH cytoplasmic staining in postmenopausal ovarian stromal cells; liver
as positive and negative controls for IHH. Scale bar: 100 μm

Fig. 5 Immunohistochemical staining of DHH in fetal, prepubertal,
reproductive-age, and postmenopausal ovaries. DHH cytoplasmic
staining of ovarian cells and oocyte in fetal and prepubertal ovaries;
DHH cytoplasmic staining of oocytes, granulosa, theca interna and

externa, and stromal cells in reproductive-age ovaries; DHH
cytoplasmic staining in postmenopausal ovarian stromal cells; liver as
positive and negative controls for DHH. Scale bar: 100 μm
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Fig. 6 Immunohistochemical staining of SHH in fetal, prepubertal,
reproductive-age, and postmenopausal ovaries. SHH cytoplasmic
staining of stromal cells and oocytes in fetal and prepubertal ovaries;
SHH cytoplasmic staining of oocytes, granulosa, theca interna and

externa, and stromal cells in reproductive-age ovaries; SHH
cytoplasmic staining in postmenopausal ovarian stromal cells; kidney as
positive and negative controls for SHH. Scale bar: 100 μm

Fig. 7 Immunohistochemical staining of PTCH1 in fetal, prepubertal,
reproductive-age, and postmenopausal ovaries. PTCH1 cytoplasmic
staining of oogonia and ovarian cells of 17-week-old fetal ovary;
PATCH1 cytoplasmic staining of oocytes and some ovarian cells in 22-
and 33-week-old fetal ovaries; PATCH1 cytoplasmic staining in oocytes

and some stromal cells in prepubertal ovaries; PATCH1 cytoplasmic
staining of oocyte, granulosa cells, theca interna and externa, and
stromal cells in reproductive-age ovaries; PATCH1 cytoplasmic
staining in postmenopausal ovarian stromal cells; kidney as positive and
negative controls for PATCH1. Scale bar: 100 μm
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seen in the oocyte cytoplasm of type 1 to 5 follicles. On the
other hand, PTCH1 displayed immunostaining in the cyto-
plasm of granulosa cells in type 1 to 6 follicles (Table 4;
Fig. 7). Theca cells in type 5 and type 6 follicles showed
moderate PTCH1 expression in their cytoplasm (Table 4;
Fig. 7), but those in type 4 and 6 follicles showed moderate
to strong cytoplasmic staining for HH ligands (Table 4; Figs.
4, 5, 6). GLI1, GLI2, and GLI3 were expressed in oocytes,
granulosa, and theca cells at most stages of follicle develop-
ment (Table 4; Figs. 8, 9, 10). However, GLI3 was less
expressed than other isoforms. Unexpectedly, stromal cells
exhibited moderate to strong expression of GDF9 in their
cytoplasm, which showed immunostaining for HH ligands
and PTCH1 too. All studied GLI proteins were also stained
at varying intensities in the cytoplasm and/or nucleus of stro-
mal cells (Table 4; Figs. 3, 4, 5, 6, 7, 8, 9, 10).

Since there are no follicles in postmenopausal ovaries, we
focused our analysis on the stromal cell population. In the
postmenopausal group, we investigated the entire stroma, as
in all other groups. Like reproductive-age ovaries, stromal
cells from their menopausal counterparts showed different in-
tensities of staining for GDF9 (Table 5; Fig. 3). GDF9 expres-
sion was localized in the cytoplasm of stromal cells, and its
intensity differed from one patient to another (Table 5). IHH,

DHH, and SHH were also detected in the same cell compart-
ment (Table 5). Weak cytosolic PTCH1 expression was ob-
served, and GLI1, GLI2, and GLI3 showed different staining
intensities in the nucleus and cytoplasm of stromal cells
(Table 5; Figs. 3, 4, 5, 6, 7, 8, 9, 10).

Western blot

In order to confirm our findings, we performed Western blot-
ting on the same proteins extracted from the same paraffin
blocks previously used in IHC analyses. It is, however,
important to stress that we encountered some complica-
tions while implementing this technique. Since ovarian
tissue from prepubertal girls was encapsulated in aga-
rose prior to paraffin embedding and this procedure af-
fects protein extraction, we had to exclude this group
from our Western blot study.

Results were compared with datasheets for commer-
cial antibodies, and positive tissue controls were the
same as those used for IHC. For all proteins except
DHH, whose antibody was not compatible, Western
blotting was carried out on lysates of fetal, prepubertal,
reproductive-age, and postmenopausal ovarian tissue
samples, as well as positive controls (Fig. 11).

Fig. 8 Immunohistochemical staining of GLI1 in fetal, prepubertal,
reproductive-age, and postmenopausal ovaries. GLI1 cytoplasmic and
nuclear staining of oogonia and ovarian cells of 17-week-old fetal
ovary; GLI1 cytoplasmic and nuclear staining of oocytes in 22- and 33-
week-old fetal ovaries;GLI1 cytoplasmic and nuclear staining of oocytes
and cytoplasmic staining of ovarian stromal cells in prepubertal ovaries;

GLI1 cytoplasmic and nuclear staining of oocytes, theca interna and theca
externa, and cytoplasmic staining of granulosa cells and ovarian stromal
cells in reproductive-age ovaries; GLI1 week cytoplasmic staining in
some postmenopausal ovarian stromal cells; testes as positive and
negative controls for GLI1. Scale bar: 100 μm
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Quantitative real-time PCR

To confirm our IHC andWestern blot findings in key proteins
in postmenopausal ovaries, we performed quantitative real-
time PCR to assess the presence of mRNA for Gdf9, Ihh,
Gli1,Gli2, andGli3 in postmenopausal ovarian tissue, despite
the lack of a follicle population. Our results revealed the pres-
ence of mRNA for Gdf9 (mean Ct value=22.8), Ihh (mean Ct
value=26.2), and Gli3 (mean Ct value=31.9) in stromal cells
from all five postmenopausal ovaries, Gli2 (Ct value=35.4) in
one of the five postmenopausal ovaries, but no mRNA tran-
scripts for Gli1 in any of the samples (Fig. 11).

Discussion

While theca cells play a pivotal role in follicle development,
steroid production, and ovulation, there is not much informa-
tion on their origin, recruitment, and differentiation in human
ovaries. Although there are some studies indicating that it
occurs under the influence of different factors expressed by
oocytes and granulosa cells of growing follicles (reviewed by
[23]), only a few hypothesize on the origin of these cells. It has
been postulated from studies directly on isolated mouse ovar-
ian tissue [9] or in vitro cultured [24] that stromal cells

surrounding follicles are those recruited for further differenti-
ation (reviewed by [25]). More recently, in vitro studies in
large animal models suggest that all stromal cells, not only
those close to follicles, can differentiate into theca cells [26,
27]. However, we have demonstrated that while most human
stromal cells can differentiate into steroidogenic cells in vitro,
only a small proportion of them can actually become theca-
and luteal-like cells [28]. This has led us to speculate that, just
like in mouse ovaries [3, 5], there is a population of precursor
theca cells in their human counterparts. In pursuit of this the-
ory, we assessed the GDF9-HH-GLI pathway in human fetal,
prepubertal, reproductive-age, and postmenopausal ovaries,
as this pathway has been shown to be fundamental to
recruiting precursor theca cells expressing Gli1 in neonatal
mice ovaries as a marker [3]. Our results revealed that this
pathway originates from primordial follicles during the fetal
period of life, and not from the primary stage after birth, as in
mouse ovaries [10, 29, 30]. Based on our findings, GLI1,
GLI2, and GLI3 proteins do not appear to be specific markers
for precursor theca cells in human ovaries. First, they are not
confined to a specific population of cells, as they are expressed
in oocytes and granulosa cells as well as the stroma and not
limited to precursor theca cells in ovarian stroma and differ-
entiated steroidogenic theca cells, as in mice. Furthermore,
expression of GLI1, 2, and 3 is not limited to a specific ovary

Fig. 9 Immunohistochemical staining of GLI2 in fetal, prepubertal,
reproductive-age, and postmenopausal ovaries. GLI2 cytoplasmic and
nuclear staining of oocytes, ovarian, and granulosa cells in fetal ovaries;
GLI2 cytoplasmic staining of oocytes and granulosa cells in prepubertal
ovaries; GLI2 cytoplasmic and nuclear staining of oocytes, granulosa

cells, theca interna and externa, and ovarian stromal cells of
reproductive-age ovaries; GLI2 cytoplasmic and nuclear staining of
postmenopausal ovarian stromal cells; testes as positive and negative
controls for GLI2. Scale bar: 100 μm
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age, as these proteins are expressed in 17-week-old fetal ova-
ries as long as the ovary continues to grow and follicles start to
appear and develop. Finally, stromal cells from postmeno-
pausal ovaries go on expressing GLI proteins, despite the ab-
sence of follicles.

A study on frozen ovarian tissue in mice indicated that the
HH and PTCH1 response system might also function in an

autocrine manner in granulosa cells [21]. Moreover, the
GDF9-HH-GLI pathway may differ between mammals. For
instance, Spicer et al. [31] speculated that differences might
exist in terms of hormonal regulation of the HH system be-
tween monotocous (cattle) and polytocous (rodents) species.
In mammals, HH signaling is a key factor in communication
between cellular compartments (gonads, Sertoli cells in testes
and granulosa cells in ovaries) involved in gametogenesis and
steroidogenesis [9, 11].

While our findings indicate that GLI proteins are not spe-
cific markers to identify precursor theca cells in human ova-
ries, based on GDF9, IHH, DHH, SHH, PTCH1, GLI1, GLI2,
and GLI3 expression patterns, we can postulate that the
GDF9-HH-GLI pathway may well play a different role in
human ovaries. Mutations in the Gdf9 gene in human and
sheep ovaries and various knockout and over-expressed
mouse models indicate that GDF9 is crucial to regulating
and promoting follicle growth and oocyte development by
predominantly acting on supporting granulosa cells via para-
crine signaling [32]. Like Sun et al. [33], by using IHC, we
also observed GDF9 expression in human ovarian oocytes.
Interestingly, our IHC results from prepubertal, reproduc-
tive-age, and postmenopausal ovaries showed GDF9 expres-
sion in the cytoplasm of stromal cells. Nevertheless, we

Fig. 10 Immunohistochemical staining of GLI3 in fetal, prepubertal,
reproductive-age, and postmenopausal ovaries. GLI3 cytoplasmic
staining of some ovarian cells in 17-week-old fetal ovary; GLI3 nuclear
and cytoplasmic staining of oocytes and almost all the ovarian cells in 22-
week-old fetal ovaries; GLI3 cytoplasmic and nuclear staining of oocytes,
granulosa cells, and most of the ovarian cells in 33-week-old fetal and

prepubertal ovaries; GLI3 cytoplasmic staining of oocytes and
cytoplasmic and nuclear staining of granulosa and stromal cells and
nuclear staining of theca interna and externa of reproductive-age
ovaries; GLI3 cytoplasmic and nuclear staining of postmenopausal
ovarian stromal cells; testes as positive and negative controls for GLI3.
Scale bar: 100 μm

Table 5 Localization
and staining intensity
patterns of GDF9, IHH,
DHH, SHH, PTCH1,
GLI1, GLI2, and GLI3 in
stromal cells in
postmenopausal ovaries

Protein Stromal cells

Nucleus Cytoplasm

GDF-9 - -/+/++

IHH - ++

DHH - ++

SHH - ++

PTCH1 - +

GLI1 - -/+

GLI2 ++ -/+

GLI3 -/+ -/+

Staining scored as follows: -, no staining
observed; +, moderate staining; ++, strong
staining
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performed qPCR analysis on samples of postmenopausal ova-
ries (52–79 years of age), which confirmed the presence of
Gdf9mRNA in this cell population. To the best of our knowl-
edge, there are no studies explaining this GDF9 mRNA and
protein expression, which is typically associated with
folliculogenesis in human ovarian stroma. However, our find-
ings may explain Riepsamen et al.’s [34] observations on the
elevated GDF9 serum levels in some postmenopausal women.
It would be therefore necessary to perform an in-depth inves-
tigation to understand which other origin and roles GDF9may
have in the ovary.

Amino acid sequences of IHH, DHH, and SHH are highly
similar. All three HH family members can evoke similar
mechanistic responses through the PTCH1 receptor in
in vitro and in vivo studies in mice ovaries and testes [35,
36]. It has been reported that IHH and DHH are co-
expressed using qPCR in normal and knockout mouse ovaries
[31, 37]. In mice, HH proteins are expressed in granulosa cells
of primary to antral follicles [21], which is different from our
results. To confirm our findings, we performed qPCR on Ihh
in postmenopausal ovaries (52–79 years of age), which re-
vealed Ihh mRNA expression in this cell population. As re-
ported in previous studies on mouse ovaries [3, 9], GDF9 is
required to trigger the HH pathway in follicles. Perhaps the
presence of GDF9 in stromal cells of postmenopausal human
ovaries might be the reason for Ihh mRNA and protein ex-
pression. IHH and DHH start to be expressed in murine

granulosa cells on day 4 after birth, when some primordial
follicles have already been activated to grow to the primary
stage [21]. The SHH expression pattern in mice is different
from that of IHH and DHH. Levels are higher in mouse ova-
ries at birth, decrease by day 4, and then return to higher
values in prepubertal ovaries, before declining in adult mice
[21]. According to deletion studies in mice, IHH and DHH are
involved in governing the differentiation and steroidogenic
capacity of adrenal, theca, and Leydig cells by regulating ste-
roidogenic enzymes [3, 10]. These results are consistent with
our findings on HH expression in reproductive-age and post-
menopausal ovaries. Indeed, stromal cells in reproductive-age
[27, 38–40] and postmenopausal [41–44] human ovaries ex-
hibit steroidogenic activity.

Our results on PTCH1 expression in humans differ from
those of Wijgerde et al. [9], which showed that PTCH1 only
appears at the primary stage of follicles in mice. On the other
hand, PTCH1 expression in granulosa and theca cells from
human reproductive-age ovaries is in line with what was pre-
viously reported in bovine [31] and mouse [21] follicles. The
presence of PTCH1 in stromal cells could be due to the pres-
ence of previously needed markers to trigger the HH pathway
in human ovaries. In mouse ovaries, Wijgerde et al. [9] report-
ed low background mRNA levels for the Ptch1 gene over the
whole ovary, while expression of this target gene was clearly
upregulated in cells surrounding follicles. PTCH1 is a key
component of the HH signaling pathway, which controls cell

Fig. 11 Western blot and Ct values from qPCR analysis. Western blotting of the same antibodies as used for immunohistochemistry (a). Ct values were
obtained from qPCR for Gdf9, Ihh, Gli1, Gli2, and Gli3 in stromal cells of postmenopausal ovaries.
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fate during development [45]. Expression of PTCH1 in the
cytoplasm of oocytes was the same as previously observed
in mouse follicles [21]. As reported by Wijgerde et al. [9],
oocytes are probably exposed to IHH and DHH from sur-
rounding granulosa cells and express the PTCH1 receptor
but lack the SMO signal transducer. That is why even in the
presence of the PTCH1 receptor, the HH pathway is not com-
plete and there is no steroidogenic activity in oocytes [9]. It
has been shown that although granulosa cells from antral fol-
licles in mice produce DHH and IHH ligands, their targets,
PTCH1, SMO, GLI1, GLI2, and GLI3, reside in theca, gran-
ulosa, and stromal cells [9, 21]. While our results indicate that
HH ligands, PTCH1, GLI1, GLI2, and GLI3, initiate their
expression in fetal ovaries of humans, in mice, the HH path-
way is presumably inactive because of the absence of DHH,
PTCH1, GLI1, and GLI2 expressions [10, 29], which are only
activated in adult mouse ovaries [30]. The presence of GLI1,
2, and 3 proteins and Gli3 mRNA and absence of Gli1 and 2
mRNA in postmenopausal ovaries might be due to the lifetime
of the protein and high degradation rate of mRNA, as well as a
difference in the course of steroidogenesis in postmenopausal
compared to reproductive-age ovaries.Human postmenopaus-
al ovaries have a unique pattern of steroidogenic enzyme ex-
pression that favors Δ5 steroid formation over Δ4 steroid for-
mation, evidenced by qPCR and Western blot analyses [44].
The presence of three different GLI proteins in vertebrates as
opposed to one Ci ortholog in Drosophila points to more
complex responses within target fields. Therefore, cellular re-
sponses to HH signaling might not just depend on levels of
ligand exposure, but also particular Gli gene expression [17].

Based on the known role of the HH signaling pathway in
cell proliferation, survival, and differentiation [46] as well as
our findings, we hypothesize that HH proteins could be in-
volved in human gonadal development and function, as in
Drosophila [17, 46–48]. Furthermore, due to the nature of
the ovary as a super-dynamic organ and its role in steroido-
genesis and follicle development, it makes sense that HH pro-
teins and their downstream targets are expressed at all ages in
the human ovary. Our results also indicate that unlike in mice,
GLI is expressed at all human ovary ages and could be in-
volved in steroidogenesis as a general rather than a specific
marker of theca cells.

In our study, the differences observed in human ovaries
compared to mice could be due to the species’ discrepancy.
Studies on the development of the mouse ovary are not suffi-
cient to understand ovarian organogenesis in humans.While in
mice, it is fast and relatively more uncomplicated, lacking go-
nadal cords before sex differentiation, in humans, it is slow and
shows a cortex with cords enclosing the germ cells and a me-
dulla without cords. Major differences are evident in the med-
ullary region, which is very small in mice, whereas it is evident
in humans ([49], reviewed by [50]). Additionally, there are
morphological variations between mouse and human ovarian

follicles from histological evaluations. Differences in follicle
and oocyte diameter concerning the maturation stage, in the
ratio of the follicle to oocyte diameter, and in the proliferation
of follicular cells have all been shown to be specific to the
species [51]. Recent studies have undertaken an extensive
scRNA-seq analysis of follicle-resident and stromal cell popu-
lations in the human adult ovary [52, 53]. As efforts to provide
a comprehensive atlas of cellular diversity within all organs
and tissues proceed at a rapid pace, increased resolution of cell
types governing human folliculogenesis is crucial, mainly be-
cause animal models are not always faithful to human repro-
ductive processes and access to human ovarian tissue is limited
[54]. A recently published study by Fan et al. [52] suggests that
NME2, APOD, APOC1, MEST, WFDC1, MATN2, PTCH1,
and ACTA2 are markers of precursor theca cells in human
ovaries. While immunostaining patterns of PTCH1 in the cur-
rent study do not confirm this protein as a marker of precursor
theca cells, these apparently contradictory findings neverthe-
less underline the fact that the human ovary is complex and
subtle and that the roles of all these proteins with different
lifetimes require further investigation to achieve some clarity.

While our study offers a first overview of the expression of
the proteins involved in the HH signaling pathway in the hu-
man ovary, as evidenced by immunostaining, our analysis can
only show the localization of these proteins in the cells. We
cannot know about the host and recipient cells. This is an
essential piece of information because it would allow us to
understand where the proteins are produced and to where they
migrate and are expressed. To this end, in situ hybridization
studies are recommended to complete our findings [26, 27].
To disregard PTCH and GLI as specific markers for precursor
theca cells, in situ hybridization could be a promising tech-
nique to be applied to co-localize the mentioned markers and
gene products associated with steroidogenesis. However, it is
important to bear in mind that our previous findings showed
that not all ovarian cells could differentiate into theca cells
[28], which does not corroborate with our current results
showing that PTCH and GLI are expressed all over the ovar-
ian stromal tissue.

Our findings on the GDF9-HH-GLI pathway provide a
foundation for future investigations into human ovaries.
They could be applied to define cell-specific responses to
GDF9-HH-GLI signaling in human follicles and stromal cells,
determining how this pathway modulates follicle develop-
ment and steroidogenic function in ovaries from the fetal to
the postmenopausal stage.
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