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Abstract

Background: Follicle depletion is one of the causes of premature ovarian failure (POF) and primary ovarian insufficiency
(POI). Hence, maintenance of a certain number of female germline stem cells (FGSCs) is optimal to produce oocytes and
replenish the primordial follicle pool. The mechanism that regulates proliferation or stemness of FGSCs could contribute
to restoring ovarian function, but it remains uncharacterized in postnatal mammalian ovaries. This study aims to
investigate the mechanism by which inhibiting the activity of the hedgehog (Hh) signaling pathway regulates
follicle development and FGSC proliferation.

Methods and results: To understand the role of the Hh pathway in ovarian aging, we measured Hh signaling
activity at different reproductive ages and the correlation between them in physiological and pathological mice.
Furthermore, we evaluated the follicle number and development and the changes in FGSC proliferation or stemness
after blocking the Hh pathway in vitro and in vivo. In addition, we aimed to explain one of the mechanisms for the
FGSC phenotype changes induced by treatment with the Hh pathway-specific inhibitor GANT61 via oxidative stress
and apoptosis. The results show that the activity of Hh signaling is decreased in the ovaries in physiological aging and
POF models, which is consistent with the trend of expression levels of the germline stem cell markers Mvh and Oct4. In
vitro, blocking the Hh pathway causes follicular developmental disorders and depletes ovarian germ cells and FGSCs
after treating ovaries with GANT61. The proliferation or stemness of cultured primary FGSCs is reduced when Hh
activity is blocked. Our results show that the antioxidative enzyme level and the ratio of Bcl-2/Bax decrease, the
expression level of caspase 3 increases, the mitochondrial membrane potential is abnormal, and ROS accumulate
in this system.

Conclusions: We observed that the inhibition of the Hh signaling pathway with GANT61 could reduce primordial
follicle number and decrease FGSC reproductive capacity or stemness through oxidative damage and apoptosis.
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Background

In mammals, female germline stem cells (FGSCs), also
known as ovarian germline stem cells (OGSCs), have
been proven to be present in postnatal ovarian surface
epithelium (OSE) [1-3]. The major functions of FGSCs
are to differentiate into oocytes and replenish the
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primordial follicle pool. Zou et al. [4, 5] discovered that
a dysfunctional ovary can restore the follicles at all
stages and produce healthy offspring after transplant-
ation of FGSCs into infertile mice. Therefore, the pro-
liferation capacity of FGSCs contributes to maintaining
folliculogenesis and extending the reproductive cycle [6].
Depletion of FGSCs causes a decrease in oocyte number
and ovary dysfunction [7]. Exploring the potential mecha-
nism of the regulation of FGSC proliferation or stemness is
beneficial to understanding how normal egg and ovary
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function is maintained. As a canonical signaling pathway,
the hedgehog (Hh) pathway plays a key role in the regula-
tion of stem cell proliferation and embryonic development,
as well as cellular communication [8—10]. Studies showed
that mice were subjected to serious damage in folliculo-
genesis when a mutation was introduced in the Hh path-
way [11]. In addition, the Hh pathway is also involved in
the development of germ cells in the gonads by affecting
the local microenvironment of stem cells [12, 13].
Although many studies have reported that the Hh pathway
is relevant to germ cells [14], very little is known about the
role of Hh signaling in the regulation of FGSC proliferation
and stemness. In view of the above, it is meaningful
to explore the function of the Hh pathway in FGSC
proliferation and follicular development, which could
lead to a new mechanism or method for premature
ovarian failure (POF) therapy.

Mouse Vasa homolog (Mvh) is an ATP-dependent
RNA helicase and is expressed in all stages of germ cells.
Germ cells appear to have arrested differentiation and
increased apoptosis in Mvh-mutant mice. As a crucial
gene in germ cell development, Mvh is known as the
germline cell-specific marker gene [15-17]. Oct4/Pou5f1
belongs to the POU domain family of transcription
factors and plays a key role in embryonic development
and stem cell pluripotency; it is considered a marker of
stem cells and germ cells because of its expression in
these cells [18]. Hence, in this study, the specific
molecular markers Mvh and Oct4 were used to evaluate
the proliferative capacity or stemness of FGSCs [19, 20].
GLI family zinc finger 1 (Glil), the positive transcription
factor of the Hh signaling pathway, is activated by the
Hh signal transduction cascade and promotes stem cell
proliferation [21]. Membrane receptor Ptchl, a key com-
ponent of the Hh pathway, and Cyclin D1, one of the Hh
pathway target proteins, are both upregulated when the
Hh pathway is activated [22, 23]. Here, Glil, Ptchl, and
Cyclin D1 were used to assess the Hh signaling pathway
activity. GANT®61, a specific Hh pathway inhibitor, was
used to observe the phenotype change of FGSCs and
ovary tissue in vivo and in vitro [24, 25]. The superoxide
dismutase 2 (SOD2) protein binds superoxide byproducts
and converts them to hydrogen peroxide and diatomic
oxygen [26]. Antioxidase glutathione peroxidase (GPx)
protects cells against oxidative damage by catalyzing the
reduction of organic hydroperoxides and hydrogen pero-
xide [27]. Glutathione (GSH) is an important tripeptide
that protects the cell against the noxious effects of oxi-
dative material [28]. Malondialdehyde (MDA), a represen-
tative lipid peroxide, is generated in cells when oxygen
radical levels increase [29]. The activity of SOD2 and GPx,
as well as the concentration of GSH and MDA, was used
to measure the oxidative stress level in this study [30, 31].
Bcl-2 is a mitochondrial membrane protein that blocks
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the apoptotic cell death [32]. The protein Bax forms a
heterodimer with Bcl-2 and functions as an apoptotic
activator [33]. Hence, we selected the anti-apoptotic
molecule Bcl-2; pro-apoptotic factors Bax, P16, and P21;
and apoptotic marker molecule caspase 3 to evaluate the
occurrence of apoptosis [34—36].

There are many kinds of cells in the ovary, such as
oocytes, FGSCs, granular cells, and some matrix cells. To
avoid interference by granular cells and matrix cells, we
chose the OSE, which is mostly composed of germline
cells, to detect Hh pathway activity. First, we measured
the expression level of Hh pathway members at different
reproductive ages in mouse OSE. Furthermore, we deter-
mined if colocalization exists between germline stem cell
markers and Hh pathway molecules. We developed a POF
model by intraperitoneal injection of cyclophosphamide in
adult mice to observe changes in Hh signaling activity
under pathological conditions. Next, we isolated neonatal
mouse ovaries and cultured them with medium contain-
ing GANT61, and we counted the number of primordial
follicles and FGSCs at different dosages. In addition, a
modified two-step enzyme digestion was used to isolate
FGSCs, and the primary cultured cells were subcultured
and treated with GANT®61 in vitro to observe the changes
in cellular proliferation or stemness. Finally, we attempted
to confirm whether altering the microenvironment by
blocking the Hh signaling activity caused phenotypic
changes in FGSCs via the induction of oxidative stress
injury and apoptosis pathways. Our study investigated
whether the Hh signaling pathway is involved in the
proliferation of FGSCs and follicle development.

Materials and methods

Animals

Clean-grade Kunming (KM) mice were obtained from
the Jiangxi University of Traditional Chinese Medicine
and were used in all experiments. The mice had free
access to food and water. All procedures involving mice
were approved by the Animal and Ethics Committee of
Nanchang University.

Ovary extract and culture

Under sterile conditions, mice of different ages were sacri-
ficed and the ovaries were extracted. The ovarian append-
age was carefully cleared, and the intact ovaries were
rinsed in precooled D-Hanks solution. For ovary culture
in vitro, ovaries were placed on a gelatin sponge surface in
Waymouth medium (Sigma, USA) containing 10% (v/v)
FBS (Gibco, USA), 0.23 mM sodium pyruvate, and 100x
penicillin and streptomycin (P/S) (Solarbio, China).

POF model preparation
Approximately 4—6-week-old KM mice were used to
construct the POF model by intraperitoneal injection of
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busulfan (30 mg/kg, Sigma, USA) and cyclophosphamide
(120 mg/kg, Sigma, USA). The control group was given
normal saline in the same manner. Three to 4 weeks
after injection, there were no normal follicles and no
offspring, which represented successful establishment of
the model.

FGSC primary isolation and culture

Twelve to 16 ovaries from suckling mice (3—5 days old)
were collected and cleaned in precooled D-Hanks solu-
tion, and then primary FGSCs were isolated via the
modified two-step enzymatic digestion method. In brief,
ovaries were cut into 2—4 pieces in D-Hanks solution
without calcium and magnesium and transferred into
collagenase IV (1 mg/ml, Sigma) solution. After digesting
the section for 13 min at 37 °C, the solution was spun at
300g for 5min, then the pellets were resuspended in
0.05% trypsin containing EDTA (1 mM, Sigma) and in-
cubated 3min at 37°C after washing with D-Hanks
solution 2 times. Finally, trypsin digestion was stopped
with serum, and the primary cells were cultured with
FGSC-specific medium containing minimum essential
medium o (MEM-a), 10% FBS, 1 mM sodium pyru-
vate, 1 mM nonessential amino acids, 2mM L-gluta-
mine, 0.1 mM p-mercaptoethanol (Sigma), 20 ng/ml
LIF (Sigma), 10 ng/ml mEGF (Sigma), 40 ng/ml GDNF
(Sigma), 1 ng/ml bFGF (Sigma), and 100x penicillin and
streptomycin (P/S) (Solarbio, China). The medium was
changed every other day, and cells were subcultured at
approximately 80% cellular density.

Immunoblotting, immunohistochemistry, and
immunofluorescence

Immunoblotting (IB), immunohistochemistry (IHC), and
immunofluorescence (IF) were performed as described
previously [25]. Images were acquired using a NIKON
Eclipse 80i microscope. The primary antibodies used in
this study include Mvh (Abcam, ab27591), Oct4 (Abcam
ab18976), Glil (Affinity, DF7523), Ptchl (Affinity,
AF5202), Cyclin D1 (Abcam, ab16663), and GAPDH
(Abcam, ab181602). The EdU kit was purchased from
Keygen BioTECH (KGA337-1000). All HRP- and
fluorophore-conjugated secondary antibodies were ob-
tained from Affinity Biosciences.

Quantitative real-time PCR

Total RNA from each sample was extracted with Tri Re-
agent (Life Technologies, USA) and then reverse tran-
scribed using the PrimeScript RT reagent Kit with a
gDNA Eraser (TaKaRa, Japan). Amplification was per-
formed using the iTaq Universal SYBR Green Supermix
Kit (BIO-RAD) with 40 cycles of 95°C for 15s and 60 °C
for 1 min on a StepOnePlus Real-Time PCR System. The
relative expression level of each transcript was normalized
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to murine GAPDH by using the 2*(AACt) method. Table 1
contains the list of primers used in this study.

Alkaline phosphatase staining and activity assay

Cells were fixed in 4% formalin for 10 min and washed 3
times with PSB. Alkaline phosphatase (ALP) staining
and activity assays were performed with a staining kit
(Solarbio, G1480) and an activity assay kit (Solarbio,
BC2140) according to the manufacturer’s instructions.

Cell proliferation assay and colony formation assay
FGSCs (2000 cells per well) were plated in 96-well
plates, treated for 48 h with GANT61 (HY-13901,
MedChemExpress, USA), and then measured using a
Cell Counting Kit (CCK-8, Transgen BioTECH, China).
In addition, 2000 FGSCs were seeded in 6 cm plates
and cultured for 7days under GANT61 treatment.
Crystal violet was used to stain and count the number
of cellular colonies.

Mitochondrial membrane potential measurement

The JC-10 apoptosis detection kit (KeyGen BioTECH,
China) was used to detect mitochondrial membrane
potential. FGSCs were washed three times in sterile PBS,

Table 1 Primer sequences used for quantitative real-time PCR

Genes Primer Sequence(5-3) Gene number

Gli1 Forward: CCCAATACATGCTGGTGGTG NM_010296.2
Reverse: GCAACCTTCTTGCTCACACA

PTCH1 Forward: TGTGCGCTGTCTTCCTTCTG NM_001328514.1
Reverse: ACGGCACTGAGCTTGATTC

CyclinD1  Forward: GATGAGGA NM_007631.2
AGAGTTGCTAGAAGAG
Reverse: TCGTCAGCCAATCGGTAGTAG

Mvh Forward: GTGTATTATTGTAGCACCAACTCG ~ NM_001145885.1
Reverse: CACCCTTGTACTATCTGTCGAACT

Oct-4 Forward: AGCTGCTGAAGCAGAAGAGG NM_013633.3
Reverse: GGTTCTCATTGTTGTCGGCT

Stella Forward: CCCAATGAAGGACCCTGAAAC NM_139218.1
Reverse: AATGGCTCACTGTCCCGTTCA

Fragilis ~ Forward: CTGGTCCCTGTTCAATACACTCTT ~ NM_025378.2
Reverse: CAGTCACATCACCCACCATCTT

Nanog  Forward: TCTCCTCGCCCTTCCTCTGA NM_001289828.1
Reverse: TCCGCATCTTCTGCTTCCTG

Bcl-2 Forward: GAACTGGGGGAGGATTGTGG NM_009741.5
Reverse: GCATGCTGGGGCCATATAGT

Bax Forward: GAACCATCATGGGCTGGACA NM_007527.3
Reverse: AGCCACCCTGGTCTTGGAT

P16 Forward: AAGGCTTTGAGAGCCCATCT NM_001040654.1
Reverse: CACTTCTGTGAACGGTGTCC

P21 Forward: TAGAGAGCTGGATGCCACTG NM_001111099.2
Reverse: CCTGGCATAGCCAGTGTAGA

GAPDH  Forward: CGTGCCGCCTGGAGAAACCTG NM_001289726.1

Reverse: AGAG
TGGGAGTTGCTGTTGAAGTCG
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and JC-10 working solution was added to each well and
incubated for 30 min under 5% CO, and 37°C con-
ditions. Hoechst 33342 (Solarbio B8040) was used to
stain the nuclei. After incubation, the FGSCs were
washed with PBS three times and observed under a
NIKON Eclipse 80i fluorescence microscope. The green
fluorescent channel image (FL1) and the red fluorescent
channel image (FL2) were analyzed by Image] software,
and the ratio of FL2 to FL1 was calculated to reflect the
mitochondrial membrane potential.

Detection of intracellular reactive oxygen species levels
Dihydrorhodamine (DHR, KeyGen BioTECH, China)
was used to measure the total intracellular ROS levels
following the kit instructions. In short, 10 uM of DHR
working solution was added to the wells with FGSCs
and incubated for 1h in the dark. Hoechst 33342 was
used to stain the nuclei. A NIKON Eclipse 80i fluo-
rescence microscope was used to observe the staining
intensity, and Image] software was used to analyze the
fluorescence images and perform statistical analysis.

Statistical analysis

Two-tailed Student’s ¢ test to compare two groups or
one-way ANOVA followed by planned comparisons to
compare multiple groups were performed with Graph-
Pad Prism 7 software. A p value <0.05 was consi-
dered statistically significant. All data are presented as
the mean + SD error from at least three independent
experiments.

Results

Hh signaling pathway activity decreases with ovarian aging
To measure Hh signaling activity at different ages, we
chose 1-week-old, 6-week-old, and 48-week-old normal
mouse ovaries to represent infancy, adulthood, and
senescence reproductive phases, respectively. RT-PCR
analysis of OSE tissue showed that Glil, Ptchl, and
Cyclin D1 expression was the highest at 1week, de-
creased significantly at 6 weeks, and declined dramati-
cally at 48 weeks (Fig. 1a, p < 0.01). The western blotting
results indicated a similar trend corresponding to the
mRNA expression levels (Fig. 1b, ¢, p < 0.01 or p < 0.05).
In addition, IHC experiment results demonstrated the
darkest Glil staining at 3 days, an intermediate staining
at 2 months, and the lightest staining at 12 months of
age. A similar staining trend was observed for Ptchl and
Cyclin D1 (Fig. 1d).

Ovary aging closely correlates with a decrease in Hh
pathway activity

First, we measured the reproductive activity of normal
mice at different ages. As shown in Fig. 2a, ¢, and d, the
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specific germline cell marker Mvh was expressed at the
highest level at 1 week of age, at a relatively high level at
6 weeks of age, and evidently decreased at 48 weeks of
age (p <0.01). Expression levels of the stem cell marker
Oct4 also continuously decreased along with ovarian
aging (Fig. 2b—d, p < 0.01). To investigate the correlation
between Hh signaling pathway activity and ovarian
aging, we measured the relative coexpression of mole-
cules in the OSE by dual-IF. As shown in Fig. 2e, both
Mvh and Glil had the strongest fluorescence at 1 week
of age, and an obvious drop and a dramatic decrease in
fluorescence were observed at 6 weeks and 48 weeks of
age, respectively. This result demonstrated that germline
cells abound in infant ovaries and are almost exhausted
in senescent ovaries. Dual staining of Oct4 and Glil
exhibited similar results (Fig. 2f), suggesting that the
number of FGSCs or germline cells decreases with age.

The pathological ovary exhibits a decline in Hh pathway
activity

To further assess the relationship between germline cells
and Hh signaling, 4-6-week-old mice were used to
generate pathological ovaries via treatment with chemo-
therapy drugs. Compared with the normal group, the
POF ovaries exhibited normal follicle descent and atretic
follicle increase (Fig. 3a, b, p <0.01), and both primary
follicles and FGSCs almost disappeared in the patho-
logical OSE (Fig. 3c). Next, we measured the Hh signal-
ing activity. Interestingly, Glil, Ptchl, and Cyclin D1
mRNA expression levels decreased to various degrees,
particularly Glil levels at over 70%, and protein levels
also showed similar results (Fig. 3d-f, p<0.01). The
decrease in Mvh and Oct4 expression levels also verified
the damage to the ovaries in the POF model (Fig. 3d—f,
p<0.01). Together, our results indicated a decline in
normal follicles and Hh pathway activity in the patho-
logical ovaries.

Inhibition of Hh signaling decreased the follicle number
and FGSC proliferation or stemness in the ovary

To further define the role of Hh signaling in ovarian
tissue, we extracted 3—5-day-old ovaries (7 =6) and cul-
tured them for 48h in vitro with the Hh pathway-
specific inhibitor GANT61. The HE staining results
showed that primary follicles decreased over 50% in the
10 uM group, and follicles had almost disappeared in the
20 uM group (Fig. 4a), indicative of severe loss of follicle
number after blocking the Hh pathway. FGSCs were
mainly located in the OSE, and we attempted to count
the number change of FGSCs. Dual-IF staining revealed
that the number of cells in the GANT61 group co-
expressing both Mvh and Oct4 decreased by more than
half (from approximately 90 to 40) compared with the
control group (Fig. 4b, e, p <0.01). The IHC results for
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Mvh indicated that the germline cell numbers were
approximately 280 in the normal ovary and approxi-
mately 110 in the GNAT61 group (Fig. 4c, e, p<0.01),
indicating that the follicle stock was seriously damaged.
Additionally, 113 cells in the control group expressed
Oct4, corresponding to 51 cells in the GANT61 ovary
(Fig. 4d, e, p<0.01), suggesting that FGSCs lost their

self-renewal capacity in the treated tissue. Next, we
measured the expression levels of Mvh and Oct4 in
GANTG61-treated ovaries. As shown in Fig. 4f-h, a
visible reduction in Mvh and Oct4 levels was observed
in the 10uM group, and a significant decrease was
observed in the 20 uM group (p < 0.01). Altogether, these
results demonstrated that inhibition of the Hh pathway
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caused primary follicular atresia and decreased FGSC
proliferation in ovaries.

Attenuating Hh signaling decreased FGSC proliferation in

vitro

In addition to looking at the animal level, we explored
whether the Hh pathway also regulates FGSC growth or
viability at the cellular level. To this end, primary FGSCs
were cultured and treated with different doses of
GANT®61. First, CCK-8 assays were used to measure the

proliferation of FGSCs. As expected, the growth of FGSCs
decreased in response to treatment in a concentration-
dependent manner (Fig. 5a, p < 0.01). Furthermore, ALP
analysis showed that ALP activity decreased by appro-
ximately 20% in the 5 uM group and by almost 50% in the
10 uM group after 48 h of treatment (Fig. 5b, p < 0.01). In
addition, colony formation assays showed that colony
numbers were dramatically decreased in both the 5uM
and 10 pM groups, but there was no visible distinction
between the 5 uM and 10 uM groups (Fig. 5c). In addition,
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as shown in Fig. 5d and f, the EdU-positive cells in the decreased correspondingly, suggesting an inhibition of cell
10 uM group were reduced by over 50% compared with  growth in FGSCs. The same phenomenon was observed
the control group (p<0.05), and Mvh fluorescence in Oct4/EdU detection experiments (Fig. 5e).
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To evaluate the overall effects of the Hh pathway
on FGSCs, we analyzed RNA and protein levels using
cells co-cultured with GANT61 for 48 h. In agree-
ment with the in vivo data, both Mvh and Oct4 levels
were downregulated in the GANTG61-treated group
(Fig. 5g—i, p<0.01). In addition, the fluorescence of
Mvh/Gli almost disappeared in the 10 uM group, and
the same phenomenon was observed in the Oct/Gli
group (Fig. 5j, k).

Suppressing Hh pathway activity reduced the
antioxidative stress ability of FGSCs and prompted
apoptosis

Stem cells are sensitive to their surroundings, and our
results showed that the FGSC phenotype was influenced
by the altered Hh pathway activity. Oxidative stress,
defined as an imbalance between the production of
reactive oxygen species (ROS) and antioxidants, is
thought to contribute to cellular apoptosis or senes-
cence. Therefore, to demonstrate whether FGSCs lost
oxidative stress homeostasis in response to changes in
Hh pathway activity, we administered GANT61 to
FGSCs for 48 h and analyzed the expression of oxidative
stress-associated molecules GPx, SOD2, GSH, and
MDA. As shown in Fig. 6, a significant reduction in GPx
(Fig. 6a, p<0.01), GSH (Fig. 6b, p<0.01), and SOD2
(Fig. 6¢, p<0.01) levels was evident in the 5uM and
10 uM groups; however, MDA levels increased con-
currently with an increase in GANT61 dosage (Fig. 6d,
p <0.01), suggesting that FGSCs had experienced oxida-
tive stress and loss of stemness capacity. Representative
images of DHR staining demonstrated a dramatic in-
crease in staining in the 10 uM group, indicating reactive
oxygen accumulation in those FGSCs (Fig. 6e, f, p < 0.01)
. Given that the FGSCs had experienced a loss in pro-
liferation ability, we attempted to measure the levels of
apoptosis in these cells. As expected, both mRNA and
protein levels of the anti-apoptotic factor Bcl-2 were
downregulated after treatment with GANT61, and levels
of the pro-apoptotic factors Bax, P16, and P21 were up-
regulated (Fig. 6g—i, p <0.01 or p <0.05). The Bcl-2/Bax
ratio data showed that the mRNA ratio decreased by
almost 95% and the protein ratio dropped by 80% at
10 uM, indicating that FGSCs underwent apoptosis after
blocking the Hh pathway (Fig. 6j, k, p <0.01 or p < 0.05).
Furthermore, we also measured the activity of Caspase 3
in FGSC cellular homogenate, and the results showed a
small increase in the 5uM group and an over double
increase in the 10 uM group (Fig. 61, p < 0.01 or p < 0.05).
In addition, the mitochondrial potential test indicated
that JC-10 staining decreased remarkably in the 10 uM
group, suggesting that the transmembrane potential
was disrupted and that FGSCs were in an apoptotic
state (Fig. 6m, n, p < 0.01).
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Discussion

In general, normal mice can reach sexual maturity at
36 days after birth and lose reproductive capacity after
10 months of age. Hence, in our experiments, we
chose 1-week-, 6-week-, and 48-week-old mice to cor-
respond to infancy, adulthood, and senescence phases,
respectively. Previous studies have suggested that the Hh
signaling pathway plays a key role in regulating ovarian
function [37, 38]. Liu et al. [11] demonstrated that female
mice were infertile after double knockout of the Hh path-
way ligands desert hedgehog (Dhh) and Indian hedgehog
(Ihh) because of a lack of steroid product androgen. Wang
et al. [39] demonstrated that sonic hedgehog (Shh) sup-
plementation has beneficial effects on oocyte maturation,
indicating a functional role for the Hh pathway in folli-
culogenesis. In view of this, we first measured the Hh
pathway activity at different ages. Glil, Ptchl, and Cyclin
D1 are key molecules in the Hh pathway, and their
expression levels represent the activity of the pathway. As
shown in Fig. la—c, both mRNA and protein expression
levels of the 3 key molecules dropped dramatically at
6 weeks of age, and the decrease was even more pro-
nounced at 48 weeks compared with 1week of age,
indicating that Hh signaling activity is the highest at a
young age and gradually decreases with age. IHC staining
also showed that Hh pathway activity decreased following
mouse reproductive senescence (Fig. 1d). Taken together,
our results suggest that Hh signaling pathway activity
gradually decreases with mouse reproductive age.

It has been proven that Hh pathway activity decreases
with mouse age, but the correlation between these acti-
vities is still unknown. First, we measured the reproduct-
ive activity of normal mice at different ages. Compared
with 1 week of age, both Mvh and Oct4 expression levels
decreased at 6 weeks of age, even more so at 48 weeks of
age (Fig. 2a—d). Therefore, our data suggest that Hh path-
way activity corresponds to ovarian reproductive ability.
To conceptualize the relevance, we selected the key
molecule Glil to compare the coexpression with Mvh and
Oct4 at the tissue level. The OSE is also known as the
germinal epithelium, which is considered the main region
containing germline cells. We attempted to detect
whether there is coexpression of Glil and Mvh/Oct4 in
the OSE. As shown in Fig. 2e and f, dual-IF revealed
colocalization of Glil and Mvh/Oct4 in germinal epi-
thelium, and the fluorescence intensity gradually de-
creased with aging, indicating a consistent correlation
between the ovary reproductive capacity and Hh
signaling activity in physiological conditions. Thus, our
results strongly suggest that germline cell number or
proliferation (including for FGSCs) has a close correlation
with Hh signaling activity.

In addition to normal physiological mice, we attempted
to assess the relationship between germline cells and the
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Hh pathway in a pathological mouse model. Treatment
with cyclophosphamide (CTX) through intraperitoneal
injection of 4- to 6-week-old mice was used to successfully
generate a premature ovarian failure model [40].

staining revealed a decrease in normal follicles and an
increase in atretic follicles in POF ovaries (Fig. 3a, b). In
addition, no primary follicles and FGSCs were observed in
the pathological OSE (Fig. 3c). Mvh and Oct4 expression
levels exhibited an obvious decrease in the POF group.

The above results confirmed that the number of germline
cells or FGSCs decreased sharply in the POF model.
Interestingly, the expression levels of Glil, Ptchl, and
Cyclin D1 also declined to varying degrees (Fig. 3d-f),
indicating that Hh signaling activity decreases when the
ovary is under pathological conditions. Therefore, the
phenotype alteration in POF indicated that the Hh
pathway regulates FGSC proliferation or stemness and
follicle development.
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To prove our hypothesis, the Hh pathway was blocked
with inhibitor GANT61 to observe the phenotype of
follicles, oocytes, and/or FGSCs in ovarian tissue. Given
the convenience of ovary culture methods and follicle
counting, we chose postnatal 3—5-day ovaries to study the
effect of GANT61 in vitro. As expected, HE staining
showed that a mass of primary follicles had disappeared in
the GANT®61 group, suggesting an occurrence of follicular
atresia or damaged oocytes (Fig. 4a). Although FGSCs are
mainly located in the OSE, they are difficult to distinguish
by HE staining. Germline cells can specifically express the
Mvh marker [41], stem cells are Oct4 positive [42, 43],
and cells stained with both Mvh and Oct4 are considered
FGSCs. To count the number of FGSCs, dual-IF was used
to detect the number of FGSCs in ovarian sections. Our
data showed that the number of FGSCs in the 10 uM
group dropped over 50% compared with the DMSO group
(Fig. 4b, e). Given that IHC cannot simultaneously detect
the expression of Mvh and Oct4, we counted Mvh- and
Oct4-positive cells individually. IHC staining showed that
the number of Mvh-positive cells was over double that of
FGSCs, indicating that the stained cells included oocytes
or follicles as well as FGSCs (Fig. 4c, e). Because the num-
ber of Oct4-positive cells was greater than that of FGSCs,
we speculated that there may be nonspecific staining of
Oct4 (Fig. 4d, e). In addition, the mRNA and protein levels
of Mvh and Oct4 were measured in the GANT61 group
(Fig. 4f-h). As mentioned above, it is plausible that Hh
pathway activity is involved in follicle development and
FGSC proliferation at the tissue level. The inhibition of
Hh signaling caused follicular atresia and FGSC depletion.

The above experiments proved that FGSC proliferation
diminished when the Hh pathway was inhibited at the
tissue level. However, whether Hh signaling also partici-
pates in regulating FGSC proliferation at the cell level
remains unknown. As one of the newest verified stem
cells, however, FGSCs are very difficult to isolate and
culture in vitro because of their survival characteristics.
In this study, we used a modified two-step enzymatic
method to sort primary cells. In a previous method [44],
ovaries were cut up as much as possible for the con-
venience of digestion. However, there is an obvious dis-
advantage to purifying FGSCs by this method because of
contamination with other types of cells. Based on FGSCs
mainly located in the OSE, in our experiment, instead of
mincing the ovary, we cut an intact ovary into 2-4
sections, and the digestive time with collagenase IV and
trypsin was carefully controlled to prevent over diges-
tion. Using this method, FGSCs can be isolated at a
maximum number and purification, and many FGSCs
can be collected by centrifugation after removing the
tissue masses. Finally, we successfully obtained two dif-
ferent types of cells that expressed the stemness markers
Oct4, Stella, Fragilis, and Nanog [45, 46] and suggested
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pluripotent properties (Additional file 1: Figure S1A and
B). In addition, ALP staining and double IF further veri-
fied that the isolated cells were FGSCs (Additional file 1:
Figure S1C, D, and E). One of the cell types exhibited a
beaded growth pattern and a slow proliferation speed,
and the other multiplied quickly and showed a colony-
like growth model. Considering the cell proliferation rate
and maintenance of activity in vitro, we chose the
colony-like FGSCs to perform further experiments. To
assess the function of Hh signaling in the regulation of
FGSC proliferation in vitro, colony-like FGSCs were sub-
cultured and treated with 5uM or 10 pkM GANT61. As
shown in Fig. 5a—c, the FGSCs lost their growth capacity
or viability and stemness after inhibition of Hh pathway
activity. Proliferating cells can be identified through the
DNA replication process, so EAU staining can be used to
count proliferating FGSCs. To better show the results,
we combined Mvh or Oct4 with EAU by dual-IF stain-
ing. Our experimental data proved that blocking Hh
signaling contributes to the inhibition of DNA repli-
cation and leads to a decrease in the proliferative
capacity of FGSCs (Fig. 5d—f). We also measured the
expression levels of Mvh and Oct4 in vitro. The results
showed that both Mvh and Oct4 levels were downregu-
lated in GANT®61 groups (Fig. 5g—i), and dual-IF stain-
ing confirmed these results (Fig. 5j, k). Taken together,
our results suggest that inhibition of Hh signaling inhi-
bited FGSC proliferation or growth in vitro and reduced
the reproductive capacity and stemness of FGSCs.

The phenotype of stem cells is affected by the ho-
meostasis of their microenvironment [47-49]. In the
Drosophila ovary, Lu et al. [38] discovered that Hh
signaling participates in regulating the function of the
germline stem cell progeny differentiation niche. For
FGSCs, whether the cells are influenced by their micro-
environment or niche via changes in the Hh pathway
remains poorly understood. Abnormally high oxidative
stress can generate a large number of oxidative inter-
mediate products, such as ROS [50], which destroys the
homeostasis of the local microenvironment and damages
the normal functions of cells. Some evidence has shown
that excessive ROS accumulation can inhibit Shh expres-
sion by blocking the PI3K/AKT pathway and restricting
downstream GSK-3p phosphorylation [51]. Song et al.
[52] discovered that the upregulation of Glil reduced
the accumulation of intracellular ROS production
induced by high glucose concentrations. In addition, Hai
et al. [53] also proved that the Shh ligand has an anta-
gonistic effect on oxidative stress injury via the PI3K/
AKT/ Bcl-2 pathway, suggesting that the Hh pathway
may regulate the survival fate of stem cells through
oxidative stress-related mechanisms. The accumulation
of ROS depends on the ratio between the oxidant and
the antioxidant system, and antioxidant enzymes such as
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GPx and SOD2 can effectively clear ROS in the cell
[54, 55]. Therefore, we measured the enzymatic acti-
vities of GPx and SOD2 and the content changes of
the correlative molecules GSH and MDA. The results
showed that the intracellular GPx and SOD2 enzyme
activities were inhibited significantly in FGSCs after
GANT61 treatment; the results also showed a GSH
decrease and an MDA increase (Fig. 6a—d), indicating
that the blockage of Hh signaling damaged FGSCs
through activating oxidative stress [56, 57]. In addition,
DHR, an examination index of ROS that presents green
fluorescence when it is oxidized in mitochondria, was
obviously enhanced as shown by an increase in green
fluorescence in the GANT61 group (Fig. 6e, f), indicating
a large amount of ROS products in FGSCs. Previous
studies have shown that the accumulation of ROS can
damage the mitochondria and trigger apoptosis [58, 59].
The Bcl-2 family mainly includes the anti-apoptotic
protein Bcl-2 and the pro-apoptotic molecule Bax, and
their balance maintains normal programmed apoptosis
[60, 61]. Nye et al. [62] demonstrated that Glil, as an
effector of TGF-f} signaling, can induce Bcl-2 expression
via direct binding to the Bcl-2 promoter. PCAEF, a histone
acetyltransferase, mediates the Glil versus Bcl-2/Bax axis
by acetylating Glil and preventing its entry into the
nucleus to regulate the induction of apoptosis [63]. In our
experiments, the expression levels of Bcl-2 and Bax varied,
and dramatic upregulation also occurred in the apoptosis
marker molecules P16, P21, and Caspase 3 (Fig. 6g-i, ),
indicating that the Hh pathway participated in the apop-
tosis pathway in FGSCs. The ratio of Bcl-2 to Bax can be
used to evaluate the degree of apoptosis, as shown in
Fig. 6j and k. Both the mRNA and protein ratio dropped
dramatically in the GANT61 group, demonstrating that
blocking the Hh pathway triggered the apoptosis in
FGSCs. The mitochondria are closely related to apoptosis,
and the disrupted transmembrane potential is identified as
a marker for apoptosis [64, 65]. JC-10, a fluorescent dye
used as an indicator of transmembrane potential, can
change its color from green to orange due to the increase
of potential [66]. As depicted in Fig. 6m and n, red
fluorescence was obviously decreased in the GANT61
group, suggesting a loss of potential and a possible
occurrence of apoptosis. Overall, our data confirmed
that blocking the Hh pathway disrupted oxidative
stress homeostasis and caused ROS accumulation and
apoptosis in FGSCs, which contributed to the loss of
FGSC stemness and proliferation.

Compared to the prolongation of life expectancy
through the development of life science exploration and
clinical therapeutic techniques, the female reproductive
age has not increased. As a newly discovered stem cell
type, FGSCs can differentiate into oocytes and prompt
follicular renewal [67]. Therefore, a question remains
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why the pregnancy age is still limited even though
FGSCs have the capacity of oocyte regeneration. One
possible explanation is that the proliferation or stemness
of FGSCs is controlled by the microenvironment or
niche so that the number of FGSCs is not enough to
make up for oocyte consumption. Our data revealed that
the Hh pathway plays an important role in the regu-
lation of follicle development and FGSC proliferation via
the alteration of antioxidative stress ability and apop-
tosis. In POF or aging ovaries, the reduction of Hh acti-
vity disrupts the supporting niche of the follicles or
FGSCs and induces follicle atresia and FGSC apoptosis.
Therefore, a suitable regulation of Hh pathway activity
can relieve oxidative stress, improve mitochondrial func-
tion, and protect against apoptosis, which may provide a
new treatment method or strategy for clinically infertile
patients. Our research is also beneficial to deepening our
understanding of the endocrine function of the ovary
and hormone levels for ovarian dysfunction as related to
the Hh pathway, which regulates folliculogenesis and
FGSC reproduction. In addition, treatment with chemo-
therapy drugs that affect the ovaries inevitably leads to
excessive ROS accumulation and oxidative stress. Our
other ongoing study discovered that resveratrol (Res)
can clear ROS accumulation and relieve oxidative stress
via regulating the Hh pathway (our unpublished data).
Hence, our findings present new prospects for promo-
ting oocyte regeneration, delaying menopause, and
restoring ovarian function.

At present, studies on FGSCs in postnatal mammals
are seldom reported, mainly due to the difficulty of
isolating, subculturing, and maintaining FGSCs in vitro.
Although our lab has tried to optimize the culture
medium and method, the survival and subculture of
FGSCs need to be further improved. In this study, we
focused on inhibiting the Hh signaling pathway to regulate
follicle development and FGSC proliferation, which has
certain limitations. Next, we plan to explore the rescue of
ovarian function in senescent or POF mice by restoring
normal follicles and prompting FGSC differentiation via
activating the Hh pathway.

Conclusion

Taken together, although further study is clearly required
to elucidate the mechanism between the Hh pathway
and follicular development and FGSC proliferation, our
data established that the Hh pathway, a canonical signa-
ling pathway in connection with cell proliferation and
tissue polarity, is a crucial regulator of follicle develop-
ment and FGSC reproduction. Our findings suggest that
inhibiting Hh signaling activity directly contributes to
follicular atresia and reduction in FGSC reproductive ca-
pacity or stemness, providing a new regulatory mechanism
for FGSC proliferation.
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Additional file

Additional file 1: A: microscopic observation of C-FGSCs (colony-like
FGSCs) and B-FGSCs (beaded-like FGSCs), the scale is 20 um; B: DNA
agarose electrophoresis of multi-stemness molecular markers; C: ALP
staining of FGSCs, scale is 20 um; D: double IF of Mvh and Oct4, scale is
20 um; E: double IF of Mvh and EdU, the scale is 20 pm. (DOCX 320 kb)
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