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Abstract
The self-renewal of spermatogonial cells (SCs) provides the foundation for life-long spermatogenesis. To date, only a
few growth factors have been used for the culture of SCs in vitro, and how to enhance proliferation capacity of SCs
in vitro needs further research. This study aimed to explore the effects of periostin (POSTN) on the proliferation of
human SCs. GC-1 spg cells were cultured in a medium with POSTN, cell proliferation was evaluated by MTS analysis
and EdU assay, and the Wnt/β-catenin signaling pathway was examined. Thereafter, the proliferations of human SC
were detected using immunofluorescence and RT-PCR. In this study, we found that CM secreted by human amniotic
mesenchymal stem cells (hAMSCs) could enhance the proliferation capacity of mouse GC-1 spg cells. Label-free mass
spectrometry and ELISA analysis demonstrated that high level of POSTN was secreted by hAMSCs. MTS and EdU
staining showed that POSTN increased GC-1 spg cell proliferation, whereas CM from POSTN-silenced hAMSCs
suppressed cell proliferation capacity. Then POSTN was found to activate the Wnt/β-catenin signaling pathway to
regulate the proliferation of GC-1 spg cells. XAV-939, a Wnt/β-catenin inhibitor, partially reversed the effects of
POSTN on GC-1 spg cell proliferation. We then analyzed human SCs and found that POSTN promoted human SC
proliferation in vitro. These findings provide insights regarding the role of POSTN in regulating SC proliferation via the
Wnt/β-catenin signaling pathway and suggest that POSTN may serve as a cytokine for male infertility therapy.
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Introduction

Spermatogenesis is a complex process of spermatogonial cell
(SC) differentiation that is divided into three phases: mitosis,
meiosis, and postmeiosis. SCs are undifferentiated unipotent
stem cells located near the basement membrane of seminifer-
ous tubules [1]. They show unique cell characteristics as stem
cells and germ cells after being isolated from the testis and
cultured in vitro [2]. Human SCs have great potential for cell-
based, autologous organ regeneration therapy for various con-
ditions, eliminating the need to use human embryonic stem
cells (ESCs) [3]. However, the number of SCs in the human
body is small; they might represent 0.03% of all germ cells in
the body [4]. Currently, feeders are commonly used for the
culture of SCs, but unknown factors secreted by feeders make
the culture conditions difficult to control [5]. In addition, due
to a lack of knowledge regarding culture conditions and the
factors regulating andmaintaining SCs in culture, no germ cell
(GC) line has been established in mammalian species other
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than mice [2]. Therefore, finding suitable factors for the en-
richment of human SCs is important for their successful clin-
ical application.

Mesenchymal stem cells (MSCs) have been shown to se-
crete various autocrine/paracrine factors, including growth
factors and cytokines, which may be largely responsible for
these cells’ therapeutic effects [6]. Previous studies have
shown that MSC-conditioned media can improve the prolifer-
ation of endothelial cells and keratinocytes [7]. To date, the
secretion proteomes of various MSCs have been assessed [8].
Human amniotic membrane is routinely discarded after deliv-
ery as biological waste, which makes it an attractive source of
amniotic MSCs (hAMSCs). In addition, it has many other
advantages, such as anti-inflammatory, antimicrobial, and
antiangiogenic characteristics and low immunogenicity.
HAMSC-secreted factors are used in cell-free therapies for
acute brain injury. In our previous work, we found many pro-
teins related to cell proliferation in the conditioned medium of
hAMSCs (hAMSC-CM) [9, 10]. However, the effect of
hAMSC-CM on the proliferation of SCs is unclear.

POSTN, which is a 90 kDa extracellular protein of the
fasciclin family that modulates cell-to-matrix interactions, is
expressed in multiple compartments of the body, especially the
aorta, stomach, lower gastrointestinal tract, placenta, and uterus
[11]. POSTN is incorporated into the extracellularmatrix and can
exert its functions by signaling via cell-surface integrin receptors
to promote cell adhesion, migration, and proliferation [12, 13].
High expression of POSTN is commonly detected in solid tu-
mors, and POSTN expression correlates with tumor progression
[14, 15]. This protein plays a key role in promoting the adhesion,
migration, and proliferation of cancer cells. In the present study,
we found that POSTN is expressed in hAMSC-CM. However,
the role of POSTN in SC proliferation and the underlying mech-
anisms remain unknown.

In this study, we analyzed the effects of hAMSC-CM on
GC-1 spg cells and identified high expression of POSTN in
the proteomes of hAMSC-CM. Furthermore, we found that
POSTN regulates GC-1 spg cell proliferation through the
Wnt/β-catenin–mediated signaling pathway, activating
cyclin-D1 transcription. The findings provide a better under-
standing of the mechanisms of SC proliferation and suggest
that POSTN may serve as an attractive new cytokine for pro-
moting spermatogenesis in vitro.

Materials and Methods

Cell Lines and Reagents

Mouse GC-1 spg (spermatogonia) cell lines were originally
purchased from the American Type Culture Collection
(Manassas, VA, USA). Recombinant POSTN was obtained
from Sino Biological (Beijing, China). Recombinant THBS1

was obtained from OriGene Technologies (Rockville, MD,
USA). XAV939 was purchased from MedChemExpress
(Shanghai, China)

Ethical Approval

All of the studies were approved by the ethics committees of
The First Hospital of China Medical University and
Reproductive Medicine Center of Shenyang Jinghua
Hospital. Three obstructive azoospermia (OA) patients with
normal spermatogenesis were recruited from Shenyang
Jinghua Hospital. The written informed consent was obtained
from all participants. All placenta samples (from cesarean sec-
tion) were obtained from The First Hospital of China Medical
University, and written informed consent was obtained from
the affected individuals.

Human Spermatogonial Cells Isolation

The testicular tissue samples were obtained from OA patients
with normal spermatogenesis according to the results of tes-
ticular biopsies. Biopsies were cut into small pieces of × 1 mm
and subjected to collagenase type IV (2 mg/mL) (Sigma, St.
Louis, MO, USA), DNAse (8 mg/mL) (Sigma), and hyaluron-
idase (2 mg/mL) (Sigma) in a total volume of 4 mL for 20
mins in a 32 °C water bath shaker. Cells were precipitated by
centrifugation (300 g, 10 mins) and suspended with 4 mL of
TrypLE Select (Thermo Fisher Scientific , Waltham, MA,
USA) for 10 mins in a water bath shaker at 32 °C. Cell sus-
pension was centrifuged (300 g, 10 mins), and the precipitated
cells were suspended in 200 μL culture medium. Cells were
cultured (4–5 × 104 cells/well/500 μL) in DMEM/F12 medi-
um (5% CO2, 37 °C) containing 10% fetal bovine serum
(FBS, Hyclone, Marlborough, MA, USA) supplemented with
different factors such as human rEGF (re-combinant
epidermal growth factor) (20 ng/mL) (Biolegend, San
Diego, CA, USA), human rGDNF (glial cell line–derived
nerve growth factor) (10 ng/mL) (Biolegend), human rLIF
(leukemia inhibitory factor) (10 ng/mL) (Biolegend), and hu-
man r-bFGF (basic fibroblast growth factor) (10 ng/mL)
(Biolegend).

Preparation of Human Amnion Mesenchymal Stem
Cell–Derived Conditioned Medium

Amnion membranes were mechanically peeled from chorines
of placentas obtained from women with an uncomplicated
cesarean section. The human amnion mesenchymal stem cells
(hAMSCs) were isolated and induced to osteogenic and
adipogenic differentiation as previously reported [16].
HAMSCs conditioned medium was collected by culturing
subconfluent hAMSCs in serum-free Dulbecco’s Modified
Eagle’sMedium (DMEM,Hyclone) for 48 h. The conditioned
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medium was filtered using a 0.45-μm filter and stored at − 80
°C until use.

Cell Proliferation Assay

Cell proliferation analysis was performed using EdU assay
and MTS analysis. Cell proliferation assay was performed
using the BeyoClick EdU Cell Proliferation Kit with Alexa
Fluor 647 (Beyotime). GC-1 spg cells were seeded in 6-well
plates at a density of 2.5 × 105/well and were treated as de-
scribed. After 48 h, cells were added EdU reagent for 2 h and
then stained for EdU incorporation by immunostaining using
an EdU staining kit (Beyotime, Shanghai, China). Hoechst
33342 was used to stain cell nuclei for 30 mins. Images were
captured using Zeiss Observer.A1 microscope. The percent-
age of EdU-positive cells was defined as the proliferation rate.
For MTS assay, 2.5 × 104 GC-1 spg cells per well were
seeded in 96-well plates and treated as described. Twenty
microliters of MTS solution (Promega, Madison, WI, USA)
was added at 24, 48, or 72 h after adding conditioned media
and further incubated the cells at 37 °C for 2 h. The absor-
bance was measured at a wavelength of 490 nm in a colorim-
eter, and their proliferation rate was quantified.

Western Blot Analysis

We separated 20 μg total protein lysate on a 10% polyacryl-
amide gel. The separated proteins were transferred onto a
polyvinylidene difluoride (PVDF) membrane. The mem-
branes were blocked in 5% skim milk for 1 h by rocking
gently. Then, the membranes were incubated overnight at 4
°C with antibodies against β-catenin, GSK3β, and GAPDH
(Proteintech, Wuhan, China) and cyclin-D1 (Abcam,
Cambridge, MA, USA). The membranes were then washed
three times with PBST and incubated with the secondary
horseradish-peroxidase–conjugated anti-rabbit antibody
(Boster, Wuhan, China) at room temperature for 2 h. The
protein bands were developed and visualized using enhanced
chemiluminescent imaging system (Tanon, Shanghai, China).

ELISA Assay

Wemeasured the levels of POSTN and THBS1 proteins in the
conditioned medium using ELISA assay with commercially
available kits (MLBIO, Shanghai, China). Briefly, 50 μl of
conditioned medium was incubated with the detection anti-
body in the ELISA plate for 1 h at 37° C. After washing the
plate, we added streptavidin and incubated the samples for 30
mins at 37 °C. Then, after washing, we added the
tetramethylbenzidine (TMB) susbtrate to the samples, incu-
bated the plate for 10mins at 37 °C, and added the stop buffer.
The samples were analyzed by quantifying the colorimetric
reaction at 450 nm in a colorimeter.

Immunofluorescence

Cells were fixed with 4% formaldehyde at room temperature
for 20 mins and then treated with 0.3% Triton X-100 in PBS
for 10 mins. After blocking with 5% BSA (Amresco,
Houston, Texas, USA) for 1 h and cells were incubated with
primary antibodies, including anti-ki67 (1:500,Abcam) and
anti-OCT4 (1:500,Proteintech) at 4 °C overnight. Antibodies
binding were detected by Alexa Fluor–conjugated second an-
tibody (Thermo Fisher Scientific) at room temperature for 1 h.
DAPI was used for staining cell nuclei. The images were
captured using the fluorescence microscope (Zeiss,
Heidenheim, German).

RNA Interference (RNAi) of POSTN

The POSTN-siRNAs and control siRNA were synthesized by
GenePharma (Suzhou, China), and the sequences of siRNAs
were as follows: si-POSTN-1, 5′-CCAUGGGAACCAGA
U U G C A A C A A A U - 3 ′ ; s i - P O S T N - 2 , 5 ′ -
GGUCCUAAUUCCUGAUUCTT-3′; si-NC, 5′-UUCUCCGA
ACGUGUCACGUTT-3′. Cells were seeded at 2 × 105/well
density to 6-well plates, and transfection was performed using
lipofectamine 3000 (Thermo Fisher Scientific) according toman-
ufacturer’s instruction. The transfected cells were harvested at
48 h for mRNA analysis.

RNA Extraction, RT-PCR, and Quantitative Real-Time
PCR

Total RNAwas extracted using RNAiso Plus reagent (Takara,
Kusatsu, Japan), and the concentrations and quality of isolated
RNA were determined by Nanodrop (Thermo Fisher
Scientific). Reverse transcription (RT) was conducted by the
GoScript Reverse Transcription Kit (Promega) according to
the manufacturer’s instruction. The primers of genes for RT-
PCR and real-time PCR were listed in Table 1.

The PCR reactions were carried out using SapphireAmp
Fast PCR Master Mix (Takara). The products were analyzed
by 2% agarose gels and detected by automatic digital gel
image analysis system (Tanon, Shanghai, China).

Real-time PCR reactions were performed using SYBR
Premix Ex TaqII (Takara) according to the manufacturer’s
instructions. The relative expression levels of indicated genes
were analyzed via the using the 2−ΔΔCT method for relative
quantification of each target gene, normalized to the house-
keeper control gene, glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH).

Cell Cycle Assay

Cells were harvested and fixed in 70% ice-cold ethanol for
24 h at 4 °C. The cells were incubated with propidium iodide
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in the dark at 37 °C for 30 mins. The cell cycle was analyzed
by flow cytometry (BD Biosciences, San Jose, CA, USA).

Statistical Analysis

All data were presented as mean ± SD. Statistical analyses
were performed by Student’s t-test or one-way ANOVA using
GraphPad Prism 9 Software. p-values less than 0.05 (p < 0.05)
were considered to indicate a significant difference.

Results

Identification of hAMSCs

The hAMSCs exhibited spindle-shaped morphology upon
culture (Fig. 1b). FACS analysis showed that the hAMSCs
expressed mesenchymal markers CD73, CD44, and CD29
but did not express HLA-DR, CD31, or CD45 (Fig. 1a).
Moreover, the cells had the potential to differentiate into os-
teocytes and adipocytes (Fig. 1c, d).

Conditioned Media From hAMSCs Promoted the
Proliferation of GC-1 spg Cells

We analyzed the proliferation characteristics of GC-1 spg cells
grown in 0%, 25%, 75%, or 100% hAMSC-CM using MTS
analysis (with the cells cultured in 0% hAMSC-CM serving as
the control group). The MTS results showed that cell prolif-
eration was significantly increased in the groups treated with
75% and 100%hAMSC-CM comparedwith the control group

(Fig. 2a). Then, EdU assay was used to study the effect of
hAMSC-CM on cell proliferation. The data showed that the
percentages of EdU-positive cells in the 75% and 100%
hAMSC-CM groups were significantly higher than the per-
centage in the control group (Fig. 2b, c).

POSTN Promotes the Proliferation of GC-1 spg Cells

We performed mass spectrometry to analyze the proteins se-
creted in hAMSC-CM previously in our laboratory [10]. The
enrichment analysis showed that hAMSCs-CM contained
high levels of proteins related to cell proliferation. We then
performed ELISA to determine the levels of POSTN and
THBS1; the results indicated that the concentrations of
POSTN and THBS1 proteins were respectively 75 and 135
(ng/mL) in hAMSC-CM (Fig. S1). MTS assay was used to
analyze cell proliferation by culturing GC-1 spg cells with one
of several concentrations (10, 50, 100, and 200 ng/mL) of
POSTN or THBS1. The results showed that compared to
THBS1, POSTN significantly increased GC-1 spg cell prolif-
eration (Fig. 3a, b). Then, EdU assay was applied to investi-
gate the effects of various concentrations of POSTN. The
results showed that 100 and 200 ng/mL POSTN significantly
increased cell proliferation compared with that in the control
group (Fig. 3c, d). For there is no significant difference be-
tween the effect of 100 and 200 ng/mL POSTN on the prolif-
eration capacity, the concentration of POSTNwas used as 100
ng/mL for further investigation.

To determine whether POSTN was required for the prolif-
eration of GC-1 spg cells under treatment with hAMSC-CM,
hAMSCs transfected with POSTN-specific or negative

Table 1 Primer sequences of genes used for RT-PCR and quantitative real-time PCR

Genes primer sequences products Primer sequences Product size (bp)

Primer sequences of genes used for RT-PCR

OCT4 F: 5′-AATTTGCCAAGCTCCTGAAG-3′ 104

R: 5′-CGTTTGGCTGAATACCTTCC-3′

PLZF F: 5′-AAGGCTGCAGTGGACA-3′ 144

R: 5′-CTGCATCATCATCTCCGTCTT-3′

VASA F: 5′-TGGAAACAGAGATGCTGGTG-3′ 183

R: 5′-CCTCTGTTCCGTGTTGGATT-3′

SALL4 F: 5′-TCCCAAACACCAGTTTCCTC-3′ 90

R: 5′-TGTGTCTGCATTGCTCCTTC-3′

ACTB F: 5′-CGGGAAATCGTGCGTGAC-3′ 434

R: 5′-TGGAAGGTGGACAGCGAGG-3′

Primer sequences of genes used for quantitative real-time PCR

POSTN F: 5′-CTCATAGTCGTATCAGGGGTCG-3′ 138

R: 5′-ACACAGTCGTTTTCTGTCCAC-3′

GAPDH F: 5′-CAACTTTGGTATCGTGGAAGG-3′ 101

R: 5′-GCCATCACGCCACAGTTTC-3′
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control siRNAs for 24 h (Fig. S2) and then collected the con-
ditioned medium. The concentration of POSTN in the CM
was decreased with POSTN-silenced (Fig. 3e). We used si-
POSTN-1 for the further experiment. MTS analysis and EdU
assay results demonstrated that GC-1 spg cells coculturedwith
CM-siPOSTN showed significantly reduced proliferation rel-
ative to that of cells incubated with CM-siNC (Fig. 3f–h).

The Wnt Signaling Pathway Is Involved in POSTN-
Induced GC-1 spg Cell Proliferation

In the postnatal testis, the Wnt/CTNNB1 pathway mediates
proliferation of spermatogonial cells and progenitor cells [17].
To determine whether POSTN promotes the proliferation of

GC-1 spg cells through the Wnt/β-catenin pathway, the Wnt/
β-catenin signaling inhibitor XAV939 (40 μM) was added to
the cell culture. MTS assay showed that treatment with
XAV939 significantly suppressed the proliferation of GC-1
spg cells (Fig. 4a). EdU analysis was used to study the effects
of XAV939. The results indicated that the number of EdU-
positive cells in the XAV939 group was significantly lower
than that in the POSTN group (Fig. 4b, c). Furthermore, west-
ern blot analysis revealed that under POSTN addition, the
protein expression of both β-catenin and cyclin D1 was in-
creased, whereas that of Gsk3ß was inhibited. When
XAV939, a Wnt/β-catenin inhibitor, was added, the protein
expression of β-catenin and cyclin D1 was decreased, where-
as that of Gsk3ß was increased (Fig. 4d). These results

Fig. 1 Basic characterization of hAMSCs. a Flow cytometry analysis
showed surface expression of CD73, CD44, CD29, HLA-DR, CD31,
and CD45 on the hAMSCs. b Representative phase-contrast bright field
images (scale bar: 200 μm) displayed cultures of hAMSCs. c

Representative images demonstrated alizarin red (scale bar: 200 μm)
staining. d Representative images showed oil red O (scale bar: 100 μm)
staining
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demonstrated that POSTN regulates GC-1 spg cell prolifera-
tion via theWnt/β-catenin pathway. Cell cycle analysis results
found that S phase cell rates increased in POSTN group com-
pared with the control group (Fig. 4e).

POSTN Promoted the Proliferation of Human SCs

Cells were isolated from testicular biopsies from patients with
obstructive azoospermia. For OCT4 plays a critical role in SC
maintenance in culture and for colonization activity following
cell transplantation [18], we chose OCT4 as SC proliferation
marker. Compared with control treatment, the addition of
POSTN protein to the culture medium promoted the prolifer-
ation of human SCs, which were expressing stem cell marker
OCT4 (Fig. 5a, b). RT-PCR results showed that mRNA ex-
pression levels of OCT4, PLZF, SALL4, and VASA were
increased following the addition of POSTN (Fig. 5c).

Discussion

At present, only a few growth factors have been used in the
in vitro culture of SCs. Therefore, it is urgent to identify ad-
ditional factors for enhancing SC proliferation. The results of
this study provide insight into the involvement of hAMSC-
secreted factors in enhancing the proliferative capability of

SCs. These factors may have promise for future applications,
such as SC differentiation in vitro or transplantation into the
male infertile patients.

Our study shows that hAMSC-CM enhances the prolifera-
tion of GC-1 spg cells in vitro. The results are consistent with
a previous study by Zhaleh et al., which showed that the CM
of bone marrow MSCs can enhance cell proliferation and
growth and suppress cell death in various cell lines [19].
Previous studies from our lab have found that hAMSC-CM
and hAEC-CM contain many kinds of factors related to
wound healing both in vitro and in vivo [10, 20]. In addition,
it has been reported that human amniotic epithelial cells
(hAECs) can maintain mouse spermatogonial cells in an un-
differentiated state [3]. Furthermore, hAEC-CM has been
shown to promote the proliferation of keratinocytes [21]. For
we have found that POSTN levels are higher in hAMSC-CM
than in hAEC-CM (data not shown), we speculate that pro-
teins secreted from hAMSCs are beneficial for SC prolifera-
tion in vitro. The different impacts of hAMSC-CM and
hAEC-CM on cell proliferation ability warrant further
investigation.

Another key finding of the present study was that the
POSTN secreted by hAMSCs could increase GC-1 spg cells
and human SC proliferation in vitro. We previously used
label-free mass spectrometry to analyze the proteins in
hAMSC-CM. The enrichment analysis showed that POSTN

Fig. 2 In vitro culturing with hAMSCs-CM promotes proliferation of
GC-1 spg cells. a Cell viability was assessed by MTS assay at various
time points (0, 24, 48, and 72 h) in different dilutions of hAMSCs-CM. b,
c EdU incorporation assay showed the percentages of EdU-positive cells

treated with different concentrations of hAMSCs-CM. Scale bars = 50
μm. The values are shown as means ± SD from three independent
experiments. ***p < 0.001; **p < 0.01; *p < 0.05
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and THBS1 are highly expressed proteins in hAMSC-CM and
are related to cell proliferation. The ability of POSTN to

promote cell growth in cancer cells has been well studied;
exposure to POSTN, transfection of the POSTN gene, or

Fig. 3 POSTN promotes proliferation of GC-1 spg cells. a The histogram
plot showed cell density treated with 0, 10, 50, 100, and 200 ng/mL
POSTN at 0, 24, 48, 72, and 96 h. b The histogram plot revealed cell
density treated with 0, 10, 50, 100, and 200 ng/mL THBS1 at 0, 24, 48,
72, and 96 h. c, d EdU incorporation assay showed the percentages of
EdU-positive cells treated with different concentrations of POSTN. Scale
bars = 50 μm. Values are means ± SD from three independent
experiments. e ELISA assay displayed POSTN protein levels (ng/mL)

in the CM obtained from hAMSCs transfected with si-NC, si-POSTN-1.
f, g EdU incorporation assay demonstrated the percentages of EdU-
positive cells in the CM from hAMSCs with POSTN knockdown. h
Representative images showed the results of the proliferation assay at
various time points (0, 24, 48, and 96 h) on the hAMSCs in si-NC-
hAMSCs-CM and si-POSTN-hAMSCs-CM. The values are means ±
SD. ***p < 0.001; **p < 0.01
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coexistence of POSTN-producing cells can enhance the pro-
liferation of cancer cells [22]. Although THBS1 is a major
regulator of TGF-β activation, it also has TGF-β-
independent functions in hemostasis, cell adhesion, migration,
and the regulation of growth factors (EGF, VEGF, and FGF)
[23]. Our results showed that compared to THBS1, POSTN
significantly increased the proliferation of GC-1 spg cells,
suggesting that THBS1 and its subsequent pathways do not
play leading roles in the self-renewal of GC-1 spg cells.

POSTN might be an important factor for addition to the
cultural medium of SCs. For only a very small piece of human
testicular tissue can be obtained in each operation, the number

of SCs it contains is very small. In addition, it is difficult to
study the mechanisms of spermatogenesis, mainly due to the
scarcity of SCs relative to other germ cell populations in tes-
ticular biopsies. Thus, it is important to develop methods to
increase SC numbers in vitro prior to differentiation [24].
Although Huleihel achieved human spermatogenesis in vitro
using a 3D culture system, it is difficult in such cases to per-
form additional examinations to confirm protein/expression
results, such as the ploidy of the cells [25]. To date, only a
few factors/signaling pathways facilitating the in vitro prolif-
eration of SCs have been identified, and only GDNF, IGF-1,
and FGF2 signaling are believed to be essential [26, 27]. Thus,

Fig. 4 POSTN promotes the proliferation of GC-1 spg cells through the
Wnt/β-catenin pathway GC-1 spg cells were cultured and treated with
POSTN and/or XAV939 (β-catenin inhibitor). aMTS assay showed the
proliferation capacity of cells. b, c EdU incorporation assay demonstrated
the percentages of EdU-positive cells. dWestern blot analysis was carried

out to detect the expression level of β-catenin, Gsk3β, and cyclin-D1. e
The proportion of cells in each phase of the cell cycle was evaluated by
flow cytometry after 48 h of treatment. The values are expressed as means
± SD. ***p < 0.001; **p < 0.01; *p < 0.05
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efforts to identify additional effective factors for SC expansion
in vitro are urgently needed. The discovery of POSTN in the
present study is of great significance for SC culture in vitro.

We sought to identify the pathways downstream of POSTN
signaling for SC proliferation. The findings demonstrated that
POSTN promotes the proliferation of mouse GC-1 spg cells
via the Wnt/β-catenin signaling pathway. This finding is con-
sistent with our understanding of the canonical Wnt signaling
pathway. During development, Wnt/β-catenin signaling is re-
quired for the specification of primordial germ cells and prop-
er development of the male fetal reproductive tract [28].
Hinako found that Wnt/β-catenin signaling is involved in
spermatogonial stem/progenitor cell regulation in vivo and
revealed the mode of action [29]. IIaria et al found that
POSTN can recruit Wnt ligands and thereby increase Wnt
signaling in cancer stem cells [30]. Moreover, research by
Golestaneh demonstrated that Wnt3A pathways play impor-
tant roles in the regulation of SCs of the mouse C18-4 cell line
and of human spermatogonia [28]. In summary, POSTN pro-
moted SC proliferation through activation of β-catenin and
cyclin D1, whereas inhibition of Gsk3ß.

In summary, the present study demonstrated that POSTN
in hAMSC-CM may be an extrinsic factor promoting GC-1
spg cell proliferation in vitro through activation of the Wnt/β-
catenin pathway. The findings reveal that POSTN is to be

closely associated with SC proliferation and provides a poten-
tial therapeutic option for treating male infertility.

Abbreviations SC, spermatogonial cell; hAMSCs, human amniotic mes-
enchymal stem cells; CM, condition medium; hAECs, human amniotic
epithelial cells; ESCs, human embryonic stem cells
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