
Original Article
miR-202-3p Regulates Sertoli Cell Proliferation,
Synthesis Function, and Apoptosis by Targeting
LRP6 and Cyclin D1 of Wnt/b-Catenin Signaling
Chao Yang,1,2,3,6 Chencheng Yao,1,2,6 Ruhui Tian,1 Zijue Zhu,1 Liangyu Zhao,1 Peng Li,1 Huixing Chen,1

Yuhua Huang,1 Erlei Zhi,1 Yuehua Gong,1 Yunjing Xue,1 Hong Wang,1 Qingqing Yuan,4 Zuping He,2,5

and Zheng Li1,2

1Department of Andrology, Urologic Medical Center, Shanghai General Hospital, Shanghai Jiao Tong University School of Medicine, 100 Haining Road, Shanghai 200080,

China; 2Shanghai Key Laboratory of Reproductive Medicine, Shanghai 200025, China; 3Nanjing Medical University, 101 Longmian Dadao, Jiangning District, Nanjing

210029, China; 4Shanghai Key Laboratory for Assisted Reproduction and Reproductive Genetics, Center for Reproductive Medicine, Renji Hospital, School of

Medicine, Shanghai Jiao Tong University, 845 Lingshan Road, Shanghai 200135, China; 5School of Medicine, Hunan Normal University, 371 Tongzipo Road,

Changsha, Hunan 410013, China
Received 16 June 2018; accepted 19 October 2018;
https://doi.org/10.1016/j.omtn.2018.10.012.
6These authors contributed equally to this work.

Correspondence: Zheng Li, Department of Andrology, Urologic Medical Center,
Shanghai General Hospital, Shanghai Jiao Tong University School of Medicine, 100
Haining Road, Shanghai 200080, China.
E-mail: lizhengboshi@163.com
Correspondence: Zuping He, School of Medicine, Hunan Normal University, 371
Tongzipo Road, Changsha, Hunan 410013, China.
E-mail: zupinghe@sjtu.edu.cn
MicroRNAs (miRNAs) play important roles in mammalian
spermatogenesis, which is highly dependent on Sertoli cells.
However, the functions and mechanisms of miRNAs in regu-
lating human Sertoli cells remain largely unknown. Here,
we report that hsa-miR-202-3p mediates the proliferation,
apoptosis, and synthesis function of human Sertoli cells. miR-
202-3p was upregulated in Sertoli cells of Sertoli cell-only syn-
drome (SCOS) patients compared with obstructive azoospermia
(OA) patients with normal spermatogenesis. Overexpression of
miR-202-3p inducedSertoli cell apoptosis and inhibited cell pro-
liferation and synthesis, and the effects were opposite when
miR-202-3p was knocked down. Lipoprotein receptor-related
protein 6 (LRP6) and Cyclin D1 of theWnt/b-catenin signaling
pathway were identified as direct targets of miR-202-3p in Ser-
toli cells, which were validated by bioinformatics tools and
dual-luciferase reporter assay. Differentially expressed LRP6
andCyclinD1betweenOAand SCOS Sertoli cells were also veri-
fied. LRP6 small interfering RNA (siRNA) interference not only
mimicked the effects of miR-202-3p overexpression, but also
antagonized the effects ofmiR-202-3p inhibition onSertoli cells.
Collectively, miR-202-3p controls the proliferation, apoptosis,
and synthesis function of human Sertoli cells via targeting
LRP6 and Cyclin D1 of the Wnt/b-catenin signaling pathway.
This study thus provides a novel insight into fate determinations
of human Sertoli cells and niche of human testis.

INTRODUCTION
Non-obstructive azoospermia (NOA), which is defined as the absence
of sperm in the semen, affects about 10% of infertile men and almost
60%of the azoospermia patients.1,2 NOAusually results from testicular
failure and aberrant spermatogenesis, includingmaturation arrest and a
complete absence of male germ cells in the seminiferous tubules, which
is known as Sertoli cell-only syndrome (SCOS).3,4 Some genetic factors
that cause male infertility have been identified andwell studied, such as
Y chromosomemicrodeletion andKlinefelter’s syndrome; however, the
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roles of epigenetic regulation in human spermatogenesis and in the
pathogenesis of NOA, especially SCOS, remain largely unknown.5

Spermatogenesis is a complex developmental process whereby highly
specialized haploid sperms are generated from spermatogonial stem
cells (SSCs) via the self-renew and differentiation of SSCs, meiosis
of spermatocytes, and the spermiogenesis.6,7 Each step of this intricate
process is precisely modulated by the microenvironment or the niche
of the testis, which is mainly composed of Sertoli cells, growth factors,
cytokines, and blood vessels.8,9 As the only somatic cell type within
the seminiferous tubules, Sertoli cells play essential roles in the forma-
tion of a functional testis and the regulation of SSC fate by supplying
structural, immunological, and nutritional support.10–12 A precise
balance between SSC self-renewal and differentiation is of great sig-
nificance in maintaining male fertility, which is mainly regulated by
various growth factors and cytokines produced by Sertoli cells, e.g.,
glial cell line-derived neurotrophic factor (GDNF),13,14 stem cell fac-
tor (SCF),15–17 bone morphogenetic protein 4 (BMP4),18,19 fibroblast
growth factor 2 (FGF2),20,21 epithelial growth factor (EGF),22,23 leu-
kemia inhibitory factor (LIF),24,25 insulin-like growth factor 1
(IGF1),26,27 and C-X-C motif chemokine ligand 12 (CXCL12).28,29

Therefore, a better understanding of the roles andmechanisms of Ser-
toli cells in spermatogenesis is significant for male infertility therapy
and male contraceptive. Besides, Sertoli cells derive from mesoderm
and can be converted tomultipotent neural stem cells and Leydig cells
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in vitro, suggesting that Sertoli cells have great applications in tissue
engineering and cell-based therapy for neural system disorders or
testosterone deficiency of the aging male.30,31

MicroRNAs (miRNAs), a class of endogenous, small (21–25 nt) non-
coding RNAs, exert their functions by directly binding to the 30 UTR
of the targetmRNAs, causing the degradation ofmRNAor translational
inhibition of functional proteins.32 As important epigenetic regulators,
although the biological functions of most miRNAs have not yet been
fully understood, they are believed to play important roles in the regu-
lation of various biological processes, including cell differentiation,
proliferation, apoptosis, and cancer development.33–36 In recent years,
miRNAs have attracted increasing attention in the male infertility field,
and they are found to be essential for spermatogenesis. However, these
studies mainly focused onmale germ cells.37–39 Regulatory functions of
miRNAs in human Sertoli cells remain largely unknown. It has been re-
ported that Sertoli cell-specific deletion of Dicer, an indispensable
enzyme for miRNA production, severely impairs male fertility and re-
sults in testicular degeneration and absence ofmature sperms, reflecting
the essential roles of miRNAs in Sertoli cells for normal spermatogen-
esis.40,41 We have previously compared the miRNA profiles between
OA and SCOS Sertoli cells using miRNA microarrays, and we have re-
vealed that miR-133b promotes the proliferation of human Sertoli cells
via targeting transcription factor GLI3 (GLI family zinc finger 3) and
activating Cyclin B1 and Cyclin D1.42 We also found that miR-202-
3p of the let7 family was prominently upregulated in SCOS Sertoli cells
compared with that of obstructive azoospermia (OA) patients with
normal spermatogenesis.42 miR-202-3p is located within a chromo-
somal fragile site in 10q26, and it has been reported to regulate the pro-
liferation, invasion, and apoptosis of many types of tumor cells, such as
gastric cancer,43 breast cancer,44 cervical squamous cell carcinoma,45,46

colorectal cancer,47 esophageal squamous cell carcinoma,48,49 and brain
tumors.50 In the male reproductive system, miR-202-3p maintains
mouse SSCs by inhibiting cell-cycle regulators and RNA binding pro-
teins.51 However, the effects of miR-202-3p inmediating human Sertoli
cells have not been documented.

Low-density lipoprotein receptor-related protein 6 (LRP6) functions
as a transmembrane receptor to transduce Wnt signals and activate
the canonical Wnt/b-catenin signaling pathway, which is involved
in regulation of various developmental processes, including determi-
nation of segment polarity during Drosophila larval development52,53

and differentiation of brain,54 kidney, limb, and reproductive tracts of
male and female mice.55,56 An aberrant LRP6-mediated Wnt/b-cate-
nin pathway has been shown to be involved in many diseases, such as
Alzheimer’s disease,57 autosomal-dominant oligodontia,58 and colo-
rectal cancer.59 Proliferation and self-renewal of mouse and human
testis cells are also regulated by the Wnt/b-catenin pathway. It
has been reported that the Wnt/b-catenin pathway stimulates the
proliferation of adult human Sertoli cells via upregulation of c-Myc
expression. Mutant mice that expressed constitutively active forms
of b-catenin specifically in Sertoli cells developed testicular Sertoli
cell tumor at 8 months of age. These results indicated the involvement
of abnormal Wnt/b-catenin signaling in impaired Sertoli cell func-
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tions and spermatogenesis.60–62 However, the mechanisms of the
Wnt/b-catenin pathway in human Sertoli cells, especially the epige-
netic regulations of this signaling pathway, remain unclear.

In this study, we found that miR-202-3p was upregulated in SCOS
Sertoli cells. miR-202-3p induced the apoptosis and led to suppres-
sion of cell proliferation and synthesis function of Sertoli cells by tar-
geting LRP6 and Cyclin D1 ofWnt/b-catenin signaling pathway. This
study could offer new epigenetic mechanisms about the regulation of
human Sertoli cell functions and spermatogenesis, and provide new
targets for gene therapy of male infertility.

RESULTS
Isolation and Identification of Human Primary Sertoli Cells

Human Sertoli cells were isolated and purified from 20 OA and 20
SCOS patients using a two-step enzymatic digestion followed by dif-
ferential plating. Trypan blue exclusion assay was conducted to mea-
sure the viability of primary isolated cells, which was over 97% (data
not shown). The isolated human cells were identified by detecting
various markers for Sertoli cells at both transcriptional and transla-
tional levels. RT-PCR showed that GDNF, GATA4, SOX9, WT1,
BMP4, and SCF, markers for Sertoli cells, were expressed in the
isolated cells. PCR with PBS instead of cDNA served as a negative
control, and PCR with b-actin (ACTB) served as a loading control
for total RNA (Figure 1A). The protein levels of BMP4, SCF, and
GDNF were also detected in both OA and SCOS Sertoli cells, and
their expressions were higher in OA Sertoli cells (Figure 1B). The re-
sults were consistent with our former finding.63 The purity of isolated
human cells was determined by immunofluorescence. More than 98%
of the cells were positive for SOX9 (Figure 1C), GATA4 (Figure 1D),
wild-type 1 (WT1) (Figure 1E), VIM (Figure 1F), GDNF (Figure 1G),
occludin (OCLN) (Figure 1H), and SCF (Figure 1I). Detection of
VASA (Figure 1J), a-smooth muscle actin (a-SMA) (Figure 1K),
and CYP11A1 (Figure 1L) was also conducted to exclude the potential
contamination of germ cells, peritubular myoid cells, and Leydig cells.
No fluorescence was observed after substituting PBS for primary an-
tibodies (Figure 1M). Taken together, these data indicated that the
primary isolated cells were human Sertoli cells in phenotype.

Differential Expression of miR-202-3p between OA and SCOS

Sertoli Cells

As shown in our previous miRNA microarray data, miR-202-3p was
one of the most prominently upregulated miRNAs in SCOS Sertoli
cells compared with OA patients with normal spermatogenesis.42

To verify this result, we examined miR-202-3p expression levels in
these two types of patients using real-time qPCR. Consistent with
the microarray data, expression level of miR-202-3p was significantly
upregulated in SCOS Sertoli cells compared with OA Sertoli cells (Fig-
ure 2A) (n = 20; p < 0.001).

Establishment of Stable Cell Strains with Upregulated or

Downregulated miR-202-3p

To explore the effects of miR-202-3p on fate determinations
of human Sertoli cells, stable cell strains with upregulated or



Figure 1. Isolation and Identification of Human Sertoli Cells from OA and SCOS Patients

(A) RT-PCR showed the transcripts of GDNF, GATA4, SOX9,WT1, BMP4, and SCF in the isolated cells. PCR with PBS but without cDNA served as a negative control. (B)

Western blots showed the protein levels of BMP4, SCF, and GDNF in OA and SCOS Sertoli cells. (C–L) Immunofluorescence demonstrated the expression of SOX9 (C),

GATA4 (D), WT1 (E), VIM (F), GDNF (G), OCLN (H), SCF (I), VASA (J), a-SMA (K), and CYP11A1 (L) in the isolated cells. Replacement of primary antibodies with PBS was used

as a negative control (M). The cell nuclei were stained with DAPI. Scale bars, 5 mm (C–M).
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downregulated miR-202-3p and corresponding controls were estab-
lished using virus infection and puromycin screening. Observation
of EGFP fluorescence (Figure S1A) and detection of miR-202-3p
expression levels (Figure S1B) indicated that the stable cell strains
were successfully established, which were named as normal control
(ctrl), pre-miR, inhibitor ctrl, and pre-miR inhibitor, respectively.
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Figure 2. Differentially Expressed miR-202-3p Inhibits the Proliferation of Human Sertoli Cells

(A) Real-time qPCR revealed the expression ofmiR-202-3p in both OA and SCOSSertoli cells (n = 20). (B andC) CCK-8 assay showed the growth curve of human Sertoli cells

for 5 days in the pre-miR group (B) and the pre-miR inhibitor group (C) after virus infection and puromycin screening. (D) EDU incorporation assay showed the EDU-positive

cells in human Sertoli cells after virus infection and puromycin screening. Cell nuclei were counterstained with Hoechst 33342. The percentages of EDU-positive cells were

counted out of 500 total cells from three independent experiments. (E) Immunofluorescence revealed the ki-67-positive cells in the four cell strains. Cell nuclei were

counterstained with DAPI. The percentages of ki-67-positive cells were counted out of 500 total cells from three independent experiments. (F) Western blots demonstrated

the expression of PCNA and cell-cycle proteins in human Sertoli cells at 72 hr after virus infection and puromycin screening. b-actin served as a loading control of proteins.

Results of the pre-miR group were normalized to the Normal ctrl group, and results of the pre-miR inhibitor group were normalized to the inhibitor ctrl group. *p < 0.05;

**p < 0.01; ***p < 0.001. Scale bars, 10 mm (D and E).
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miR-202-3p Inhibits the Proliferation of Human Sertoli Cells

To probe whether miR-202-3p influences the proliferation of Sertoli
cells, we performed multiple methods to compare the proliferation
rates among the four cell strains. Cell counting kit-8 (CCK-8) assay
showed that miR-202-3p overexpression significantly reduced the
growth rate of Sertoli cells in a time-dependent manner, whereas
silencing miR-202-3p expression remarkably promoted the prolifera-
tion (Figures 2B and 2C). 5-Ethynyl-20-deoxyuridine (EDU) incorpo-
ration assay was further conducted to examine the influence of
miR-202-3p on DNA synthesis of human Sertoli cells. Compared
with normal ctrl (20.8% ± 3.7% of EDU-positive cells) and inhibitor
ctrl (17.3% ± 0.5% of EDU-positive cells), miR-202-3p downregula-
tion increased the EDU-positive cells up to 37.0% ± 3.3%, whereas
miR-202-3p overexpression reduced the EDU-positive cells down
to 7.5% ± 1.3%, reflecting that miR-202-3p inhibits DNA synthesis
of human Sertoli cells (Figure 2D). PCNA (proliferating cell nuclear
antigen) and ki-67 are generally regarded as hallmarks for cellular
proliferation. Immunofluorescence showed that the percentage of
ki-67-positive cells increased from 22.1% ± 1.4% to 43.1% ± 1.5% af-
ter miR-202-3p knockdown, and the change was opposite when miR-
202-3p was overexpressed, reducing from 22.3% ± 2.1% to 11.4% ±

0.8% (Figure 2E). Western blots revealed that the expression level
of PCNA was obviously decreased by miR-202-3p overexpression
(0.401 ± 0.008) compared with normal ctrl (designated as 1.0),
whereas its level was significantly increased by miR-202-3p knock-
down (1.733 ± 0.068) compared with inhibitor ctrl (designated as
1.0) (Figure 2F). Cell-cycle proteins play essential roles in regulating
the entrance of cells to the S phase and cell proliferation. Therefore,
we further examined whether miR-202-3p affected the expression
levels of cell-cycle regulators. Western blots displayed that expres-
sions of Cyclin A2 (2.891 ± 0.068), Cyclin B1 (1.347 ± 0.029), Cyclin
D1 (1.964 ± 0.070), and Cyclin E1 (2.146 ± 0.127) were elevated by
miR-202-3p knockdown, whereas the expression levels of these pro-
teins were decreased by miR-202-3p overexpression (Cyclin A2,
0.475 ± 0.025; Cyclin B1, 0.658 ± 0.033; Cyclin D1, 0.420 ± 0.041; Cy-
clin E1, 0.306 ± 0.020) (Figure 2F).

miR-202-3p Inhibits the Synthesis Function of Human Sertoli

Cells

One of the most important roles of the Sertoli cell is to synthesize and
secrete essential growth factors that regulate SSC self-renewal and dif-
ferentiation, such as GDNF, BMP4, SCF, FGF2, CXCL12, and EGF.
To figure out whether miR-202-3p influences the synthesis function
of Sertoli cells, we conducted real-time qPCR and western blots to
examine the transcriptional and translational changes of these growth
factors. We observed that miR-202-3p overexpression led to reduc-
tion of the mRNA (GDNF, 0.433 ± 0.031; SCF, 0.783 ± 0.029;
BMP4, 0.510 ± 0.034; FGF2, 0.529 ± 0.024; CXCL12, 0.379 ± 0.040;
EGF, 0.406 ± 0.015) (Figures 3A–3F) and protein (GDNF, 0.415 ±

0.156; SCF, 0.546 ± 0.028; BMP4, 0.392 ± 0.019; FGF2, 0.411 ±

0.026; CXCL12, 0.575 ± 0.023) levels of the growth factors compared
with normal ctrl (designated as 1.0) (Figures 3G and 3H), whereas
miR-202-3p knockdown enhanced the transcripts (GDNF, 3.604 ±

0.330; SCF, 2.090 ± 0.033; BMP4, 3.546 ± 0.186; FGF2, 2.471 ±
0.073; CXCL12, 2.065 ± 0.110; EGF, 2.364 ± 0.241) (Figures 3A–3F)
and protein levels (GDNF, 1.789 ± 0.053; SCF, 1.559 ± 0.031;
BMP4, 1.998 ± 0.060; FGF2, 1.564 ± 0.033; CXCL12, 1.552 ± 0.118)
compared with inhibitor ctrl (designated as 1.0) (Figures 3G and
3H). However, no significant difference was seen in some genes unre-
lated to the synthesis function of Sertoli cells among the four cell
strains (Figure S2). To confirm the defective synthesis function of Ser-
toli cells and its effects on spermatogonia, the culture medium of Ser-
toli cells was collected daily to culture the human SSC line further.
This human SSCs cell line was established successfully by our group,
which presented unlimited proliferation potentials and no tumor for-
mation. Experiments using this SSCs line were stable and feasible.64

The CCK-8 assay showed that the proliferation of human SSCs was
significantly enhanced when cultured with medium collected from
the pre-miR inhibitor group, whereas the culture medium from the
pre-miR group suppressed the proliferation of SSCs (Figures 3I and
3J). Detection of PCNA protein level at 72 hr showed the same result
(Figure 3K). Taken together, these data implicated that miR-202-3p
could inhibit the synthesis function of human Sertoli cells, which
negatively controlled the proliferation of human SSCs.

miR-202-3p Promotes the Apoptosis of Human Sertoli Cells

We also examined the influence of miR-202-3p on the apoptosis of
human Sertoli cells. Annexin V and propidium iodide (PI) staining
and flow cytometry showed that the percentage of apoptosis in hu-
man Sertoli cells increased from 7.6% ± 0.5% to 18.0% ± 0.5% after
miR-202-3p upregulation and decreased from 7.8% ± 0.2% to
4.3% ± 0.1% when miR-202-3p was knocked down (Figures 4A–
4E). Also, the percentage of terminal deoxynucleotidyl transferase-
mediated deoxyuridine triphosphate-biotin nick end-labeling-posi-
tive (TUNEL+) cells significantly increased when miR-202-3p was
overexpressed, and reduced after miR-202-3p inhibition (Figures
4F–4J). Furthermore, miR-202-3p overexpression resulted in an in-
crease in protein levels of apoptosis indicator cleaved-PARP (cPARP)
(2.857 ± 0.127) and Bax (1.634 ± 0.033) compared with normal ctrl
(designated as 1.0), whereas downregulation of miR-202-3p
decreased cPARP (0.494 ± 0.026) and Bax (0.225 ± 0.044) expression
levels compared with inhibitor ctrl (Figures 4K and 4L). Meanwhile,
the expression of Bcl2, which suppresses apoptosis, significantly
decreased in the pre-miR group (0.605 ± 0.016) and increased in
the pre-miR inhibitor group (1.996 ± 0.013) (Figures 4K and 4L).

LRP6 and Cyclin D1 of theWnt/b-Catenin Signaling Pathway Are

Direct Targets of miR-202-3p in Human Sertoli Cells

To gain novel insights into molecular mechanisms underlying the
functions of miR-202-3p in human Sertoli cells, we identified the
targets of miR-202-3p using miRNA predict databases, namely
TargetScan (http://www.targetscan.org), PicTar (https://pictar.
mdc-berlin.de/), and microRNA.org (http://www.microrna.org) (Fig-
ure 5A). Among hundreds of genes that were predicted to be the
potential targets, we selected LRP6 and Cyclin D1 for the following
reasons: (1) both LRP6 and Cyclin D1 mRNAs have two potential
binding sites for miR-202-3p at their 30 UTR (Figure 5A); (2) both
LRP6 and Cyclin D1 are important components of theWnt/b-catenin
Molecular Therapy: Nucleic Acids Vol. 14 March 2019 5
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Figure 3. miR-202-3p Inhibits the Synthesis Function of Human Sertoli Cells

The mRNA levels ofGDNF (A), SCF (B), BMP4 (C), FGF2 (D), CXCL12 (E), and EGF (F) at 72 hr after virus infection and puromycin screening. (G) Western blots demonstrated

GDNF, SCF, BMP4, FGF2, and CXCL12 proteins in human Sertoli cells at 72 hr after virus infection and puromycin screening. Results of three independent assays were

concluded in (H). b-actin served as loading control of proteins. (I and J) CCK-8 assay showed the growth curve of a human spermatogonial stem cell line that was cultured

with culture medium collected daily from the four Sertoli cell strains with upregulation of miR-202-3p (I) and downregulation of miR-202-3p (J). (K) Western blot demonstrated

the expression of PCNA in human spermatogonial stem cell line after 72 hr of culture with culture medium collected daily from the four Sertoli cell strains. Results of the pre-

miR group were normalized to the normal ctrl group, and results of the pre-miR inhibitor group were normalized to the inhibitor ctrl group. *p < 0.05; **p < 0.01; ***p < 0.001.

Molecular Therapy: Nucleic Acids
signaling pathway; and (3) the Wnt/b-catenin signaling pathway is
closely associated with cell proliferation, invasion, and differentiation.

To validate the hypothesis mentioned above, the mRNA levels of
LRP6 and Cyclin D1 were measured by real-time qPCR in 20 paired
OA and SCOS Sertoli cells. The differential expressions of LRP6 and
Cyclin D1 proteins were also examined using western blots. Notably,
we found that both transcriptional and translational levels of LRP6
and Cyclin D1 were significantly higher in OA Sertoli cells compared
6 Molecular Therapy: Nucleic Acids Vol. 14 March 2019
with SCOS patients (Figures 5B and 5C). Further, the recombinant
plasmids (psiCHECK2) with the 30 UTR sequences of these two genes
containing the predicted binding site sequence (wild-type [WT]) of
miR-202-3p were constructed for luciferase assays, and recombinant
plasmids containing the LRP6 and Cyclin D1 30 UTR sequence with
mutant nucleotides (mutant type [Mut]) were also constructed to
serve as controls (Figure 5A). The WT and Mut vectors were trans-
fected with miR-202-3p overexpression plasmid or control plasmid
into both HEK293T cells and OA Sertoli cells, and the level of



Figure 4. miR-202-3p Promotes the Apoptosis of Human Sertoli Cells

(A–D) Annexin V-APC/PI and flow cytometry analysis revealed apoptosis in human Sertoli cells at 72 hr in the normal ctrl group (A), pre-miR group (B), inhibitor ctrl group (C),

and pre-miR inhibitor group (D) after virus infection and puromycin screening. Results of three independent assays were concluded in (E). A total of 10,000 cells were

analyzed. (F–I) TUNEL assay revealed the percentages of TUNEL+ cells in the normal ctrl group (F), pre-miR group (G), inhibitor ctrl group (H), and pre-miR inhibitor group (I) in

human Sertoli cells after virus infection and puromycin screening. Results of three independent assays were concluded in (J). (K) Western blots demonstrated cPARP, Bcl2,

and Bax proteins in human Sertoli cells at 72 hr after virus infection and puromycin screening. Results of three independent assays were concluded in (L). b-actin served as

loading control of proteins. Results of the pre-miR group were normalized to the normal ctrl group, and results of the pre-miR inhibitor group were normalized to the inhibitor

ctrl group. *p < 0.05; **p < 0.01; ***p < 0.001. Scale bars, 10 mm (F–I).
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luciferase enzyme activity was measured according to the manufac-
turer’s instructions. We revealed that overexpression of miR-202-3p
suppressed the luciferase activity of the reporter gene, whereas muta-
tion of three nucleotides within the two miRNA binding sites abol-
ished this repression of luciferase activity, confirming the specificity
of the action (Figure 5D). In concordance with these results, LRP6
and Cyclin D1 mRNA and protein levels significantly decreased in
miR-202-3p-overexpressed Sertoli cells and enhanced in miR-202-
3p-depleted Sertoli cells. Furthermore, in Sertoli cells with upregu-
lated miR-202-3p, the protein levels of c-Myc, b-catenin, and
non-phospho b-catenin (active b-catenin) reduced significantly,
whereas the expression of phospho-b-catenin increased significantly.
The results were opposite when miR-202-3p was downregulated in
Sertoli cells (Figures 5E and 5F). Considered together, these results
implicate that miR-202-3p inhibits the activation of the Wnt/b-cate-
nin signaling pathway by targeting LRP6 and Cyclin D1 in human
Sertoli cells.

LRP6 Knockdown Inhibits the Proliferation and Synthesis

Function of Human Sertoli Cells

Then we utilized small RNAs to elucidate the regulating effects of
miR-202-3p targets on human Sertoli cells. Because Cyclin D1 was
the downstream factor of the Wnt/b-catenin signaling pathway,
and it may be involved in some other signaling pathways, we mainly
Molecular Therapy: Nucleic Acids Vol. 14 March 2019 7
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Figure 5. Identification of Direct Targets of miR-202-3p in Human Sertoli Cells

(A) There were two potential binding sites of miR-02-3p at the 30 UTR region of LRP6 and Cyclin D1mRNA based on the bioinformatic analysis. 30 UTR of LRP6 and Cyclin D1

mRNA containing wild-type (WT), mutant-1 (Mut1), andmutant-2 (Mut2) was cloned into dual-luciferase plasmids. (B) ThemRNA levels of LRP6 and Cyclin D1 were detected

using real-time qPCR in 20 paired OA and SCOS Sertoli cells. (C) Western blots revealed the different expression patterns of LRP6 and Cyclin D1 between OA and SCOS

Sertoli cells (n = 8). b-actin served as a loading control. (D) Empty plasmids (psiCHECK2 control) and dual-luciferase plasmids containingWT,Mut1, or Mut2 of LRP6 or Cyclin

(legend continued on next page)
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focused on the function of LRP6. To improve the efficiency of LRP6
knockdown, we assessed three pairs of LRP6 small interfering RNAs
(siRNAs) targeting different regions of LRP6 mRNA, including LRP6
siRNA-1, siRNA-2, and siRNA-3. At 6 hr after transfection, the trans-
fection efficiency of LRP6 siRNAs in OA Sertoli cells was over 80%, as
evidenced by the transfection of FAM-labeled green fluorescent oligo
(Figure S3A). Trypan blue exclusion assay revealed that the viability
of human Sertoli cells at 6 hr of transfection was about 98% (data
not shown), when we changed the culture medium containing trans-
fection reagent to normal DMEM/F12 with 10% FBS. Compared with
negative control (only Lipofectamine 3000 was transfected) and
siRNA control (designated as 1.0), real-time qPCR showed that
LRP6 siRNA-1, -2, and -3 reduced LRP6 mRNA level in Sertoli cells
after 24 hr of transfection (siRNA-1, 0.693 ± 0.017; siRNA-2, 0.546 ±
0.013; siRNA-3, 0.364 ± 0.014), and the interfering effect of LRP6
siRNA-3 was the most prominent (Figure S3B). Western blots re-
vealed that LRP6 siRNA-3 significantly reduced the expression level
of LRP6 protein at 48 hr after transfection (0.456 ± 0.023). Protein
levels of Cyclin D1 (0.596 ± 0.024), c-Myc (0.393 ± 0.010), b-catenin
(0.623 ± 0.013), phospho-b-catenin (1.817 ± 0.025), and non-phos-
pho-b-catenin (0.372 ± 0.022) also changed significantly by LRP6
knockdown compared with siRNA control (designated as 1.0), re-
flecting the inhibition of the Wnt/b-catenin signaling pathway by
LRP6 knockdown (Figures S3C and S3D). Therefore, LRP6 siRNA-3
was chosen to further examine the effects of LRP6 on human Sertoli
cells.

We asked whether LRP6 influences Sertoli cell proliferation. CCK-8
assay was conducted from 24 to 120 hr after transfection of LRP6
siRNA-3 in OA Sertoli cells, and LRP6 siRNA-3 significantly
reduced the proliferation from 48 to 120 hr (Figure 6A). The protein
level of PCNA was also remarkably reduced by LRP6 siRNA-3 (Fig-
ures 6B and 6C). Correspondingly, the percentage of EDU-positive
cells reduced significantly in OA Sertoli cells (10.5% ± 2.4%) with
LRP6 knockdown compared with the negative control (20.0% ±

1.2%) and siRNA control (19.3% ± 2.9%) at 48 hr after transfection
(Figures 6D and 6E). The synthesis function of Sertoli cells was also
suppressed by LRP6 knockdown, as evidenced by the reduction of
GDNF (0.370 ± 0.018), BMP4 (0.279 ± 0.025), SCF (0.175 ±

0.132), FGF2 (0.362 ± 0.020), and CXCL12 (0.202 ± 0.025) protein
levels after LRP6 siRNA-3 treatment, compared with negative con-
trol and siRNA control (designated as 1.0) (Figures 6F and 6G). To
confirm the defective synthesis function of Sertoli cells and its ef-
fects on spermatogonia, the culture medium of Sertoli cells was
collected daily to culture the human SSCs line further. The
CCK-8 assay showed that the proliferation of human SSCs was
significantly reduced when cultured with medium collected from
the LRP6 knockdown group (Figure 6H). Detection of PCNA pro-
D1 30 UTR were transfected into HEK293T cells and OA Sertoli cells with miR-202-3p ov

signals were performed for luciferase activity after 36 hr of transfection. (E) mRNA levels o

cell strains. (F) Western blots showed the LRP6, c-Myc, Cyclin D1, b-catenin, phospho-b

puromycin screening. b-actin served as a loading control. Results of the pre-miR group

were normalized to the inhibitor ctrl group. *p < 0.05; **p < 0.01; ***p < 0.001.
tein level at 72 hr showed the same result (Figures 6I and 6J).
Collectively, these data indicate that LRP6 downregulation inacti-
vates the Wnt/b-catenin signaling pathway and inhibits the prolifer-
ation and synthesis function of human Sertoli cells.

LRP6 Knockdown Induces Apoptosis of Human Sertoli Cells

Then we examined the influence of LRP6 knockdown on the
apoptosis of human Sertoli cells. Annexin V and PI staining and
flow cytometry showed that the percentage of apoptosis in human
Sertoli cells increased from 6.3% ± 0.3% to 16.5% ± 0.7% after
LRP6 knockdown (Figures 7A and 7B). The percentage of TUNEL+

cells also significantly increased when LRP6 was downregulated (Fig-
ures 7C and 7D). Furthermore, LRP6 knockdown resulted in an in-
crease in protein levels of apoptosis indicators cPARP (4.373 ±

0.291) and Bax (2.411 ± 0.207) compared with siRNA ctrl (designated
as 1.0). Meanwhile, the expression of Bcl2, which suppresses
apoptosis, significantly decreased after LRP6 knockdown (0.384 ±

0.010) (Figures 7E and 7F).

LRP6 Knockdown Attenuated the Effects of miR-202-3p

Inhibition on Sertoli Cells

The results above showed that knockdown of LRP6 can mimic the ef-
fects of overexpression of miR-202-3p. Then we explored whether
LRP6 knockdown could mediate the effects of miR-202-3p. We trans-
fected LRP6 siRNA into the Sertoli cell strain with low expression of
miR-202-3p, then compared the Sertoli cell functions among three
groups, including inhibitor ctrl, pre-miR inhibitor, and pre-miR
inhibitor+LRP6 siRNA-3. We found that LRP6 knockdown could
antagonize the effects of miR-202-3p inhibition. CCK-8 assay showed
that growth of Sertoli cells with low expression of miR-202-3p was
significantly restrained after transfection with LRP6 siRNA (Fig-
ure 8A). Detection of PCNA showed the same result (Figures 8B
and 8C). The expressions of GDNF, SCF, BMP4, FGF2, and
CXCL12 were also significantly reduced at 48 hr of transfection
with LRP6 siRNA (Figures 8D and 8E). Annexin V and PI staining
and flow cytometry demonstrated that the apoptosis rate increased
from 5.1% ± 0.1% to 8.4% ± 0.1% at 48 hr of transfection (Figures
8F and 8G); the protein levels of cPARP and Bax also increased signif-
icantly, whereas the expression of Bcl2 decreased (Figures 8H and 8I).

DISCUSSION
Sertoli cells are indispensable for maintaining normal spermatogen-
esis because they provide a suitable microenvironment or niche
with nutritional and immunological support for male germ cell devel-
opment. Abnormal number and/or functions of Sertoli cells can lead
to impaired spermatogenesis and male infertility ultimately.10 There-
fore, it is essential to explore the biology of Sertoli cells, which would
gain novel insights into the etiology of sterility or infertility and offer
erexpression plasmids or control plasmids, respectively. Firefly and Renilla luciferase

f LRP6, c-Myc, Cyclin D1, and b-catenin, as measured by real-time qPCR in the four

-catenin, and non-phospho-b-catenin protein levels at 72 hr after virus infection and

were normalized to the normal ctrl group, and results of the pre-miR inhibitor group
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Figure 6. LRP6 Knockdown Inhibits the Proliferation and Synthesis Function of Human Sertoli Cells

(A) CCK-8 assay showed the growth curve of human Sertoli cells after transfection of control siRNA or LRP6 siRNA-3 for 1–5 days. (B) Western blots demonstrated the

expression of PCNA after 48 hr of transfection of control siRNA or LRP6 siRNA-3. Results of three independent assays were concluded in (C). b-actin served as a loading

control of proteins. (D) EDU incorporation assay showed the EDU-positive cells in human Sertoli cells at 48 hr after transfection of control siRNA or LRP6 siRNA-3. Results of

three independent assays were concluded in (E). Cell nuclei were counterstained with Hoechst 33342. The percentages of EDU-positive cells were counted out of 500 total

cells from three independent experiments. (F) Western blots demonstrated GDNF, SCF, BMP4, FGF2, and CXCL12 proteins in human Sertoli cells at 48 hr after transfection

of control siRNA or LRP6 siRNA-3. Results of three independent assays were concluded in (G). b-actin served as a loading control of proteins. (H) CCK-8 assay showed the

(legend continued on next page)
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Figure 7. LRP6 Knockdown Promoted Apoptosis of Human Sertoli Cells

(A) Annexin-V and propidium iodide (PI) staining and flow cytometry showed the percentage of apoptosis in human Sertoli cells after LRP6 knockdown. Results of three

independent assays were concluded in (B). A total of 10,000 cells were analyzed. (C) TUNEL assay revealed the percentages of TUNEL+ cells in human Sertoli cells

transfected with control siRNA or LRP6 siRNA-3. Results of three independent assays were concluded in (D). (E) Western blots demonstrated cPARP, Bcl2, and Bax proteins

in human Sertoli cells at 48 hr after transfection with control siRNA or LRP6 siRNA-3. Results of three independent assays were concluded in (F). b-actin served as loading

control of proteins. **p < 0.01; ***p < 0.001. Scale bars, 10 mm (C).

www.moleculartherapy.org
new targets for gene therapy of male infertility. It will also facilitate
the development of new approaches for male contraception, because
it is feasible to modify the functions at epigenetic level, instead
of modifying DNA sequences, which is difficulty to do and is
irreversible.
growth curve of human spermatogonial stem cell line that cultured with culture medium

(I) Western blots demonstrated PCNA protein in human spermatogonial stem cell line af

with control siRNA or LRP6 siRNA-3. Results of three independent assays were conclud

bars, 20 mm (D).
Unlike germ cells, human Sertoli cells can be cultured for a long term
in vitro, while maintaining their primary morphology, phenotype,
and global gene expression pattern.65,66 Studies on Sertoli cells are
mainly focused on their proliferation, apoptosis, secretion, and im-
munoprotection functions, as well as the effect of aberrant Sertoli
collected daily from Sertoli cells transfected with control siRNA or LRP6 siRNA-3.

ter 72 hr of culture with culture medium collected daily from Sertoli cells transfected

ed in (J). b-actin served as a loading control of proteins. *p < 0.05; **p < 0.01. Scale
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cell function on SSC self-renewal and differentiation. Adult Sertoli
cells have previously been considered to be unable to divide or prolif-
erate because they are the terminally differentiated cells. Nevertheless,
this concept has been challenged, because Sertoli cells from adult
hamster and human could regain proliferation in vitro.65 We have re-
vealed that BMP4, BMP6, and NODAL can promote human Sertoli
cell proliferation.67–69 BMP4 knockdown inhibits the synthesis of
FGF2, SCF, zonula occludens 1, and claudin 11,67 whereas BMP6 sup-
presses the apoptosis of Sertoli cells via the Smad2/3 and Cyclin D1
pathway.68 NODAL enhances the secretion of Sertoli cells, especially
GDNF, SCF, and BMP4.69 Distinct characteristics of morphology and
biochemical phenotype in human Sertoli cells between NOA patients
and OA patients are identified, as evidenced by the fact that Sertoli
cells isolated fromNOA patients have a series of abnormal ultrastruc-
tural features and their transcript and protein levels of SCF, BMP4,
and GDNF are significantly lower compared with OA Sertoli cells.63

PRPS2, relaxin, and retinoic acid have also been reported to affect Ser-
toli cell function.70–72 These studies illustrate the involvement of aber-
rant Sertoli cell function in the pathogenesis of NOA. However, other
regulating factors, especially epigenetic regulators of human Sertoli
cells, remain to be clarified.

As important epigenetic regulators, miRNAs can interact with the
targeting genes through specific base-pairing with the key domain
of mature miRNAs, particularly at bases 2–8 of the 50 end known
as the “seed” region. The mRNA is cleaved under the condition
of perfect base-pairing between miRNAs and miRNA regulatory
elements (MREs) in the 30 UTR of targeting mRNAs, whereas
imperfect interaction between the miRNA and MREs leads to trans-
lational repression.32 miRNAs have been suggested to modulate
more than 60% of human protein coding genes and participate in
many cell processes, including development, virus defense, hemato-
poiesis, organ formation, apoptosis, and cell proliferation. Accumu-
lating evidence has indicated that miRNAs play critical roles in
regulating male germ cell development and are essential for epige-
netic regulation of the mitosis, meiosis, and spermiogenesis.37,39

Conditional knockout of dicer in either primordial germ cells or un-
differentiated spermatogonia results in infertility.41 It has been re-
ported that miR-21 promotes the self-renewal of Thy1+ mouse
SSCs by the regulation of transcription factor EVT5.38 We have
also demonstrated that miR-20 and miR-106a play essential roles
in regulating the proliferation and maintenance of mouse SSCs
via targeting Stat3.73 Other miRNAs involved in spermatogenesis
and spermiogenesis have been identified. Nevertheless, it remains
Figure 8. LRP6 Knockdown Attenuated the Effects of miR-202-3p Inhibition on

(A) CCK-8 assay displayed the proliferation of human Sertoli cells treated with miRNA i

5 days. (B) Western blot showed the expression of PCNA in Sertoli cells treated with miR

at 48 hr. Results of three independent assays were concluded in (C). (D)Western blot sho

with miRNA inhibitor control, miR-202-3p inhibitor, and miR-202-3p inhibitor+LRP6 siRN

V and propidium iodide (PI) staining and flow cytometry showed the percentage of apopt

and miR-202-3p inhibitor+LRP6 siRNA-3 at 48 hr. Results of three independent assa

demonstrated cPARP, Bcl2, and Bax proteins in human Sertoli cells treated with miRNA

48 hr. Results of three independent assays were concluded in (I). *p < 0.05; **p < 0.01
largely unclear about the function and targets of miRNAs in human
Sertoli cells. We have previously compared the miRNA profiles be-
tween OA and SCOS Sertoli cells using miRNA microarrays, and
among the 174 distinctly expressed miRNAs, miR-202-3p is one
of the most significantly upregulated miRNAs in SCOS Sertoli cells
compared with OA patients.42

miR-202-3p is highly conserved across animal species, and it belongs
to a member of the let-7 family. Consistent with the role of let-7 fam-
ily members, miR-202-3p has been reported to function as a novel tu-
mor suppressor, inducing apoptosis and inhibiting the proliferation
and invasion of various tumor cells, such as gastric cancer, neuroblas-
toma, lung cancer, and colorectal cancer. However, the function of
miR-202-3p in male Sertoli cells has not been elucidated. Our study
revealed that miR-202-3p is upregulated in SCOS Sertoli cells
compared with OA patients with normal spermatogenesis, indicating
a potential function of miR-202-3p in NOA progression. We found
that ectopic expression of miR-202-3p suppressed the proliferation
and synthesis function of human Sertoli cells, whereas inhibition of
miR-202-3p promoted Sertoli cell proliferation and synthesis. More-
over, Sertoli cell apoptosis increased by miR-202-3p overexpression
and reduced by miR-202-3p inhibition.

Using bioinformatics tools, we predicted that LRP6 and Cyclin D1 of
the Wnt/b-catenin signaling pathway were direct binding targets of
miR-202-3p in human Sertoli cells. The prediction was validated us-
ing a series of assays, including dual-luciferase assay. Because Cyclin
D1 was a downstream factor, and its function was not exclusive to the
Wnt/b-catenin signaling pathway, we mainly focused on the func-
tions of LRP6. As an indispensable coreceptor for the Wnt signaling
pathway, LRP6 has been reported to function as an onco-protein.
Overexpression of LRP6 contributes to the hyperactivation of the
Wnt/b-catenin signaling pathway, which could promote the progres-
sion and invasion of various tumors, including hepatocellular
carcinomas, colorectal cancer, prostate cancer, breast cancer, and
pancreatic cancer.59,74,75 Aberrant function of LRP6 is also related
to many other diseases, such as autosomal-dominant oligodontia,
Alzheimer’s disease, atherosclerosis, and diabetic retinopathy. In
the male reproductive system, Wnt/b-catenin signaling plays impor-
tant roles in the differentiation of Müllerian duct, organization of
testicular cords, development of primordial germ cells, and prolifera-
tion and differentiation of spermatogonia.61 With regard to Sertoli
cells, Boyer et al.76,77 have reported that expression of a constitutively
activated form of b-catenin in post-natal Sertoli cells causes male
Sertoli Cells

nhibitor control, miR-202-3p inhibitor, and miR-202-3p inhibitor+LRP6 siRNA-3 for

NA inhibitor control, miR-202-3p inhibitor, and miR-202-3p inhibitor+LRP6 siRNA-3

wed the expression of GDNF, SCF, BMP4, FGF2, and CXCL12 in Sertoli cells treated

A-3 at 48 hr. Results of three independent assays were concluded in (E). (F) Annexin

osis in human Sertoli cells treated with miRNA inhibitor control, miR-202-3p inhibitor,

ys were concluded in (G). A total of 15,000 cells were analyzed. (H) Western blots

inhibitor control, miR-202-3p inhibitor, and miR-202-3p inhibitor+LRP6 siRNA-3 at

.
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infertility via progressive deterioration of seminiferous tubules,
germ cell loss, and testicular atrophy. The Wnt/b-catenin signaling
pathway stimulates the proliferation of adult human Sertoli cells via
upregulation of c-Myc expression.78 It has been shown that testicular
Sertoli cell tumor was formed by overactive Wnt/b-catenin signaling
in mice.79 In this study, we found that overexpression of miR-202-3p
significantly inhibited the activation of the LRP6-mediated Wnt/
b-catenin signaling pathway. We also demonstrated that the expres-
sion levels of LRP6 and Cyclin D1 were downregulated in SCOS Ser-
toli cells compared with OA patients with normal spermatogenesis.
LRP6 knockdown inactivated the Wnt/b-catenin signaling pathway,
increased apoptosis, and suppressed the proliferation and synthesis
function of Sertoli cells. Furthermore, we found that LRP6 could
mediate the functions of miR-202-3p. LRP6 knockdown significantly
attenuated the effects exerted on Sertoli cells that were induced by
miR-202-3p inhibition. However, as we all know, various signaling
pathways interact with each other to regulate cellular activities. For
example, Akt can promote Wnt/b-catenin signaling by inactivating
GSK3b in different cells. Cyclin D1 is also involved in many other
signaling pathways, such as mitogen-activated protein kinase
(MAPK) and JAK-STAT signaling pathways. Whether they are
related to miR-202-3p and regulation of Sertoli cell functions still
need further study.

In summary, we have revealed that miR-202-3p is upregulated in
SCOS Sertoli cells compared with OA patients with normal spermato-
genesis. We have demonstrated that miR-202-3p induces the
apoptosis and inhibits the proliferation and synthesis function of Ser-
toli cells by targeting both LRP6 and Cyclin D1 of the Wnt/b-catenin
signaling pathway. Because Sertoli cells play key roles in regulating
spermatogenesis and they have significant applications in regenera-
tive medicine, this study could offer new insights into the etiology
for azoospermia and might offer new targets for treating male repro-
ductive disorders and other human diseases.

MATERIALS AND METHODS
Ethics Statement

The work was approved by the Institutional Review Board of
Shanghai General Hospital (license number of ethics statement:
2016KY196). All experimental protocols were performed in accor-
dance with relevant guidelines and regulation of the Institutional
Review Board of Shanghai General Hospital. Written informed con-
sents for testicular biopsies were obtained from the donors for the
research only.

Acquisition of Testicular Tissues from OA and SCOS Patients

Testicular tissues were obtained from 20 OA patients and 20 SCOS
patients who underwent micro-dissection testicular sperm extraction
from June 2016 to August 2017 at Shanghai General Hospital, affili-
ated to Shanghai Jiao Tong University. All OA patients were caused
by the vasoligation or inflammation, and normal spermatogenesis
was observed in these patients. The diagnosis of SCOS was dependent
on histological analysis, which showed that only Sertoli cells were pre-
sent within the seminiferous tubules.
14 Molecular Therapy: Nucleic Acids Vol. 14 March 2019
Isolation, Identification, and Culture of Human Sertoli Cells from

OA and SCOS Patients

Testicular tissues from OA and SCOS patients were washed three
times with aseptic DMEM Nutrient Mixture F-12 (DMEM/F-12)
(GIBCO, Grand Island, NY, USA) with 2% antibiotics containing
penicillin and streptomycin (GIBCO). Two-step enzymatic digestion
and differential plating was utilized to isolate Sertoli cells from human
testicular tissues. The testicular tissues were cut into pieces and incu-
bated with 10 mL of DMEM containing 2 mg/mL type IV collagenase
(GIBCO) and 10 mg/mL DNase I (Sigma, St. Louis, MO, USA) in wa-
ter bath at 34�C for 15 min. Seminiferous tubules were washed exten-
sively with DMEM to remove Leydig cells and peritubular myoid
cells. Sertoli cells and human male germ cells were obtained from
seminiferous tubules using a second enzymatic digestion comprising
4 mg/mL collagenase IV, 2.5 mg/mL hyaluronidase (Sigma), 2 mg/mL
trypsin (Sigma), and 10 mg/mL DNase I in water bath at 34�C for 10–
15 min. The suspension was centrifuged at 300� g for 5 min, and the
supernatant was removed. The precipitant was resuspended in
DMEM/F-12 with 10% fetal bovine serum (FBS) (GIBCO) and then
filtered by a 40-mm cell strainer and seeded into a 10-cm Matrigel
(BD Biosciences)-coated dish. The cells were incubated in DMEM/
F-12 (GIBCO) supplemented with 10% FBS at 34�C in 5% CO2 for
1 day. The suspending male germ cells and other types of cells were
removed, and Sertoli cells were attached to culture dishes. The
viability of freshly isolated human Sertoli cells was assessed by the try-
pan blue staining. Freshly isolated human Sertoli cells were identified
by RT-PCR and immunostaining with antibodies against GATA4,
WT1, SOX9, GDNF, SCF, VIM, and OCLN. Immunostaining with
antibodies against a-SMA, CYP11A1, and VASA was also conducted
to rule out the possibility of contamination by peritubular myoid cells,
Leydig cells, and germ cells.

Trypan Blue Staining

The viability of freshly isolated human Sertoli cells and the cells after
6 hr of LRP6 siRNA transfection was assessed by trypan blue staining.
The cells were incubated with 0.4% trypan blue, and viability of these
cells was calculated by percentage of the cells excluding trypan blue
staining.

Immunocytochemistry

For immunocytochemistry staining, freshly isolated and cultured
human Sertoli cells were fixed with 4% paraformaldehyde (PFA) for
30 min, washed three times with cold PBS (Medicago, Uppsala, Swe-
den), and permeabilized with 0.4% Triton X-100 (Sigma) for 5 min.
After extensive wash with PBS, the cells were blocked in 5% bovine
serum albumin (BSA) (Sigma) for an hour at room temperature.
The cells were then incubated with primary antibodies overnight at
4�C, including GATA4 (1:200; Santa Cruz, Dallas, TX, USA), WT1
(1:200; Santa Cruz, Dallas, TX, USA), SOX9 (1:500; Millipore, Bed-
ford, MA, USA), GDNF (1:300; Santa Cruz, Dallas, TX, USA), SCF
(1:300; Santa Cruz, Dallas, TX, USA), VIM (1:100; Cell Signaling
Technology [CST], Danvers, MA, USA), OCLN (1:200; Abcam, Cam-
bridge, UK), a-SMA (1:200; Abcam, Cambridge, UK), CYP11A1
(1:200; Abcam, Cambridge, UK), VASA (1:100; Santa Cruz, Dallas,
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TX, USA), and ki-67 (1:200; Santa Cruz, Dallas, TX, USA). After
extensive washes with PBS, the cells were incubated with the second-
ary antibody, namely immunoglobulin G (IgG) conjugated with fluo-
rescein isothiocyanate (FITC) (Sigma) or rhodamine-conjugated IgG
(Sigma), at a 1:200 dilution for 1 hr at room temperature. DAPI was
used to label the nuclei. Replacement of primary antibodies with PBS
was used as a negative control, and images were captured with a Ni-
kon microscope.

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

Total RNA was extracted from human Sertoli cells using TRIzol (Ta-
kara, Kusatsu, Japan), and the quality and concentrations of total
RNA were measured by NanoDrop (Thermo Scientific). The ratio
of A260/A280 of total RNA was set as 1.9–2.0 to ensure quality.
Reverse transcription (RT) of total RNA was conducted using the
First Strand cDNA Synthesis Kit (Thermo Scientific, USA), and
PCR of the cDNA was carried out according to the protocol as
described previously.80 The primer sequences of chosen genes were
designed and listed in Table S1. The PCR started at 94�C for 2 min
and was performed in terms of the following conditions: denaturation
at 94�C for 30 s, annealing at 55�C–60�C for 45 s, and elongation at
72�C for 45 s, for 35 cycles. The samples were incubated for an addi-
tional 5 min at 72�C. PCR with PBS but without cDNA served as a
negative control. PCR products were separated by electrophoresis
on 2% agarose gel and visualized with ethidium bromide. Images
were recorded and band intensities were analyzed using chemilumi-
nescence (Chemi-Doc XRS; Bio-Rad).

Real-time qPCR was performed using Power SYBR Green PCR Mas-
ter Mix (Applied Biosystems, Woolston Warrington, UK) in a Veriti
96-Well Thermal Cycler (Applied Biosystems, Carlsbad, CA, USA).
To quantify the PCR products, we used the comparative Ct (threshold
cycle) method as described previously.67 The Ct values of genes were
normalized against the threshold value of human housekeeping gene
b-actin [DCt = Ct (target gene) � Ct (b-actin)], and the relative
expression of target genes in the treatment group to the controls
was calculated by formula 2�DDCt [DDCt = DCt(treatment) �
DCt(control)]. The primers of detected genes were listed in Table S1.

Real-Time qPCR Analysis for miRNA

For miRNA real-time qPCR, RT reaction was performed using
miScript II RT Kit (Qiagen, Germany). Each RT reaction was in a total
volume of 20 mL, comprising 0.1 mg of total RNA, 4 mL of miScript
HiSpec Buffer, 2 mL of Nucleics Mix, and 2 mL of miScript Reverse
Transcriptase Mix. Reaction was performed in a Veriti 96-Well Ther-
mal Cycler (Applied Biosystems, Carlsbad, CA, USA) for 60 min at
37�C and followed by heat inactivation of RT at 95�C for 5 min.
RT reaction mix was diluted by five times with nuclease-free water
and preserved at �20�C. Primer sequence of miR-202-3p used for
real-time qPCR was 50-AGAGGTATAGGGCATGGGAA-30. Real-
time qPCR was performed using 7500 Fast Real-Time PCR System
(Applied Biosystems, Woolston Warrington, UK) with 25 mL of
PCR mixture containing 2 mL of cDNA, 12.5 mL of QuantiTect
SYBR Green PCRMaster Mix (Qiagen, Germany), 2.5 mL of universal
primer (Qiagen, German), 2.5 mL of miRNA-specific primer, and
5.5 mL of nuclease-free water. Reactions were incubated in a 96-well
optical plate (Applied Biosystems, Woolston Warrington, UK) at
95�C for 10 min and followed by 40 cycles of 95�C for 10 s, 60�C
for 30 s. Each sample was run in triplicate. In the end of the PCR cy-
cles, melting curve analysis was performed to validate the specific gen-
eration of the expected PCR products. The expression levels of
miRNA were normalized to U6 and calculated using the 2�DDCt

method described above.

Lentivirus Production and Transduction

The pGMLV-MA2, pGMLV-MA2-miR-202-3p, pGMLV-SC5, and
pGMLV-SC5-miR-202-3p inhibitor plasmids were cotransfected
into HEK293T cells along with the packaging plasmid pCMV-D8.9
and the envelope plasmid VSVG using Lipofectamine 3000 (Invitro-
gen). Forty-eight hours after cotransfection, virus particles were har-
vested and filtered by a 0.2-mm cell strainer. The titer of the lentivirus
was 1 � 108 transducing units (TU)/mL. The particles were individ-
ually used to infect OA Sertoli cells with 6 mg/mL polybrene (Sigma).
Culture medium was changed to DMEM/F-12 with 10% FBS 24 hr
later, and EGFP fluorescence was observed under the fluorescent mi-
croscope after 96 hr to ensure successful infection. Once green fluo-
rescence was seen, 2 mg/mL puromycin was added into the culture
medium for screening. About 5 days later, only Sertoli cells that
were infected successfully survived, which were cultured for further
experiments.

Western Blots

Human Sertoli cells from OA and SCOS patients with or without
infection or siRNA transfection were lysed with RIPA buffer (Biotech
Well, Guangzhou, Shanghai, China) for 30 min on ice. Cell lysates
were centrifugated at 12,000 � g for 20 min at 4�C, and the protein
concentration was measured using BCA kit (Dingguo Changsheng
Biotech, Beijing, China). Twenty micrograms of cell lysate from
each sample was used for SDS-PAGE (Bio-Rad Laboratories), and
western blots were performed according to the protocol as described
previously.81 In brief, samples were resolved in the XCell Sure Lock
Novex Mini-Cell apparatus (Invitrogen, Carlsbad, CA, USA) and
transferred to nitrocellulose membranes for 1.5 hr on ice. The mem-
branes were washed with TBS containing 0.1% Tween (TBST) (Ding-
guo Changsheng Biotech, Beijing, China) and blocked with 5% nonfat
dry milk in TBST for 1 hr at room temperature. After extensive wash
with TBST, the membranes were incubated with the chosen primary
antibodies overnight at 4�C, including PCNA (1:200; Santa Cruz, Dal-
las, TX, USA), Cyclin A2 (1:2,000; CST, Danvers, MA, USA), Cyclin
B1 (1:1,000; CST, Danvers, MA, USA), Cyclin D1 (1:1,000; CST, Dan-
vers, MA, USA), Cyclin E1 (1:1,000; CST, Danvers, MA, USA),
b-actin (1:5,000; Proteintech, Chicago, MI, USA), cPARP (1:1,000;
CST, Danvers, MA, USA), Bcl2 (1:500; Santa Cruz, Dallas, TX,
USA), Bax (1:500; Santa Cruz, Dallas, TX, USA), GDNF (1:300; Santa
Cruz, Dallas, TX, USA), SCF (1:300; Santa Cruz, Dallas, TX, USA),
BMP4 (1:1,000, CST, Danvers, MA, USA), FGF2 (1:1,000; CST, Dan-
vers, MA, USA), CXCL12 (1:1,000; CST, Danvers, MA, USA), LRP6
(1:1,000; CST, Danvers, MA, USA), c-Myc (1:1,000; CST, Danvers,
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MA, USA), phospho-b-catenin (1:1,000; CST, Danvers, MA, USA),
b-catenin (1:300; Santa Cruz, Dallas, TX, USA), and non-phospho-
b-catenin (1:1,000; CST, Danvers, MA, USA). The next day, the mem-
branes were washed three times with TBST and then incubated with
horseradish peroxidase-conjugated anti-rabbit IgG or anti-mouse
IgG (Santa Cruz Biotechnology, CA, USA) at a 1:2,000 dilution for
1 hr at room temperature. The blots were detected by chemilumines-
cence (Chemi-Doc XRS; Bio-Rad, Hercules, CA, USA) after extensive
washes with TBST. Optical density analyses were processed with
Adobe Photoshop CC. The relative levels of proteins were normalized
to the expression of b-actin.

Cell Proliferation Assay

Human Sertoli cells from the stable cell strains were seeded at a den-
sity of 1,000 cells/well in 96-well microtiter plates in DMEM/F-12
supplemented with 10% FBS overnight. The medium was changed
every day. The proliferation potential of human Sertoli cells was
detected by CCK-8 assay (Dojin Laboratories, Kumamoto, Japan) ac-
cording to the manufacturer’s instructions. Proliferation of human
SSCs and Sertoli cells treated with or without LRP6 siRNA transfec-
tion was detected the same way.

For EDU incorporation assay, human Sertoli cells from the stable cell
strains were seeded in 96-well plates with 1,000 cells/well in DMEM/
F-12 supplemented with 10% FBS overnight to allow the cells to attach.
Then, 20mMEDU (RiboBio, Guangzhou, China) was added to theme-
dium and incubated for 16 hr. Afterward, the cells were washed twice
with PBS and fixed with 4% PFA at room temperature, and 50 mL of
2 mg/mL glycine (DingGuoChangSheng Biotech) was added to each
well to neutralize the PFA. The cells were washed with 0.5% Tritonx-
100 in PBS and exposed to 100 mL of Apollo-Fluor (RiboBio, Guangz-
hou, China) for 30 min in the dark at room temperature. Cell nuclei
were stained with Hoechst 33342 for 30 min. The percentage of
EDU-positive cells was counted from 500 cells, and three independent
experiments were performed. Proliferation of Sertoli cells treated with
or without LRP6 siRNA transfectionwas detected by the samemethod.

ki-67 immunofluorescence and western blot of PCNA were also per-
formed to show the proliferation of Sertoli cells and human SSCs,
which was described in detail above.

Annexin-V and PI Staining and Flow Cytometry

Human Sertoli cells from the stable cell strains were seeded at a den-
sity of 1 � 105 cells/well in six-well plates in DMEM/F-12 supple-
mented with 10% FBS overnight. Forty-eight hours later, cells were
harvested and washed with cold PBS twice, and apoptosis percentages
of human Sertoli cells were detected using the Annexin V-FITC/PI
kit by flow cytometry according to the manufacturer’s instructions
(BioLegend, London, UK). It was feasible to identify and quantify
apoptotic cells by conjugating FITC to Annexin V using flow cytom-
etry. Staining cells simultaneously with Annexin V-FITC (green fluo-
rescence) and the non-vital dye PI (red fluorescence) allowed
the discrimination of intact cells (FITC�PI�) and early apoptotic
(FITC+PI�) and late apoptotic or necrotic cells (FITC+PI+).
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Apoptosis of Sertoli cells treated with or without LRP6 siRNA trans-
fection was detected by the same method.

TUNEL Assay

Further analysis of apoptotic cells was conducted by TUNEL
Apoptosis Detection Kit (Yeasen, Shanghai, China). Human Sertoli
cells were treated according to the methods mentioned above. The
cells were fixed with 4% PFA for 25 min at 4�C. After several washes,
the cells were incubated with proteinase K (20mg/mL) and 1�DNase
I buffer for 5 min at room temperature. Cells were then treated with
10 U/mL DNase I for 10 min at room temperature and followed by
washes in deionized water. These cells were incubated with 1� equil-
ibration buffer for 30 min at room temperature and labeled by Alexa
Fluor in buffer premixed with terminal-deoxynucleoitidyl transferase
(TdT) enzyme for 60 min at 37�C. After being washed with PBS, the
cells were finally stained with DAPI and analyzed under a fluores-
cence microscope (Nikon, Tokyo, Japan).

Dual-Luciferase Assay

HEK293T cells and Sertoli cells were transfected with 500 ng of
psiCHECK-2 vectors in which wild-type or mutant form of 30 UTR
of LRP6 or Cyclin D1 was cloned (contained firefly luciferase as the
reporter gene controlled by SV40 promoter gene and Renilla lucif-
erase as the tracking gene controlled by CMV promoter) with 2 mg
of miR-202-3p normal control or overexpression plasmids in reduced
serum Opti-MEM, using 3.75 mL of Lipofectamine 3000 and 5 mL of
P3000. Cell extracts were prepared 24 hr after transfection, and lucif-
erase activity was measured using the Dual-Luciferase Reporter Assay
System (Promega, USA) pursuant to the manufacturer’s protocol.
Firefly luciferase activity was used for normalization and an internal
control for transfection efficiency.

RNAi of LRP6

The siRNA sequences targeting LRP6 mRNA were purchased from
GenePharma (Suzhou, China), and the sequences were listed in Table
S3. To optimize the effect of LRP6 RNAi, we constructed three
siRNAs targeting different regions of LRP6. Human Sertoli cells
were seeded at 2� 105/cm2 density and cultured in DMEM/F-12 sup-
plemented with 10% FBS overnight. The medium was changed to
DMEM/F-12 supplemented with 1% FBS. FAM-labeled control
siRNA and LRP6 siRNAs were transfected using Lipofectamine
3000 according to the manufacturer’s manual. The viability of the
cells after 6 hr of transfection was evaluated by trypan blue staining.
The transfection efficiency was detected using a Nikon fluorescence
microscope. After 48 or 72 hr, the cells were harvested to examine
the expression changes of various genes and proteins accordingly.

Statistical Analysis

All data were presented as mean ± SEM. The data obtained in exper-
iments with multiple treatments were subjected to one-way ANOVA
followed by Newman-Keuls test of significance using GraphPad
Prism (version 5, GraphPad Software). Student’s t test was employed
to study statistical significance in experiments with only two treat-
ments, and p < 0.05 was considered statistically significant.
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