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Abstract

Background Mammalian spermatogenesis is responsible for male fertility and is supported by the self-renewal and differentiation
of spermatogonial stem cells (SSCs). Sertoli cells provide a supportive microenvironment for SSCs, in part by the production of
stem cell factor (SCF), which is a potent regulator of spermatogonia proliferation and survival.

Methods We investigated the novel role of {3-estradiol in modulating the proliferation and apoptosis of fetal SSCs via the
regulation of SCF secretion in Sertoli cells isolated from human fetal testes. The proliferation of SSCs in the co-culture system
was determined by colony formation and BrdU incorporation assays. TUNEL assay was used to measure SSC apoptosis in co-
culture in response to treatment with control, 3-estradiol, or the combination of 3-estradiol and the estrogen receptor inhibitor ICI
182780.

Results In the system with purified human fetal Sertoli cells (MIS+/c-Kit—/AP-), 3-estradiol upregulated the production of SCF
in a dose- and time-dependent manner. In the co-culture system of primary human fetal SSCs (c-Kit+/SSEA-4+/Oct-4+/AP+)
and Sertoli cells (MIS+), (3-estradiol markedly increased the proliferation of SSCs. Moreover, SSC apoptosis was significantly
inhibited by (3-estradiol and was completely reversed by the combination of (3-estradiol and ICI 182780.

Conclusion Here we report, for the first time, that 3-estradiol can induce the increase of SCF expression in human fetal Sertoli
cells and regulates the growth and survival of human fetal SSCs. These novel findings provide new perspectives on the current
understanding of the role of estrogen in human spermatogenesis.
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Introduction

Spermatogonial stem cells (SSCs) are defined by their ca-
pacity for self-renewal and differentiation and are crucial
for spermatogenesis and male fertility [1]. SSCs are pri-
marily located in the stem cell niche [2], a specialized
microenvironment in the basal compartment of seminifer-
ous tubules, where they are in close contact with Sertoli
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cells, peritubular myoid cells, secreted soluble factors, and
extracellular matrix [3]. Sertoli cells are columnar-shaped
epithelial cells that play important roles in supporting the
biological functions of SSCs. Key evidence comes from a
previous study that demonstrated that transplantation of
normal Sertoli cells into seminiferous tubules successfully
restored spermatogenesis in infertile mouse testes in which
the infertility was caused by a defect in Sertoli cells [4].
Sertoli cells not only provide nutritional support but also
produce growth factors, including stem cell factor (SCF)
and activin, which stimulate the differentiation of SSCs,
and glial cell-derived neurotrophic factor (GDNF) and fi-
broblast growth factor 2 (FGF2), which promote the self-
renewal of SSCs [2, 5, 6]. Specifically, it has been shown
that depletion of SCF alone greatly suppressed the prolif-
eration of germ cells in rat testes, which could be rescued
by supplementation of exogenous SCF [7]; this finding
indicates that SCF plays an indispensable role in regulating
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the proliferation of undifferentiated SSCs. However, the
regulatory mechanism of Sertoli cell-induced SCF secre-
tion remains largely unknown, especially in the fetal testes.
Aggregation of fetal Sertoli cells initiates testes cord for-
mation, and germ cells are subsequently encased within the
testes cords [8]. These fetal germ cells are characterized by
the expression of alkaline phosphatase, and the
pluripotency markers, NANOG, Oct4, and SSEA4 [9,
10]. Fetal Sertoli cells are required to maintain testicular
differentiation and coordinate the proliferation of all other
cell types within the testes, including the germ cells [11].
This prompts us to explore the factors that affect the SCF
level in Sertoli cells and consequently modulate the growth
and survival of SSCs.

Accumulating evidence has shown that estrogen plays a
vital role in spermatogenesis and male fertility [12]. Indeed,
targeted disruption of aromatase [13] or estrogen receptor
(ER) [14] in animal models has been shown to significantly
suppress spermatogenesis and sperm functions. In the testis,
aromatase in Leydig cells induces androgens to synthesize
estrogens, which subsequently bind to high-affinity ERs
and transcriptionally regulate downstream estrogen-
responsive genes [15]. There are two isoforms of ER: ER«x
and ER[3. Although they have high sequence homology,
they are encoded by different genes on different chromo-
somes and are involved in distinct biological processes [16].
Both ERx and ERf3 are expressed in the mammalian fetal
testis with distinct distribution profiles [17, 18]. However,
in the human fetal testis, ER(3 is primarily located in the
fetal germ cells, Sertoli cells, and Leydig cells, especially
between 13 and 24 weeks of fetal age, while ER is mostly
absent [19, 20]. Our preliminary studies confirmed the ex-
istence of ER3 mRNA in the human fetal testis, the expres-
sion of which decreased with increasing fetal age. We have
also demonstrated that the ability of SCF to stimulate the
proliferation of human gonocytes decreases with increasing
fetal age [21]. Given these previous findings, we hypothe-
sized that estrogen binds to ER 3 in Sertoli cells to stimulate
SCF secretion, which in turn activates c-Kit signaling in
SSCs and regulates the growth and survival of SSCs in the
human fetal testis.

In this study, using (3-estradiol as a tool, we sought to
explore the effects of estrogens on SCF expression in a puri-
fied human fetal Sertoli cell system at both the transcriptional
and translational level. We further established a unique co-
culture system with primary fetal SSCs, identified using the
markers SSEA4, Oct4, c-Kit, and AP, and Sertoli cells isolat-
ed from human fetal testes, using the marker MIS, and inves-
tigated whether estrogens regulate the proliferation and apo-
ptosis of SSCs [8, 9, 21, 22]. Our results show, for the first
time, the involvement of estrogens in the regulation of SCF-
mediated growth and survival of SSCs in the human fetal
testis.
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Materials and methods
Collection of fetal testes

Sixteen human fetuses, between 16 and 28 weeks, were col-
lected from pregnant women who underwent medical abor-
tions in the Obstetrics and Gynecology Clinic of Changsha
Maternity and Child Health Hospital. All the women provided
informed consent. The integrity and morphology of the em-
bryos were evaluated, and there were no obvious defects as-
sociated with testes development. The testes were taken from
fetuses of 1618 weeks (n=7), 20-22 weeks (n = 7), and 24—
28 weeks (n = 2) of gestation. The gestational age was deter-
mined based on ultrasonography. This study was performed in
accordance with the national guidelines (Review of the
Guidance on the Research Use of Fetuses and Fetal Material
1989). We used samples that were 16-28 weeks old in the
Sertoli cell culture experiment and samples that were 1618
weeks and 20-22 weeks old in the Sertoli and SSCs co-culture
experiment.

Ex vivo culture of human fetal Sertoli cells and fetal
SSCs

The testes were aseptically removed from fetuses (n = 16),
washed 3 times in Dulbecco’s Modified Eagle Medium
(DMEM; GIBCO, Life Technologies, New York, NY,
USA), trimmed of the testicular capsules under a stereomicro-
scope, and minced with fine scissors before two-step enzymat-
ic digestion. The decapsulated testes were then digested in
Hank’s buffered salt solution (HBSS; GIBCO) containing
500-ng/ml DNase I and 500-ng/ml collagenase IV (Sigma
Aldrich, St. Louis, MO, USA) at 37°C by shaking in a water
bath for 15 min. After unit gravity sedimentation for 5 min, the
interstitial cell-enriched supernatant was discarded. The re-
maining tissues were digested in DMEM containing 0.25%
trypsin and 500-ng/ml DNase I at 37°C for 5 min. The reac-
tion was quenched by the addition of DMEM supplemented
with 10% fetal bovine serum (FBS; GIBCO), followed by
centrifugation at 300 x g for 5 min at 4°C. A differential
adherence method was used to obtain a purified cell suspen-
sion that mainly contained germ and Sertoli cells, while the
majority of interstitial and myoblast-like cells were removed.
Briefly, following two-step enzymatic digestion, the solutions
were incubated at 37°C and 5% CO, for 4 h. Following incu-
bation, the solutions were gently transferred to a large culture
dish, and the culture medium, which contained mostly germ
and Sertoli cells, was collected after 3 h [23, 24]. For separa-
tion and culture of human fetal Sertoli cells, the cell suspen-
sion was filtered through a 40-pm cell strainer (BD Falcon,
BD Biosciences, San Jose, CA, USA) and grown in DMEM
supplemented with 1% MEM nonessential amino acid solu-
tion, 50-uM 2-mercaptoethanol, 2-mM L-glutamine, 1-mM
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sodium pyruvate (GIBCO), 10-ng/ml basic fibroblast growth
factor (bFGF; R&D Systems, Minneapolis, MN, USA), 2.5-
ng/ml mouse epidermal growth factor (EGF; Invitrogen,
Carlsbad, CA, USA), and 100-ng/ml 3-estradiol (E2; Sigma
Aldrich) in a humidified atmosphere of 5% CO,. For co-
culture of human fetal Sertoli cells and fetal SSCs, the suspen-
sion was filtered through a 50-um cell strainer (BD Falcon)
and grown in DMEM (high glucose) supplemented with 0.2%
bovine serum albumin (BSA; Sigma Aldrich), 2-mM L-glu-
tamine, 0.1-mM 2-mercaptoethanol, 1% MEM nonessential
amino acid solution, 100-ng/ml SCF (R&D Systems), 10-
ng/ml bFGF, and 10*-U/ml leukemia inhibitory factor (LIF;
R&D Systems) in a humidified atmosphere of 5% CO..

Immunocytochemical staining

Immunocytochemical staining, including immunofluores-
cence staining, was performed on primary Sertoli cells and
fetal SSCs after 3 passages. Cells were fixed with 4% parafor-
maldehyde and permeabilized with 0.1% Triton X-100
(Sigma). After blocking (1% BSA and 10% goat serum
[Maixin Biotech, Fuzhou, China]) in phosphate-buffered sa-
line (PBS; GIBCO) at room temperature for 30 min, the cells
were incubated with primary antibodies at a dilution of 1:100
overnight at 4°C. The primary antibodies used in this study
were as follows: mouse anti-human Mullerian inhibiting sub-
stance (MIS) monoclonal antibody (R&D Systems), rabbit
anti-human c¢-Kit monoclonal antibody (Agilent Dako, Santa
Clara, CA, USA), goat anti-human SCF polyclonal antibody
(R&D Systems), goat anti-human ER[3 polyclonal antibody,
mouse anti-human stage-specific embryonic antigen-4
(SSEA4) monoclonal antibody (Santa Cruz Biotechnology,
Santa Cruz, CA, USA), and mouse anti-human octamer-bind-
ing transcription factor 4 (Oct-4) monoclonal antibody (Santa
Cruz). After washing with PBS for 5 min (three times), the
cells were incubated with FITC-conjugated or rhodamine-
conjugated secondary antibodies at a dilution of 1:500 for
1 h at room temperature. The slides were counterstained with
4,6-diamidino-2-phenylindole (DAPI; Sigma) for nuclear
staining and were analyzed under a Nikon fluorescence mi-
croscope (Nikon 801, Nikon, Tokyo, Japan). In addition, cel-
lular alkaline phosphatase (AP) activity was detected via the
BCIP/NBT Kit (GIBCO) according to the manufacturer’s in-
structions. For each experiment, at least 20 randomly selected
fields (40 x magnification) were captured and analyzed for
each sample.

Quantitative reverse transcription polymerase chain
reaction (RT-PCR)

Total RNAs were extracted using TRI reagent (Sigma),
followed by the First Strand cDNA Synthesis Kit for RT-
PCR (Sigma) according to the manufacturer’s protocols.

Quantitative RT-PCR was performed with SYBR® Green
PCR Supermixes (Bio-Rad Laboratories, Hercules, CA,
USA) at 95°C for 2 min, followed by 30 cycles of 94°C for
30 s, 60°C for 30 s, and 72°C for 30 s. The primers used were
as follows: SCF, ACTAGTGACTGTGTGCTCTC (forward),
ACTAGTTACCAGCCACTGTG (reverse); and (3-actin
(housekeeping gene), CGCACCACTGGCATTGTCAT (for-
ward), TTCTCCTTGATGTCACGCAC (reverse).

BrdU cell proliferation assay

The DNA replication activity of primary human fetal SSCs
co-cultured with Sertoli cells was analyzed with 5-
bromodeoxyuridine (BrdU) labeling and detection. Cells were
incubated with 10-uM BrdU (Sigma) overnight, fixed in 4%
paraformaldehyde, and stored in 70% alcohol at 4°C. BrdU-
labeled cells were then denatured in HC1 (2 M) for 10 min,
followed by immediate neutralization with sodium borate
buffer (0.1 M, pH 8.5) for 20 min at room temperature.
Cells were subsequently blocked with 5% BSA and 1%
Triton X-100 in PBS to prevent unspecific binding, before
incubating with mouse anti-human BrdU monoclonal anti-
body (1:500; Sigma) overnight at 4°C. Following incubation,
the cells were incubated with FITC-conjugated anti-mouse
antibody (1:100; Santa Cruz) at room temperature for 40
min. Nuclear DNA was labeled by 300-nM DAPI for 5 min
at room temperature before visualization under a Nikon fluo-
rescence microscope. The proliferation index of fetal SSCs
was determined by the percentage of BrdU-positive nuclei/
DAPI-labeled total nuclei within the fetal SSC colonies.

TUNEL apoptosis assay

Primary human fetal SSCs co-cultured with Sertoli cells were
treated with 100-ng/ml E2 for 7 days. On day 7, E2 was
removed, and the cells were further cultured with a medium
supplemented with vehicle control, 100-ng/ml E2, or 100-
ng/ml E2 + 10" M ICI 182780 (Sigma), a specific ER inhib-
itor, for 1, 3, or 5 days. To determine the percentage of apo-
ptotic cells, we applied the terminal deoxynucleotidyl
transferase—mediated dUTP nick-end labeling (TUNEL) tech-
nique using the In Situ Cell Death Detection Kit (Roche
Applied Sciences) following the manufacturer’s instructions.
Briefly, the cells were mounted on glass slides, washed with
PBS, air-dried, fixed in fresh 4% paraformaldehyde for 1 h at
room temperature, incubated in 0.1% Triton X-100 for 10 min
on ice for membrane permeabilization, and covered with
TUNEL reaction mixture for 1 h at 37°C in the dark. Cells
were then counterstained with DAPI for quantification of the
cell number before being analyzed under a Nikon fluores-
cence microscope. The percentage of TUNEL-positive
nuclei/DAPI-labeled total nuclei within the fetal SSC colonies
was designated as the index of apoptosis.
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Statistical analysis

All quantitative data are presented as the mean + standard
error of the mean (SEM) from at least three independent ex-
periments. One-way ANOVA followed by the non-parametric
Kruskal-Wallis test was used to perform comparisons among
experimental groups. P-values < 0.05 were considered to in-
dicate statistically significant differences.

Results
Primary human fetal Sertoli cells express ERp

We performed immunocytochemical staining to validate the
isolation and culture of Sertoli cells from human fetal testes.
Isolated Sertoli cells were attached to the bottom of the culture
dish and showed high expression of MIS, a specific embryon-
ic stage marker (Fig. 1a). In addition, these cells were largely
negative for c-Kit, a specific germ cell marker (Fig. 1b), and
AP, a stem cell marker (Fig. 1c). The cell marker expression
profiles were unchanged after 12 passages. Notably, ER[3 ex-
pression was observed in the nucleus, cytoplasm, and
cytoplastic membrane of isolated human fetal Sertoli cells
(Fig. 1d), consistent with the expression pattern in fetal testic-
ular tissues described in a previous report [20].

E2 promotes SCF production in primary human fetal
Sertoli cells

Next, we evaluated the ability of cultured primary human
Sertoli cells to produce SCF in response to E2 (3-estradiol)

Fig. 1 Identification of primary
Sertoli cells isolated from human
fetal testes. Primary human
Sertoli cells were isolated from 16
human fetal testes.
Immunocytochemical staining
was performed on cells passaged
no more than 12 times and prior to
confluency. Representative
images are shown. The nuclei are
stained with DAPI (blue). Scale
bar: 50 pm. a Immunostaining for
Mullerian inhibiting substance
(MIS) (green), a specific Sertoli
cell marker; b immunostaining
for c-Kit (green), a specific germ
cell marker; ¢ immunostaining for
alkaline phosphatase (AP) (red), a
stem cell marker; and d
immunostaining for estrogen-
responsive (ER)B (green)

a
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MIS

stimulation, an important biological function of Sertoli cells
[25]. Due to the limited number of specimens, the number of
cultured Sertoli cells was insufficient; thus, we did not acquire
reliable experimental results of SCF expression in Sertoli cells
detected by western blot. Therefore, we tested our hypothesis
by adding E2 to Sertoli cells to enhance the IF signal intensity
of SCF expression in Sertoli cells. As shown in Fig. 2a, in the
presence of 100-ng/ml E2, a strong fluorescence signal of SCF
was generated in Sertoli cells, compared with minimal back-
ground fluorescence of SCF in the absence of E2 stimulation.
To determine whether E2-induced SCF is dose- or time-de-
pendent, we subjected Sertoli cells to 0-, 50-, 100-, 150-, 200-,
or 500-ng/ml E2 for 1 h, or to 100-ng/ml E2 for 0, 15, or 30
min, or 1, 3, or 24 h, and subsequently performed quantitative
RT-PCR for relative SCF mRNA expression. Compared to
the vehicle control, 50-ng/ml E2 had no effect on the SCF
level, 100-ng/ml E2 significantly induced the production of
SCF (P < 0.05), but higher doses of E2 (150, 200, or 500
ng/ml) did not further increase SCF mRNA in Sertoli cells
(Fig. 2b). Compared to the 0-h control group, SCF expression
was markedly increased 30 min after E2 induction (P < 0.01
vs. 0 h) and peaked at 1-h post E2 stimulation (P < 0.01 vs. 0
h; P <0.01 vs. 30 min). Induced SCF mRNA expression was
not significantly different between 1 h and longer E2 treat-
ment (3 or 24 h) (P > 0.05) (Fig. 2c¢).

Co-culture of fetal SSCs and Sertoli cells isolated from
human fetal testes

Immunofluorescence analysis was performed on a cryosection
of a 20-week-old human fetal testis prior to the isolation of
Sertoli cells and SSCs (Fig. S1). To obtain a purified co-

b c-Kit
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Fig. 2 E2 upregulates SCF in
primary Sertoli cells. Primary
human Sertoli cells were treated
with vehicle control (a) or 100-
ng/ml E2 (b).
Immunofluorescence staining of
SCF (red) was performed after 48
h. The nuclei are stained with
DAPI (blue). Scale bar: 50 um. ¢
Primary human Sertoli cells were
treated with 0-, 50-, 100-, 150-,
200-, or 500-ng/ml E2 for 1 h, and
the relative expression of SCF
mRNA was measured by qRT-
PCR. (3-actin was used as a
housekeeping gene. *P < 0.05 vs.
vehicle control. d Primary human
Sertoli cells were treated with
100-ng/ml E2 for 0, 15, or 30 min,
or 1, 3, or 24 h, and the relative
expression of SCF mRNA was
measured by qRT-PCR. (3-actin
was used as a housekeeping gene.
*P < 0.01 vs. control group (0 h).
&&p < 0.01 vs. 100-ng/ml E2
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culture of fetal SSCs and Sertoli cells, human fetal testicular
tissue was processed through a two-step enzymatic digestion
followed by differential adherence. The cell suspension was
further cultured in gelatin-coated tissue culture plates (Fig.
3a). Over a 3—4-day period, Sertoli cells started to grow and
attach to the bottom of the plates, displaying a columnar-
shaped, fibroblast-like morphology. The round-shaped fetal
SSCs, existing as single cells or in pairs, were anchored on
top of the Sertoli cell layer (Fig. 3b). After 67 days, the fetal
SSCs formed colonies consisting of 2—32 cells (Fig. 3¢). We
further clarified the phenotypic characteristics of these fetal
SSC-derived colonies using immunofluorescence staining.
SSC colonies clearly expressed c-Kit (Fig. 4a—b) and several
pluripotent stem cell markers, including SSEA-4 (Fig. 4c—d)

b

Fig. 3 In vitro culture of seminiferous tubule fragments isolated from
human fetal testes. a Human seminiferous tubule fragments were
isolated from fetal testes via two-step enzymatic digestion followed by
differential adherence. Scale bar: 100 wm. b Human seminiferous tubule
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N

Duration of E2 treatment
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and Oct-4 (Fig. 4e—f), suggesting that the primary fetal SSCs
isolated from human fetal testes were pluripotent.
Additionally, the expression of MIS was found in the Sertoli
cells growing in the bottom layer (Fig. 4g—h).

E2 enhances the proliferation of primary human fetal
SSCs

It is well known that SCF/c-Kit is essential for the differ-
entiation and proliferation of spermatogonia [26]. Here,
using a unique co-culture system of primary fetal SSCs
and Sertoli cells, we investigated whether E2 could regu-
late the proliferation of human fetal SSCs by inducing the
production of SCF from Sertoli cells. The cells were

C

A
(8"

fragments after 3 days of culture. ¢ Human seminiferous tubule fragments
after 7 days of culture. For b and ¢, the columnar-shaped Sertoli cells were
attached to the bottom of the culture dish, and the round-shaped fetal
SSCs grew on top of the Sertoli cells (black arrow). Scale bar: 50 pm
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Fig. 4 Identification of fetal SSCs and Sertoli cells isolated from human
fetal testes. Immunocytochemical staining was performed in a unique co-
culture system including human fetal SSCs and Sertoli cells. a
Immunostaining of c-Kit (green); b phase-contrast microscopic image
of a; ¢ immunostaining of SSEA-4 (green); d phase-contrast

treated with 100-ng/ml E2 or left untreated, and the prolif-
eration of SSCs was analyzed after 7 days. Based on their
size, SSC colonies were briefly categorized into groups of
24 cells, 4-8 cells, 816 cells, and > 16 cells. We found
that in the control group, the average size of the SSC col-
onies was 4-8 cells, while the majority of E2-induced SSC
colonies consisted of 8—16 cells and > 16 cells (Fig. 5),
suggesting that E2 increased the proliferative ability of
SSCs. However, we have not statistically analyzed the
clone numbers of 24 cells, 4-8 cells, 816 cells, and >
16 cells due to the limited number of specimens and the
difficulties related to SSCs culture. We further performed a
BrdU incorporation test to determine the DNA replication
activity and verify the above findings. The cells were treat-
ed with or without 100-ng/ml E2 for 5 days. Because
Sertoli cells are adherent in the co-culture system, and
since SSCs are clones protruding above Sertoli cells, we
distinguished them according to their positions when
counting BrdU-positive cells. The results demonstrated
that the percentage of BrdU-positive SSCs was significant-
ly increased in the E2-treated group compared to the con-
trol group at all time points tested (day 1 6.16% + 0.06%
vs. 4.61% + 0.19%, P < 0.01; day 3 9.35% + 0.36% vs.

Fig. 5 E2 stimulates the colony
formation capability of human
fetal SSCs. Co-cultured fetal
SSCs and Sertoli cells isolated
from human fetal testes were
treated with vehicle control (a) or
100-ng/ml E2 (b). Representative
image showing colony formation
(black arrow) 7 days after
treatment. Scale bar: 50 um

@ Springer

microscopic image of ¢; e immunostaining of Oct-4 (green); f phase-
contrast microscopic image of e; g immunostaining of MIS (green); and
h phase-contrast microscopic image of g. The nuclei are stained with
DAPI (blue). Scale bar: 50 um

5.03% + 0.16%, P < 0.01; day 5 10.10% = 0.49% vs.
6.45% + 0.26%, P < 0.01) (Fig. 6a-b).

E2 suppresses apoptosis of primary human fetal SSCs

We also explored the impact of E2 on the apoptosis of human
fetal SSCs using our co-culture system of primary fetal SSCs
and Sertoli cells. Under the microscope, we found that at day
5, the SSC colonies in the control group dissociated into single
cells with typical apoptotic features as confirmed by TUNEL
staining. SSC colonies remained intact and integrated in the
E2-treated group, and the combination of E2 and ICI 182780
almost completely abolished this effect (Fig. 7a).
Quantification of TUNEL staining demonstrated that the per-
centage of TUNEL-positive apoptotic cells was significantly
reduced in the E2 group compared to the control group at all
time points tested (days 1, 3, and 5) (P < 0.01 vs. control). The
addition of ICI 182780, which blocked the effect of E2 in co-
cultured Sertoli cells, completely reversed the reduction in
apoptosis in fetal SSCs (P > 0.05 vs. control) (Fig. 7b). We
note that the identification of apoptotic cells and SSCs
markers in the co-culture system would make our findings
more convincing.

Control /ml)
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Fig. 6 E2 stimulates DNA a
replication in human fetal SSCs.
Analysis of DNA replication in
the absence or presence of 100-
ng/ml E2 was measured by BrdU
incorporation in human fetal
SSCs co-cultured with Sertoli
cells. Representative image of
BrdU fluorescence (green) (white
arrow) and DAPI (blue) in control
(a) and E2-treated (b) groups.
Scale bar: 50 um. ¢ Percentage of
BrdU-positive cells relative to the
total cell count (200 random cells)
after 1, 3, or 5 days of vehicle
control or E2 treatment. Data are
shown as mean = SEM (n =3 in
each group). *P < 0.01 vs. control
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Fig. 7 E2 suppresses apoptosis of human fetal SSCs. Human fetal SSCs
co-cultured with Sertoli cells were treated with vehicle control, 100-ng/ml
E2, or 100-ng/ml E2 + 1077 M ICI 182780 for 1, 3, or 5 days, stained for
TUNEL, and examined by fluorescence microscopy. Representative
image of TUNEL staining (green) (white arrow) and DAPI (blue) in

control (a), E2-treated (b), and E2 + ICI treated (c). Scale bar: 50 pum.
d The percentage of apoptotic nuclei in human fetal SSCs relative to the
total cell count (200 random cells) under different treatments. Values are
presented as the mean = SEM of three separate experiments. *P < 0.01 vs.
control
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Discussion

Idiopathic male infertility, a condition in which defective fer-
tility spontaneously arises, is a global reproductive health is-
sue [27]. Over 500 genes are correlated to this disease [28],
among which stem cell factor (SCF)/c-Kit signaling, which
regulates the proliferation and apoptosis of spermatogonial
stem cells [29], is particularly important. However, little is
known of the gene-environment interactive regulation of
SCF/c-Kit in spermatogenesis.

In the fetal testes, Sertoli cells form the testis cords, which
play an important role in the regulation of fetal SSCs devel-
opment [8]. Here, we report that E2 ([3-estradiol), via binding
to ER 3, induced the expression of SCF in primary Sertoli cells
isolated from human fetal testes between 16 and 28 weeks of
gestation. Interestingly, we found that E2 induced SCF in a
time-dependent manner. After E2 treatment, a significant in-
crease in SCF mRNA was observed after 30 min, peaked at 1
h, and persisted until 24 h. This finding may be partly ex-
plained by different mechanisms of ligand-dependent ER ac-
tivation. In the absence of estrogens, the majority of ER is
located in the nucleus and forms a Hsp90-based chaperon
complex, which inactivates the transcriptional activity of
ER. The binding of estrogens dissociates ER from this chap-
eron complex, which in turn dimerizes and binds to estrogen-
response elements (EREs) in estrogen-responsive genes [30].
This nuclear ER-mediated signal transduction is relatively
slow and may be responsible for the induction of SCF up to
24 h. Furthermore, it has been shown that estrogens can bind
to plasma membrane ER and rapidly induce the production of
second messengers, including Ca2+ and cAMP, which acti-
vate various kinases, such as Src, PI3K, or ERK, leading to the
phosphorylation of the proteins responsible for cell migration,
growth, and survival [31]. This membrane ER-mediated sig-
naling likely contributes to the early induction of SCF within
minutes. Consistent with this explanation, we showed that
ERf3 was widely expressed in the nucleus, cytoplasm, and
cytoplasmic membrane of fetal Sertoli cells. These findings
suggest that estrogens affect the development of SSCs through
regulating SCF/c-Kit signaling.

Although the expression of ER{3 in primordial germ cells
has been reported in certain non-human animal models [32], it
is not considered to be able to initiate the proliferation of
spermatogonial stem cells. Our previous work confirmed this
speculation by showing that the addition of E2 had no signif-
icant effect on the growth of human fetal SSCs in the absence
of Sertoli cells. Extensive studies have confirmed the pivotal
functions of somatic cells within the stem cell niche, including
Sertoli cells, in spermatogenesis through both endocrine and
paracrine signaling pathways [33]. For example, Moe-
Behrens’ group demonstrated that estrogens promoted the
proliferation of mouse primordial germ cells through stimu-
lating the transcription of several growth factors and the
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subsequent activation of the Akt/PTEN signaling pathway in
somatic cells within the testicular stem cell niche [34].
Similarly, SCF induction in human fetal Sertoli cells might
be a key hub connecting estrogens and the development of
SSCs.

To test the above hypothesis, we established a unique co-
culture system of fetal SSCs and Sertoli cells isolated from
human fetal testes to mimic the microenvironment of the tes-
ticular stem cell niche. Phase-contrast microscopy and immu-
nocytochemical staining of cellular markers were used to val-
idate the morphology and biological activity of fetal SSCs and
Sertoli cells. Our data further showed that estrogens signifi-
cantly increased the proliferation and decreased the apoptosis
of human fetal SSCs via transcriptionally inducing SCF/c-Kit
signaling in Sertoli cells. These findings suggest that the 100-
ng/ml dose of E2 used in our study is sufficient to positively
regulate the development of SSCs in human fetal testes.

A recent study in adult rat seminiferous tubules demon-
strated that E2 increased SCF expression, which was consis-
tent with our results. However, this previous study also
showed that E2 inhibited c-Kit expression, increased apopto-
sis, and decreased proliferation in rat seminiferous tubules
[35]. Despite the differences in the study subjects and the dose
of E2, this discrepancy may be partially due to differences in
the expression of the SCF/c-Kit system between fetal and
adult testes. Indeed, an early study showed abundant expres-
sion of ¢-Kit in differentiating spermatogonia and Leydig cells
and minimal expression in undifferentiated spermatogonia
and Sertoli cells [36]. Although c-Kit is not directly correlated
with the self-renewal capacity of SSCs [37], it might be in-
volved in the phenotypic transitions of SSCs [38]. Therefore,
fetal SSCs with low c-Kit expression and adult seminiferous
tubules with high c-Kit expression might respond differently
to E2 treatment. In addition, the SCF/c-Kit system plays dif-
ferent roles at different stages of spermatogenesis, which fur-
ther complicates the potential cellular response to SCF/c-Kit
and its upstream regulators. For example, in germline stem
cells at an early stage of development, disruption of c-Kit or
SCF has been shown to reduce the adhesiveness of primordial
germ cells to nearby somatic cells [39]. Moreover, directional
migration in response to SCF treatment was shown in primor-
dial germ cells, but not in c-Kit—absent or c-Kit—inhibited
cells, suggesting the involvement of the SCF/c-Kit system in
the chemotactic migration of primordial germ cells [40].

The regulation of cell proliferation in SSCs is complex and
multifactorial. Due to the limitations of our study, we were
unable to perform rescue assays to confirm whether SCF is the
only mediator of E2-regulated SSC proliferation.
Nevertheless, we found that the stimulatory effects of E2 on
SCF and SSC proliferation were limited to 2 weeks, indicating
that E2 alone was unable to promote continuous growth of
SSCs. Therefore, we speculate that other key factors and reg-
ulatory mechanisms are necessary for the self-renewal and
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differentiation of SSCs and are likely to form a tight interac-
tive network to modulate the growth and survival of SSCs.
These possibilities will be investigated in future studies.

In summary, this study shows, for the first time, that exog-
enous E2 regulates the proliferation and apoptosis of fetal
SSCs through regulation of Sertoli cells. These findings pro-
vide some valuable information in the context of fetal testes
development. In addition, our co-culture system of fetal SSCs
and Sertoli cells isolated from human fetal testes accurately
reflects the testicular stem cell niche and could be further
optimized and used as a platform to study the gene-
environment interactive regulations of SCF/c-Kit in
spermatogenesis.
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