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Estrogenic regulation of testicular
expression of stem cell factor and
c-kit: implications in germ cell
survival and male fertility
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Objective: To study the effect of estrogens regulating the testicular expression of stem cell factor (SCF) and c-kit.

Design: Experimental study.

Setting: University research center.

Animal(s): Male Wistar rats.

Intervention(s): Rat seminiferous tubules (SeT) cultured in the presence or absence of 173-estradiol (E,).

Main Outcome Measure(s): Expression of SCF and c-kit as well as apoptotic factors, FasL, FasR, Bcl-2, and Bax analyzed via
quantitative reverse transcription-polymerase and Western blot; enzymatic activity of apoptosis effector caspase-3 assessed by
colorimetric assay; proliferation index in SeT epithelium determined via fluorescent immunohistochemistry of nuclear proliferation
marker Ki67.

Result(s): E, (100 nM) induced a decrease in c-kit expression while increasing expression of SCF. Altered expression of the SCF/c-kit
system relied on apoptosis of germ cells, as evidenced by the up-regulated expression of FasL/FasR, the increased ratio of proapoptotic/
antiapoptotic proteins (Bax/Bcl-2), and the augmented activity of caspase-3. Decreased proliferation was also found in SeT in response
to E,.

Conclusion(s): A 100 nM dose of E, unbalance the SCF/c-kit system, with a crucial impact on germ cell survival and thus male fertility.
These findings contribute to our knowledge of the mechanisms underlying male idiopathic
infertility associated with hyperestrogenism and open new perspectives on treatment
targeting estrogen-signaling mechanisms. (Fertil Steril® 2014; Il :Ill-H. ©2014 by American
Society for Reproductive Medicine.)
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increased levels of 178-estradiol (E,) have been detected in
the testis of idiopathic infertile patients (15, 16). However,
the molecular targets underpinning the estrogenic effects in
mammalian testis are not fully elucidated.

Stem cell factor (SCF), a membrane-bound cytokine in
Sertoli cells (17), and its tyrosine kinase receptor c-kit, present
on the surface of adjacent germ cells (18, 19), have been
indicated as a powerful mechanism for the control of germ
cell proliferation and apoptosis. Multiple experimental
approaches have shown that blocking SCF/c-kit interaction
results in increased apoptosis and reduced proliferation of
germ cells, demonstrating the importance of this system for
successful spermatogenesis (20-22).

Although it has been demonstrated that E, regulates the
expression of SCF and c-kit in distinct cell types (23-26),
the effect of estrogens in controlling the testicular
expression of these factors has been unknown. We analyzed
the effect of E, stimulation on SCF and c-kit expression in
rat seminiferous tubules (SeT) cultured ex vivo. We used a
100 nM dose of E, to mimic the elevated concentration of
estrogens found in the testis of infertile patients and
determined the expression and/or activity of proliferation
and apoptosis markers.

MATERIALS AND METHODS
Chemicals

All chemicals, culture media, and antibodies unless otherwise
stated were purchased from Sigma-Aldrich.

Animals

We housed 90-day-old Wistar (Rattus norvegicus) male rats
under a 12-hour light/dark cycle, with food and water avail-
able ad libitum, and all animals were handled in compliance
with the guidelines established by the Guide for the Care
and Use of Laboratory Animals published by the U.S. National
Institutes of Health (NIH Publication No. 85-23, revised 1996)
and the European Union rules for the care and handling of
laboratory animals (Directive no. 86\609\EEC). In addition,
the animal protocol was approved by the local institutional
animal care and use committee. All rats were euthanized un-
der anesthesia (Clorketam 1000; Vetoquinol).

Ex Vivo Culture of SeT

Rat SeT were cultured as previously described elsewhere
(6, 27). Briefly, testes (n = 5) were removed, trimmed free of
fat, washed in cold phosphate-buffered saline (PBS) and
placed in Dulbecco’s modified Eagle’s medium/Ham’s F-12
culture medium supplemented with 20 mg/L of gentamicin
sulfate, 0.1 mM 3-isobutyl-1-methylxanthine, and 1 ug/L
of bovine serum albumin (BSA) at 33°C. Tunicae were cut
and peeled back to expose tubules. Ten fragments of SeT
(~1 cm each) were cultured with or without 100 nM of E,
for 24 hours and 48 hours at 33°C in an atmosphere of 5%
CO,. The 100 nM dose of E, was intended to mimic the
elevated concentrations of estrogens found in the intratestic-
ular milieu of infertile patients, as normal physiologic con-
centrations range from 0.5 to 57 nM (28-30). At the end of

the experiment, SeT were recovered from the culture
medium, snap-frozen in liquid nitrogen, and stored at
—80°C until RNA or protein isolation. The SeT were also
collected at 0, 24, and 48 hours and fixed in 4% paraformal-
dehyde for paraffin embedding and histologic processing.

RNA Isolation and cDNA Synthesis

Total RNA was isolated from rat SeT using TRI reagent ac-
cording to the manufacturer’s instructions. To assess the
quantity and integrity of total RNA, its optical density was
determined (NanoPhotometer; Implen), and an agarose gel
electrophoresis analysis was performed. We synthesized
c¢DNA in a final volume of 20 uL using 1 ug of each RNA sam-
ple, 160 IU Moloney Murine Leukemia Virus reverse tran-
scriptase (Promega), 0.5 ug random primers (Invitrogen),
and 10 mM each deoxynucleotide triphosphates (ANTP) (GE
Healthcare) according to the protocol supplied by the manu-
facturer. Synthesized cDNA was stored at —20°C until further
use.

Real-time Quantitative Polymerase Chain Reaction

Expression analysis of SCF and c-kit RNA in rat SeT was per-
formed by quantitative polymerase chain reaction (qPCR).
The SCF and c-kit specific primers sets were, respectively,
[1] sense: ATGGCTTGGGAAATGTCTG; antisense:
GCTGATGCTACGGAGTTAC; [2] sense: CCGTCTCCACCATC
CATCC; antisense: TTCGCTCTGCTTATTCTCAATCC. As an in-
ternal reference for normalization of expression of interest
target genes, we used $-actin (sense: ATGGTGGGTATGGGT
CAG; antisense: CAATGCCGTGTTCAATGG) and GAPDH
(sense: GTTCAACGGCACAGTCAAG; antisense: CTCAGCAC
CAGCATCACC). Reactions were performed in an iQ5 system
(Bio-Rad Laboratories), and the efficiency of the amplifica-
tions was determined for all primer sets using serial dilutions
of cDNA (1, 1:5, and 1:25). The primer concentration and an-
nealing temperature were optimized before the assay, and the
specificity of the amplicons was determined by melting curve
analysis. The annealing temperature was 60°C for all primer
sets except SCF (58°C). Each reaction consisted of Maxima
SYBR Green/Fluorescein gPCR Master Mix (Bio-Rad Labora-
tories), sense and anti-sense primers (200 nM for all primer
pairs), and 1 uL of cDNA in a final volume of 20 uL. Also, a
no-template control was included for each reaction, and all
reactions were performed in triplicate. Normalized expression
values were calculated according to a published mathematical
model proposed by Hellemans et al. (31).

Western Blot

Total protein was isolated from rat SeT using radioimmuno-
precipitation assay buffer (150 mM NaCl, 1% Nonidet-P40
substitute, 0.5% Na-deoxycholate, 0.1% SDS, 50 mM Tris
pH 8.0, and 1 mM EDTA) supplemented with protease inhib-
itors cocktail. Protein concentration was determined by the
Bradford assay (Bio-Rad Laboratories), and proteins were
resolved by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) on 12.5% gels and electrotransferred
to a polyvinylidene difluoride membrane (GE Healthcare).
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Membranes were incubated overnight at 4°C with rabbit anti-
SCF (1:500, H-189: sc-9132; Santa Cruz Biotechnology),
rabbit anti-c-kit (1:500, C-19: sc-168; Santa Cruz Biotech-
nology), rabbit anti-FasL (1:500, C-178: sc-6237; Santa
Cruz Biotechnology), rabbit anti-FasR (1:500, A-20:
sc-1023; Santa Cruz Biotechnology), rabbit anti-Bcl-2
(1:5,000, no. 2876; Cell Signaling Technology), or rabbit
anti-Bax (1:1,000, no. 2772; Cell Signaling Technology). A
mouse anti-a-tubulin monoclonal antibody (1:5,000,
T9026) was used for protein loading control in all Western
blot analyses. Goat anti-rabbit IgG-AP (1:5,000, NIF1317;
GE Healthcare) or goat anti-mouse IgG+IgM-AP (1:5,000,
NIF1316, GE Healthcare) were used as secondary antibodies.
Membranes were developed with ECF substrate (GE Health-
care) for 5 minutes and scanned with Molecular Imager FX
Pro plus Multilmager (Bio-Rad Laboratories). Band densities
were obtained according to standard methods using
the Quantity One Software (Bio-Rad Laboratories) and
normalized by division with the respective «-tubulin band
density.

Ki67 and c-Kit Fluorescent Immunohistochemistry

Formalin-fixed paraffin sections (5 um) of SeT were deparaf-
finized in xylene and rehydrated in graded alcohols. After
heat-induced antigen retrieval (citrate buffer bath, 10 mM,
pH 6.0), the sections were permeabilized with 0.1% Triton
X-100 for 15 minutes at room temperature. Unspecific stain-
ing was blocked by incubation with PBS containing 1% (w/v)
BSA (PBA) and 0.3 M glycine (Fisher Scientific) for 30 minutes
at room temperature. Sections were incubated overnight at
4°C with rabbit anti-Ki67 (ab16667; Abcam) or rabbit anti-
c-kit (C-19: sc-168; Santa Cruz Biotechnology) primary anti-
bodies diluted 1:50 in PBA. Sections were then incubated with
Alexa Fluor 546 goat anti-rabbit IgG or Alexa Fluor 488 goat
anti-rabbit IgG secondary antibodies (Invitrogen) diluted 1:
500 in PBA for 1 hour at room temperature. Cell nuclei
were stained by incubation with Hoechst 33342 (10 ug/mL,
Invitrogen) for 5 minutes. Sections were then washed with
PBS for 10 minutes and mounted in Dako fluorescent
mounting medium. Specificity of the staining was assessed
by the omission of primary antibody. Images were acquired
using a Zeiss LSM 710 laser scanning confocal microscope
(Carl Zeiss). The proliferation index was determined by the
percentage of Ki67-positive cells out of the total number of
Hoechst stained nuclei in 20 randomly selected x40 magnifi-
cation fields in each section.

Caspase-3 Activity Assay

Caspase-3 activity assay was performed as previously
described elsewhere (32). Briefly, 25 ug of total protein ex-
tracted from SeT were incubated with reaction buffer
(25 mM HEPES, 0.1% 3-[(3-cholamidopropyl)dimethylam-
monio]-1-propanesulfonate, 10% sucrose, and 10 mM
dithiothreitol, pH 7.5) and 200 uM of caspase-3 substrate
(Ac-DEVD-pNA) for 2 hours at 37°C. Upon caspase cleavage,
p-nitro-aniline (pNA) is released producing a yellow color,
which is measured spectrophotometrically at 405 nm. The
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amount of generated product was calculated by extrapolation
of the standard curve of free pNA.

Terminal Deoxynucleotidyl Transferase dUTP Nick-
End Labeling

We performed the terminal deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL) analysis using the In Situ
Cell Death Detection Kit, TMR red (Roche) following the man-
ufacturer’s instructions. Briefly, SeT sections (5 um) were de-
paraffinized in xylene, rehydrated in graded alcohols, rinsed
in 0.15 M PBS (pH 7.4), and permeabilized with 0.25% Triton
X-100 (Sigma-Aldrich) for 30 minutes at room temperature.
Thereafter, sections were incubated in a humidified atmo-
sphere for 1 hour at 37°C in the dark with TUNEL reaction
mixture (enzyme solution equilibrated in label solution). After
an additional rinse in PBS, the cell nuclei were stained by in-
cubation with Hoechst 33342 (10 ug/mL; Invitrogen) for 5 mi-
nutes. Sections were then washed with PBS for 10 minutes
and mounted in Dako fluorescent mounting medium. Images
were acquired using a Zeiss LSM 710 laser scanning confocal
microscope (Carl Zeiss).

Statistical Analysis

Statistical significance of differences between controls and
hormonal treatment were evaluated by unpaired #-test with
Welch’s correction, using GraphPad Prism v5.00 (GraphPad
Software). P<.05 was considered statistically significant.

RESULTS

E, Treatment Decreases c-Kit Expression while
Increasing Expression of Its Ligand SCF

Because SCF and c-kit have been identified as estrogen-target
genes in several tissues, we investigated the effect of E, on
their expression in testicular cells. When SeT was cultured
ex vivo for 24 hours in the presence of 100 nM E,, it showed
decreased expression of c-kit receptor. An approximately 0.4-
fold-reduction (P<.01) was observed both at the mRNA
(Fig. 1A) and protein (see Fig. 1B) level.

Regarding SCF, both RNA (see Fig. 1A) and protein (see
Fig. 1B) expressions were increased in response to E,-treat-
ment. However, only the protein levels displayed statistically
significant differences (1.34-fold variation relative to control;
P<.05).

Apoptosis is Favored and Proliferation Index is
Decreased in Response to E, Stimulation

Germ cell death in human, rat, and mouse testis has been
associated with the activation of the extrinsic pathway of
apoptosis involving the death factors FasL (ligand) and FasR
(receptor) (8, 33). Western blot analysis showed that protein
levels of both FasL and FasR (Fig. 2A) were statistically
significantly increased in response to 100 nM of E, with a
fold induction of approximately 1.5 relative to the control
group in both cases (P<.01).

The Bax and Bcl-2 proteins are, respectively, proapoptotic
and antiapoptotic members of the Bcl-2 family of apoptosis
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regulators (34), and the Bax/Bcl-2 protein ratio has been
considered a powerful indicator of cell commitment to un-
dergo apoptosis (35, 36). In the stimulation experiments of
SeT with 100 nM of E, (48 hours), the calculation of the
Bax/Bcl-2 protein ratio demonstrated a 1.8-fold variation in
the E,-treated animals compared with the control group
(P<.01) (see Fig. 2B).

Activation of cell death systems invariably leads to
stimulation of caspase activity, culminating in the activa-
tion of caspase-3 (34). Thus, we determined caspase-3 activ-
ity as a measurement of apoptosis. An increase of almost
40% in caspase-3 activity was observed in cultured SeT in
response to 100 nM E, stimulation for 48 hours (P<.05)
(see Fig. 2D).
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The presence of apoptotic cells in the SeT with and
without E, treatment (100 nM) was analyzed by detection
of DNA fragmentation using the TUNEL assay. Representative
photomicrographs showing TUNEL-positive cells in the con-
trol and E,-treated groups during the time-course of the
experiment are provided in Figure 3A.

The c-kit has been widely recognized as a germ cell marker
highly expressed in spermatogonia and early spermatocytes of
adult testis (19, 37-39). Therefore, c-kit immunofluorescent
labeling was used as an indicator of the germ cell population
in control and E,-treated groups (see Fig. 3B).

We also sought to determine the effect of E, on prolifer-
ation of testicular cells, which was assessed by means of Ki67
immunofluorescence analysis. Ki67 is detected in the nucleus
of proliferating cells in all active phases of the cell division
cycle but is absent in nonproliferating cells (40). The cell pro-
liferation index, determined by the number of Ki67-positive
cells relative to the total cell number, was reduced by approx-
imately half in SeT treated with 100 nM of E, for 48 hours in
comparison with the control group (P<.001) (Fig. 4).

DISCUSSION

Achievement of successful spermatogenesis relies on an accu-
rate regulation of germ cell proliferation and apoptosis, which
has been associated with the activity of SCF/c-kit system. The
SCF, present on the membrane of Sertoli cells (41), has been
regarded as an important germ cell survival regulator (42),
acting through the c-kit receptor, which is present on the sur-
face of adjacent germ cells (18). Evidence also exists to
demonstrate that loss of c-kit signaling causes increased
apoptosis of germ cells (5 20). Thus, enhanced or
diminished expression of c-kit should disturb germ cell and

FIGURE 3
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Sertoli cell communication, with a profound impact on
germ cell survival.

Several studies have indicated that estrogens are
apoptosis inducers in the testis (10, 11, 13, 43), and reports
exist demonstrating its capacity in regulating the
expression of SCF and c-kit in several cell types (23-26).
This led to our hypothesis that E, action toward an increase
in germ cell apoptosis depends on the control of the
testicular expression of SCF and c-kit.

In our present study, we investigated the effect of 100 nM
E, on the expression of SCF and c-kit in ex vivo cultures of rat
SeT. A statistically significant decrease of c-kit expression
(see Fig. 1A and B) was observed in SeT in response to E, treat-
ment for 24 hours. However, 100 nM of E, increased SCF
expression in SeT (see Fig. 1B). To the best of our knowledge,
our is the first study to report on the regulation of SCF/c-kit in
response to estrogenic stimuli in testicular cells, which could
have a relevant impact on germ cell numbers. As a growth
factor receptor that transduces growth regulatory signals
(44) to the germ cells, c-kit ensures the maintenance of the
self-renewal and differentiation ratio of spermatogonia (45).
It has been shown that mice with a mutant form of c-kit
(46) or allele inactivation (20) are sterile due to reduced pro-
liferation and increased apoptosis of spermatogonia. There-
fore, despite the up-regulation of SCF levels in response to
E,, a decreased expression of c-kit suggests lower prolifera-
tion and increased apoptosis of germ cells.

Proliferation analysis by means of fluorescent immuno-
histochemistry using the proliferation marker Ki67 confirmed
the decreased proliferation index in SeT treated with 100 nM
E, (see Fig. 4), as suggested by the decreased expression of c-
kit (see Fig. 1). Although they did not study the engagement of
c-kit signaling, Chimento et al. (43) also found that 100 nM E,

A

Control

Representative confocal microscopy images showing TUNEL (A

24h
I-LIN. .

A) and c-kit (B

Control

B) positive cells in rat SeT cultured ex vivo in presence (E;) or absence

(control) of 100 nM of E, at different experimental time- pomts (0, 24, and 48 hours). Nuclei are stained with Hoechst 33342 (blue), and
fluorescence for TUNEL- and c-kit-positive cells is red and green, respective\y. Negative controls for c-kit obtained by omission of the primary

antibody are provided as insert panels (—).
Correia. Estrogens and male fertility. Fertil Steril 2014.
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Negative controls for Ki67 obtained by omission of the primary antibody are provided as insert panels ().
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has a detrimental effect on germ cell proliferation, drastically
down-regulating the expression of cell cycle regulators cy-
clins A1 and B1. Curiously, promotion of spermatogonia pro-
liferation through SCF/c-kit action seems to involve the
phosphatidylinositol 3-kinase (PI3K) survival pathway,
including up-regulation and nuclear accumulation of cyclin
D3 (47). Further studies are needed to determine whether cy-
clins A1 and B1 might be the targets of c-kit signaling within
the testis.

As previously noted, besides governing germ cell prolifera-
tion, the SCF/c-kit system also influences germ cell apoptosis.
Protease inactivation of c-kit (48) or blocking of SCF/c-kit inter-
action (49) has been shown to induce apoptosis of spermato-
gonia. Therefore, attenuated c-kit signaling due to diminished
expression levels of c-kit protein in consequence of E, stimula-
tion could be responsible for increased apoptosis of germ cells.

The interplay between apoptotic death factors FasL and
FasR has been identified as a crucial mechanism for deter-
mining germ cell death through the activation of the extrinsic
pathway of apoptosis (33). Our results have demonstrated that
the expression of both FasL and FasR is increased in cultured
SeT in presence of 100 nM E, (see Fig. 2A).

The protein ratio of mitochondria-related apoptosis reg-
ulators, namely, Bax (proapoptotic) and Bcl-2 (antiapop-
totic), is a recognized indicator of the activation of
apoptotic pathways and was included as a measurement of
apoptosis. An increased Bax/Bcl-2 protein ratio was found
in the E,-treated group (see Fig. 2B). The imbalance toward

proapoptotic proteins is due to increased expression of Bax,
but the Bcl-2 levels remained virtually unchanged. This
finding is concordant with the up-regulated expression of
Bax observed when the SCF/c-kit interaction is blocked
(49). The use of an anti-c-kit antibody diminishing c-kit ac-
tivity, as could happen when c-kit levels are reduced as we
reported herein, was associated with increased protein ratio
of proapoptotic/antiapoptotic proteins due to elevated
expression of Bax (49).

The process of apoptosis independent of the triggered
pathway converges on the activation of caspase-3, an effector
caspase, which is considered a remarkable end point of
apoptosis (50). Determination of caspase-3 enzymatic activity
in SeT cultured in the presence or absence of 100 nM E,
demonstrated an increase of almost 40% in caspase-3 activity
(see Fig. 2D) in response to E,. The up-regulated expression of
FasL and FasR, the increased ratio of proapoptotic/antiapop-
totic proteins, and the augmented activity of caspase-3 sug-
gest augmented apoptosis in response to E,, which was
confirmed by the TUNEL-labeling assay (see Fig. 3A).

A considerable amount of data have established that germ
cells essentially express the death receptor FasR whereas Ser-
toli cells mainly present the ligand FasL (51, 52). Therefore,
the increased expression of FasL (see Fig. 2A) concomitant
with an increased response of germ cells to death signals,
because FasR expression is augmented (see Fig. 2A),
indicates that an augmentation of apoptosis is occurring in
the germ cell population. Because c-kit is a known germ
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cell marker (19, 37-39), the reduced labeling of c-kit in SeT
treated with E, for 48 hours (see Fig. 3B) demonstrated the
loss of germ cells. This is also strongly supported by our
recent report on isolated Sertoli cells that showed that
100 nM of E, diminishes Sertoli cells apoptosis by reduction
of Bax/Bcl-2 ratio and caspase-3 activity (12). In addition,
the increased expression of Bax, as reported herein, has
been considered a feature of germ cells undergoing apoptosis
in response to E, (10, 43).

The question of E, induction of apoptosis in testicular cells
has remained a matter of controversy for in vivo and in vitro
studies, with the use of natural or synthetic estrogens and/or
different doses and distinct routes of administration producing
not always concordant results. In fact, there are reports pointing
to E, as a germ cell survival factor that inhibits apoptosis and
restores spermatogenesis upon a harmful stimulus (28, 53).
However, these studies have used low doses of E, within the
range of physiologic concentrations (0.5-57 nM) (28-30).

In our study, using ex vivo cultures of SeT, we demon-
strated that elevated concentrations of E, (100 nM),
mimicking those found in the intratesticular milieu of infertile
patients, unbalanced the expression of the SCF/c-kit system,
disrupting the survival and death communication between
germ cells and Sertoli cells toward germ cell apoptosis. In
sum, our results showed that E, induced a decrease in c-kit
expression, which was coupled with augmented apoptosis
as evidenced by the increased expression of FasL, FasR, and
Bax/Bcl-2 ratio as well as caspase-3 activity. Moreover, a
decreased proliferation was found in response to E, down-
regulation of c-kit expression, indicating diminished survival
and increased apoptosis of germ cells in the epithelium of SeT.
These data are of paramount importance, considering
hyperestrogenism-related cases of idiopathic infertility
(15, 16) and the observed diminished expression of c-kit in
subfertile testicular tissues (5).

Although the causes are not totally known, it has been re-
ported that an increase in the intratesticular concentration of
E, in infertile men is accompanied by an augmented ratio of
estradiol/testosterone (15, 16). It seems likely that this
hormone deregulation may occur as a result of the increased
expression and/or activity of the aromatase enzyme.
Lardone et al. (16) found increased levels of aromatase
mRNA in the testis of infertile men with mixed atrophy and
Sertoli cell-only syndrome. More recently, it was shown that
the use of aromatase inhibitors for treatment of infertile men
with high estradiol/testosterone ratios improved both hor-
mone and semen parameters (54), which supports that the
cause of the disorder is on the abnormal activity of aromatase.
Because elevated levels of E, (15, 16) and increased rates of
apoptosis have been found in the testis of infertile men (5-
9), we may extrapolate that the increased estrogenic
response underlies the impairment of spermatogenesis and
infertility by causing depletion of germ cells due to
augmented apoptosis and reduced proliferation in
consequence of diminished expression of c-kit.
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