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Abstract

Spermatogonial stem cells are required for the initiation of spermatogenesis and the continuous production of sperm. In addition, they can
acquire pluripotency and differentiate into derivatives of the three embryonic germ layers when cultured in the appropriate conditions. Therefore,
understanding the signaling pathways that lead to self-renewal or differentiation of these cells is of paramount importance for the treatment of
infertility, the development of male contraceptives, the treatment of testicular cancers, and ultimately for tissue regeneration. In this report, we
studied some of the signaling pathways triggered by glial cell line-derived neurotrophic factor (GDNF), a component of the spermatogonial stem
cell niche produced by the somatic Sertoli cells. As model systems, we used primary cultures of mouse spermatogonial stem cells, a mouse
spermatogonial stem cell line and freshly isolated testicular tubules. We report here that GDNF promotes spermatogonial stem cell proliferation
through activation of members of the Src kinase family, and that these kinases exert their action through a PI3K/Akt-dependent pathway to up-
regulate N-myc expression. Thus, to proliferate, spermatogonial stem cells activate mechanisms that are similar to the processes observed in brain
stem cells and lung progenitors.
© 2006 Elsevier Inc. All rights reserved.
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Introduction

Spermatogenesis is a complex cellular process that starts with
the self-renewal and differentiation of a small population of
spermatogonial stem cells, called Asingle spermatogonia.
Understanding the biology of spermatogonial stem cells is of
paramount importance to elucidate basic mechanisms of cell
self-renewal versus differentiation, for the treatment of inferti-
lity, for the development of male contraceptives and to clarify
the etiology of certain testicular cancers. In addition, differ-
entiated spermatogonial stem cells could be used to produce
transgenic animals, preserve rare breeding stock, and maintain
endangered species. Recently, the potential of mouse neonatal
and adult spermatogonial stem cells to acquire ES cell properties
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and to generate derivatives from the three embryonic germ
layers has been discovered; if this is true of human spermato-
gonial stem cells, this technology may provide a potentially new
source of material for cell-based therapy (Kanatsu-Shinohara et
al., 2004; Guan et al., 2006). In the testes, spermatogonial stem
cells are found in the basal part of the seminiferous epithelium,
in contact with the basement membrane. They are also in close
association with the nursing Sertoli cells, which produce the
growth factors necessary to induce self-renewal and differentia-
tion. The microenvironment provided by the Sertoli cells and the
basement membrane is called the stem cell niche (Xie and
Spradling, 2000; Ogawa et al., 2005). One component of the
niche is glial cell line derived neurotrophic factor (GDNF),
which is a growth factor produced by Sertoli cells. GDNF
signals through a multicomponent receptor system also found in
the nervous system, skin, whisker pad, kidney, stomach, and
skeletal muscle (Trupp et al., 1995; Golden et al., 1999). GFRα-
1 is a co-receptor linked to the outer layer of the plasma
membrane by a GPI anchor, and is thus localized to lipid rafts.
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Binding of GDNF to GFRα-1 molecules triggers the recruitment
of the Ret transmembrane receptor to the rafts, and the formation
of a signaling complex. Subsequent activation of Ret induces
tyrosine autophosphorylation and the intracellular relay of the
signal. In the mouse seminiferous epithelium, GFRα-1 is
exclusively expressed by Asingle spermatogonia, and possibly
their direct progeny, the Apaired spermatogonia, while Ret is
expressed by all premeiotic germ cells (Dettin et al., 2003; Von
Schonfeldt et al., 2004; Hofmann et al., 2005a; Buageaw et al.,
2005). Mice over-expressing GDNF exhibit an increased
proliferation of Asingle and some clusters of Apaired sperma-
togonia that ultimately leads to testicular tumors resembling
human seminoma (Meng et al., 2000, 2001). Conversely, the
testes of GDNF, Ret and GFRα-1 null mice show depletion of
the spermatogonial stem cells (Naughton et al., 2005). In
addition, recent studies have shown that GDNF also enhances
spermatogonial stem cell proliferation and differentiation in
vitro (Kanatsu-Shinohara et al., 2003; Kubota et al., 2004;
Hofmann et al., 2005a).

GDNF is known for triggering the self-renewal of sperma-
togonial stem cells and maintaining the spermatogenic lineage
in vitro (Kubota et al., 2004). GDNF is also a prerequisite for
the induction, but not the maintenance, of the ES cell-like
phenotype (Kanatsu-Shinohara et al., 2004; Guan et al., 2006).
It is thus crucial to unravel the molecular events underlying
GDNF signaling in isolated spermatogonial stem cells to
ultimately use them for regenerative medicine, or to understand
male infertility and testicular neoplasias. However, signaling
pathways leading to stem cell self-renewal and differentiation
are poorly understood. This is due to the fact that stem cell
populations are small, they are difficult to specifically isolate,
and their survival rate in culture is poor. This is especially the
case for spermatogonial stem cells. In the past, isolation of
populations of germ cells at distinct steps of spermatogenesis
has been possible using the STAPUT method developed by A.
Bellvé and M. Dym. (Bellve et al., 1977; Dym et al., 1995). This
technique allows the separation of type A spermatogonia from
6-day-old mouse pups with a purity of 90%. We recently
coupled the STAPUT method with an immunomagnetic bead
technique, which allowed us to separate only the type A
spermatogonia that express the GFRα-1 receptor (Asingle and
Apaired cells) (Hofmann et al., 2005a). By using 4- to 5-day-old
pups we can now work with a cell population that consists
exclusively of Asingle spermatogonia.

Recent investigations have shown that non-receptor tyrosine
kinases belonging to the Src family are developmentally regula-
ted in the mouse testis (Nishio et al., 1995; Gye et al., 2005).
There is a large increase in the expression of p60Src during the
first 2 weeks of post-natal development, which is due predomi-
nantly to the increase in Sertoli cells numbers. However, a small
number of spermatogonia in the basal part of the seminiferous
epithelium show an intense p60Src expression as well (Gye
et al., 2005). Since Ret receptor autophosphorylation allows the
docking and activation of Src in neurons (Encinas et al., 2004),
we sought to elucidate whether Src activation and Src-dependent
pathways were triggered by GDNF in mouse spermatogonial
stem cells, rather than a Ras-dependent pathway.
In this study, we used three distinct model systems: isolated
GFRα-1 positive germ cells from neonatal mice testes, isolated
seminiferous tubules from neonatal and adult mice, and a
recently established spermatogonial stem cell line, C18-4, that
expresses the GFRα-1 and Ret receptors, and responds to
GDNF by increasing its rate of proliferation (Hofmann et al.,
2005b). The cell line also expresses the proteins Oct-4 (Pesce et
al., 1998), Dazl (Reijo et al., 2000) and GCNA (Enders and
May, 1994), as well as high mRNA levels for ngn3(Yoshida et
al., 2004), piwil2 (Cox et al., 2000; Lee et al., 2006) and prame-
like (Steinbach et al., 2002), indicating its stem cell origin. C-kit
transcripts (Manova et al., 1990) were also detected, but not the
Kit protein. The cell line does not differentiate beyond the stage
of early type A spermatogonia, which is probably due to the fact
that the cells were immortalized using the large T antigen gene,
a viral oncogene. Our data show that in all three models studied,
GDNF acts on Asingle spermatogonia by activating specific
members of the Src family of protein kinases. In addition, we
used the selective Src family inhibitor SU6656 to show that Src
kinases are indeed required for spermatogonial stem cell
proliferation. Further, we show that Src kinases activate a
PI3K/Akt signaling pathway and induce N-myc expression in
these cells. Thus, like in neuronal stem cells and lung progenitor
cells, N-myc seems to play a role essential for the proliferation
of spermatogonial stem cells.

Materials and methods

Animals

Male Balb/c mice (adults and 4- to 5-day-old pups) were obtained from
Charles River Laboratories, Inc. (Wilmington, MA, USA). All animal care
procedures were carried out according to the National Research Council's Guide
for the Care and Use of Laboratory Animals, and the experimental protocols
employed in this study were approved by the Animal Care and Use Committee
of the University of Dayton.

STAPUT isolation of type A spermatogonia

Type A spermatogonia were isolated from the testes of 4- to 5-day-old pups
using the STAPUTmethod that utilizes gravity sedimentation on a 2%–4% BSA
gradient (Bellve et al., 1977; Dym et al., 1995). Immediately after the STAPUT
isolation, the spermatogonia were counted and resuspended in 30 ml D-MEM
culture medium, supplemented with 5% fetal calf serum (FCS), 1 mM sodium
pyruvate, 2 mM glutamine, 50 U/ml penicillin, 50 μg/ml streptomycin and
100 mM non-essential amino acids. All tissue culture reagents were purchased
from Atlanta Biologicals, Atlanta, GA, or from Hyclone/Fisher Scientific,
Pittsburgh, PA. The cell suspension was placed into a 15-cm diameter tissue
culture dish and incubated for 2 h at 34 °C in order to eliminate residual adherent
Sertoli cells (differential plating)(Dirami et al., 2001). A total of 60–80 male
pups were used for each isolation experiment, yielding an average of 3×106 type
A spermatogonia with a purity of 90%.

Isolation of GFRα-1-positive spermatogonia

Magnetic beads (Dynabeads) were prepared in advance according to the
manufacturer (Dynal/Invitrogen, Carlsbad, CA). Briefly, streptavidin-coated
magnetic beads were incubated for 1 h at room temperature with a biotinylated
rabbit anti-goat secondary antibody (Vector Laboratories, Burlingame, CA) at a
concentration of 2.5 μg for 4×107 beads in 100 μl phosphate buffered saline
(PBS) containing 0.1% BSA. After STAPUT isolation and differential plating,
the spermatogonia were centrifuged and resuspended in 1 ml of tissue culture
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medium containing 10% Nu serum (BD Biosciences, San Jose, CA) instead of
FCS. The cells were incubated overnight at 4 °C with a 1:200 dilution of a goat
anti-mouse antibody recognizing the carboxy terminus of the GFRα-1 receptor
(Santa Cruz Biotechnology, Santa Cruz, CA). Cells were then washed 3 times
with PBS and incubated for 1 h on a shaker at room temperature with the
magnetic beads coated with the secondary antibody (ratio=10 beads per target
cell). The number of target cells was estimated at approximately 15×104 cells
for 60 pups (De Rooij and Russell, 2000). After incubation, the GFRα-1 positive
cells (coated with the magnetic beads) and the GFRα-1 negative cells (the cells
without beads) were separated using a MPC-L magnet (Dynal/Invitrogen,
Carlsbad, CA), yielding an average of 5–7.5×104 GFRα-1-positive spermato-
gonia with a purity of 98%.

The C18-4 cell line

The C18-4 cell line was established by stably transfecting type A
spermatogonia with the Large T antigen gene driven by the ecdysone promoter
(Hofmann et al., 2005b). From the cultures, a cell clone was isolated that
expresses the GFRα-1 and Ret receptors, as well as the germ line markers Oct3/
4 (Pesce et al., 1998) and Dazl (Reijo et al., 2000). The cells were cultured in
complete cell culture media, which consisted of D-MEM media supplemented
with 1 mM sodium pyruvate, 2 mM L-glutamine, 50 U/ml penicillin, 50 μg/ml
streptomycin, 100 mM non-essential amino acids and 10% FCS. All tissue
culture reagents were purchased from Atlanta Biologicals, Norcross, GA, or
Hyclone/Fisher Scientific, Pittsburgh, PA. Cells were plated in 100-mm tissue
culture dishes or 24-wells plates, and cultured at 34 °C and 5% CO2 in a
humidified incubator. For cultures that required serum-starved conditions,
FCS was replaced with 10% synthetic Nu serum (BD Biosciences, San Jose,
CA).

Isolation of neonatal and adult mouse testicular tubules

Testes were removed from 40 neonatal (5 days old) or 10 adult mice (Balb/c)
and decapsulated. The tubules were digested in D-MEM containing 1 mg/ml
collagenase and 1 μg/ml DNase (Sigma, St. Louis, MO) for 20 min at 34 °C to
remove the Leydig and peritubular cells, as well as the basement membrane, and
expose the spermatogonial stem cells. The tubules were carefully washed in
D-MEM and placed in minimal media overnight (D-MEM supplemented with
10% Nu serum, BD Biosciences, San Jose, CA) and treated the next day
according to the protocols described in the following sections.

GFRα-1 and Ret expression in the C18-4 Cells

The cells were seeded onto LabTek glass chambers (Fisher Scientific,
Pittsburgh, PA), cultured until 70% confluency and fixed with ice-cold
methanol. The cells were incubated at 37 °C for 1 h with either a goat anti-
mouse Ret antibody (Santa Cruz Biotechnology, Santa Cruz, CA) at dilutions of
1:100 to 1:500 or a goat anti-mouse GFRα-1 antibody (Santa Cruz
Biotechnology, Santa Cruz, CA) at dilutions of 1:100 to 1:500. After washing
with PBS, the cells were incubated with a rabbit anti-goat secondary antibody
conjugated to FITC or a rabbit anti-goat secondary antibody conjugated with
biotin (Vector Laboratories, Burlingame, CA). Binding of the biotin-conjugated
antibody was revealed with the immunoperoxidase technique using an AEC kit
(Vector Laboratories, Burlingame, CA), which gives a pink-red precipitate at the
reaction sites. Fluorescent sample slides were mounted in ProLong Antifade
Reagent (Molecular Probes/Invitrogen, Carlsbad, CA). Samples were visualized
with a BH2 Olympus microscope equipped with a DP12 camera (B and B
Microscopes, Pittsburgh, PA).

Proliferation assays

Spermatogonial stem cells
GFRα-1-positive cells were isolated from 4- to 5-day-old mice testes as

described above. They were seeded in 96-well microtiter plates at a
concentration of 10,000 cells/well in 200 μl culture media. For baseline
experiments, the cells were cultured either with D-MEM alone, or D-MEM
and 10% Nu synthetic serum (BD Biosciences, San Jose, CA) or D-MEM,
10% Nu serum and 100 ng/ml GDNF (rabbit recombinant, R&D Systems,
Minneapolis, MN). For cultures with pharmacological inhibitors, the media
was complemented with 10% Nu serum and the samples treated with 100 ng/ml
of GDNF (R&D Systems, Minneapolis, MN), or 100 ng/ml of GDNF and
10 μM of the Src inhibitor U6656 (Calbiochem, San Diego, CA), or 100 ng/ml
of GDNF and 10 μM of the MEK inhibitor U0126 (Calbiochem, San Diego,
CA), or 100 ng/ml of GDNF and 100 nM of the PIK3 inhibitor wortmannin
(Sigma, St. Louis, MO), or 100 ng/ml of GDNF and 5 μg/ml of a GDNF
neutralizing antibody (R&D Systems, Minneapolis, MN). The cells were
cultured for 6 days and fresh treatment was applied daily. The number of cell
clusters in each tissue culture well was counted on the sixth day. The data are
presented as the average of triplicates (three separate experiments) plus or
minus the standard deviation. ANOVA and Tukey's post-hoc analysis were
performed using SPSS to determine statistical significance.

C18-4 cell line
C18-4 cells were seeded at 10,000 cells per well in 24-wells culture plates

with complete cell culture media and 10% Nu serum. Half of the wells were
treated with 100 ng/ml GDNF (R&D Systems, Minneapolis, MN). The
treatment was repeated daily for 5 days. Each day, 3 control and 3 GDNF-treated
cultures were thoroughly trypsinized and cells counted with a hemocytometer.
The data are presented as the average of triplicates, each triplicate from three
separate experiments, plus or minus the standard deviation. The Student' t test
was used for comparison of the data with or without GDNF for each day. To
analyze growth in presence of pharmacological inhibitors, C18-4 cells were
seeded at 10,000 cells per well in 24-wells culture plates with complete cell
culture media and 10% Nu serum. Culture wells were treated with
pharmacological inhibitors and the neutralizing antibody as described for the
freshly isolated GFRα-1 positive spermatogonia. After 6 days of culture, the
C18-4 cells were thoroughly trypsinized and counted with a hemocytometer.
The data are presented as the average of triplicates from three separate
experiments. ANOVA and Tukey's post-hoc analysis were performed using
SPSS to assess statistical significance.

Phospho-Src expression in spermatogonial stem cells

GFRα-1-positive cells were isolated from 4- to 5-day-old mice, seeded at a
concentration of 1000 cells/well in a tissue culture-treated microtiter plate
(Costar, Corning, NY), and serum-starved overnight in D-MEM with 10% Nu
serum (minimal media). The following day, half of the wells were exposed to
100 ng/ml of GDNF for 4 h. The cells were then fixed in ice-cold methanol and
stained with a rabbit anti-mouse phospho-Src (Tyr416) primary antibody (Cell
Signaling Technology, Beverly, MA). Binding of the antibody was revealed with
a goat anti-rabbit secondary antibody coupled with biotin (Vector Laboratories,
Burlingame, CA). Reaction sites were revealed using AEC kit (Vector
Laboratories, Burlingame, CA). A minimum of 500 cells were counted in
each well and the percentage of positive cells calculated. Results from three
different experiments were averaged and the standard deviation calculated. The
Student's t test was performed to assess statistical significance.

Src kinase activity

Freshly isolated GFRα-1-positive cells were serum-starved overnight, by
culturing them in D-MEM with 10% Nu serum. The following day they were
stimulated with 100 ng/ml of GDNF for 4 h and proteins were isolated in a non-
denaturing lysis buffer containing 10 mM Tris–HCl, pH 7.4, 50 mM NaCl,
2 mM MgCl2, 1 mM CaCl2, 1% Triton X-100, 1 mM Na3VO4, 50 mM NaF,
1 mM PMSF and 1:100 protease inhibitors cocktail (all reagents purchased from
Sigma, St. Louis, MO). The C18-4 cell line was grown in complete cell culture
media and 10% FCS until the cells were 75% confluent. The cells were then
serum-starved overnight. The following morning the cells were stimulated with
100 ng/ml of GDNF for 4 h and proteins isolated as described for the freshly
isolated spermatogonia. Seminiferous tubules were isolated from the testes of 40
5-day-old pups, digested for 20 min with 1 mg/ml collagenase and 1 μg/ml
DNase (Sigma, St. Louis, MO), washed and treated with GDNF as described
above. Proteins were isolated using the same non-denaturing buffer. The three
sets of proteins were then immunoprecipitated using a v-Src antibody that
recognizes Src kinases (EMD Biosciences, San Diego, CA). The immune
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complexes were washed three times with the non-denaturing lysis buffer, then
twice with a Src kinase assay buffer containing 100 mM Tris–HCl, pH 7.2,
125 mMMgCl2, 25 mMMnCl2, 2 mM EGTA, 250 μM sodium orthovanadate,
2 mM dithiothreitol (Upstate, Milford, MA). Src activity was assessed using
an ELISA tyrosine kinase activity kit and the Src kinase assay buffer as
recommended by the manufacturer (Chemicon International, Inc., Temecula,
CA). Experiments were repeated with the addition of a GDNF-neutralizing
antibody (R&D Systems, Minneapolis, MN) or with the Src inhibitor SU6656
(Calbiochem, San Diego, CA). A phosphopeptide standard curve was run in
parallel, to determine the amount of phosphorylated substrate produced by the
Src kinase. Results were expressed in ng phosphorylated substrate/mg of
protein extract. Experiments were done in triplicates (3 different experiments)
and the data presented as means±standard deviation. To compare data
resulting from the different treatments and assess significance, ANOVA and
Tukey's post-hoc analysis were performed using SPSS.

Western blotting for phospho-Akt and phospho-Mek

Seminiferous tubules from 6-day-old mice were digested with collagenase to
expose the spermatogonial stem cells as described above, and serum-starved
overnight in D-MEM containing 10% Nu serum. The following morning, they
were treated for 4 h with 100 ng/ml GDNF (R&D Systems, Minneapolis, MN),
100 ng/ml GDNF+10 μMof the Src inhibitor SU6656 (Calbiochem, San Diego,
CA) or 100 ng/ml GDNF+5 μg/ml neutralizing antibody (R&D Systems,
Minneapolis, MN). The samples were then homogenized in the non-denaturing
lysis buffer with the phosphatase inhibitors sodium orthovanadate (1 mM) and
sodium fluoride (50 mM) as described above. The C18-4 cell line was treated
and protein extracted using the same protocols. The samples were then con-
centrated using centrifugal concentrators from Millipore (cutoff=30,000 Da)
(Millipore, Danvers, MA). Protein concentrations were determined using the
Bio-Rad DC assay (Bio-Rad Laboratories, Hercules, CA). Thirty μg of proteins/
lane were run on a 7.5% Tris–HCl gel and transferred to a nitrocellulose
membrane. The membranes were probed with a rabbit anti-mouse phospho-Akt
(Ser 473) and a rabbit anti-mouse phospho-Mek antibody (Ser217/221) (Cell
Signaling Technologies, Beverly, MA), each at a concentration of 1: 500 for
1.5 h at room temperature, followed by an incubation with a horseradish
peroxidase labeled anti-rabbit secondary antibody (Santa Cruz Biotechnology,
Santa Cruz, CA) at a concentration of 1: 5000 for 1.5 h at room temperature. The
proteins were then revealed using the SuperSignal® West Pico Chemilumines-
cent Substrate kit (Pierce, Rockford, IL). The phospho-Akt protein has a
molecular weight of 60 kDa and the phospho-Mek protein has a molecular
weight of 45 kDa. After detection, the membranes were stripped with the
Restore™ Western Blot Stripping Buffer (Pierce, Rockford, IL), and re-probed
with a rabbit anti mouse β-actin antibody (Santa Cruz Biotechnology, Santa
Cruz, CA) to normalize protein expression. The β-actin protein has a molecular
weight of 42 kDa. The intensity of the protein bands was measured using the
EpiChemi II (EC2) darkroom system from UVP Bioimaging Systems and the
LabWorks 4.0 acquisition and analysis software (UVP, Inc., Upland, CA).
Results are the averages of 4 separate experiments and are expressed as % of
control plus or minus the standard deviation. An ANOVA and Tukey's post-hoc
analysis were performed using SPSS.

RNA interference assays

Src family kinases down-regulation
GFRα-1-positive spermatogonia were isolated as described above. They

were seeded in 96-well microtiter plates at a concentration of 10 000 cells/well in
200 μl D-MEM media (HyClone/Fisher, Pittsburgh, PA). In all cultures, the
media was complemented with 10% NU synthetic serum for a controlled
environment (Fisher Scientific, Pittsburgh, PA). The cultures were transfected
either with p60-src (c-Src), c-yes, fyn, or lyn siRNAs (Santa Cruz Biotechnology,
Santa Cruz, CA) using the RNAiFect kit (Qiagen, Valencia, CA). A scrambled
siRNA sequence (Santa Cruz Biotechnology, Santa Cruz, CA) and non-
transfected cells were used as controls. To assess the efficiency of RNA
interference, the cells were collected 36 h after siRNA treatment and total RNA
isolated with the RNeasy mini kit (Qiagen, Valencia, CA). Genomic DNA
contamination was eliminated by treating the samples with RQ1 RNase-free
DNAse (1 U DNase/μg RNA) (Promega, Madison, WI) for 1 h at 37 °C. The
reaction was stopped with a final concentration of 2 mM EGTA, pH 8.0,
according to the manufacturer. The samples were further incubated at 65 °C for
10 min to inactivate the DNase, after which the total RNA concentration was
measured by spectrophotometry. The absence of genomic DNA in the samples
was checked by regular PCR (no reverse-transcriptase) using actin primers
followed by an agarose gel electrophoresis. For each sample, 50 ng RNA was
reverse-transcribed using the iScript cDNA synthesis kit (Bio-Rad, Hercules,
CA), and 2 μl cDNAwere used in a nested PCR reaction using two primer sets
for each of the genes (fyn, lyn, p60-src (c-Src), c-yes, and β-actin), and the
Invitrogen PCR SuperMix (Invitrogen, Carlsbad, CA). The primers were
obtained from Santa Cruz Biotechnology (Santa Cruz, CA) and used according
to the manufacturer's protocols with minor changes. Briefly, the first PCR
reaction was run using 2 μl of cDNA and the second PCR reaction was run using
6 μl of the first PCR reaction product. The PCR program was 94 °C for 2 min, 30
cycles of 94 °C for 30 s, 50 °C for 30 s, and 72 °C for 1 min, followed by 72 °C.
for 5 min. The PCR products were resolved on agarose gel electrophoresis, the
gels stained for 30 min with SYBR green I fluorescent dye (Invitrogen,
Carlsbad, CA) and the PCR products visualized and quantified with the
EpiChemi II (EC2) darkroom system from UVP Bioimaging Systems and the
LabWorks 4.0 acquisition and analysis software (UVP, Inc., Upland, CA). Semi-
quantitative analysis was performed using actin expression in each sample as a
standard. Results are the averages of three different experiments and are
expressed as % of control plus or minus the standard deviation. An ANOVA and
Tukey's post-hoc analysis were performed using SPSS. For proliferation assays,
the cells were transfected on day 0 and day 3 with either p60-src (c-Src), c-yes,
fyn, or lyn siRNAs (Santa Cruz Biotechnology, Santa Cruz, CA) using the
RNAiFect kit (Qiagen, Valencia, CA). A scrambled siRNA sequence (Santa
Cruz Biotechnology, Santa Cruz, CA) and non-transfected cells were used as
controls. Half of the cultures were also treated with 100 ng/ml of GDNF (R&D
Systems, Minneapolis, MN) and fresh treatments were applied daily. After 2 and
6 days, the number of cell clusters in each tissue culture well was counted. The
data are presented as the average of triplicates collected in 2 separate
experiments plus or minus the standard deviation. For each treatment, the
Student's t test was used to assess the significance of data obtained in presence
or absence of GDNF.

N-myc down-regulation
GFRα-1-positive spermatogonia and C18-4 cells were cultured as outlined

above and transfected with N-myc siRNA (Santa Cruz Biotechnology, Santa
Cruz, CA) using the RNAiFect kit (Qiagen, Valencia, CA). Thirty-six hours
after transfection, RNA was isolated and DNase treatment performed as
described above. The efficiency of RNA interference was assessed by semi-
quantitative RT-PCR, using the N-myc and β-actin primers for nested PCR
from Santa Cruz Biotechnology, Santa Cruz, CA. The first PCR reaction was
run using 2 μl of cDNA and the second PCR reaction was run using 3 μl of the
first PCR reaction product. The PCR program was 94 °C for 2 min, 30 cycles of
94 °C for 30 s, 55 °C for 30 s, and 72 °C for 1 min, followed by 72 °C for
5 min. The PCR products were resolved on agarose gel electrophoresis, the gels
stained for 30 min with SYBR green I fluorescent dye (Invitrogen, Carlsbad,
CA) and N-myc expression quantified using β-actin expression as standard. For
proliferation assays, the cultures were treated with 100 ng/ml of recombinant rat
GDNF (R&D Systems, Minneapolis, MN) and transfected with N-myc siRNA
at day 0 and day 3. Fresh GDNF treatments were applied daily. Cells
transfected with a scrambled siRNA sequence (Santa Cruz Biotechnology,
Santa Cruz, CA), non-transfected cells and cells cultured without GDNF were
used as controls. After 6 days of culture, the number of spermatogonial clusters
and the number of C18-4 cells were counted in each well. The data are
presented as the average of triplicates plus or minus the standard deviation,
obtained in 3 different experiments. For each treatment, the Student's t test was
used to compare and assess the significance of the data in presence or absence
of GDNF.

N-myc expression analysis using Real-Time PCR

Seminiferous tubules were isolated from 5-day-old testes, digested for
20 min with collagenase/DNase as described before, serum-starved overnight in
minimal medium, washed and treated with 100 ng/ml GDNF (R&D Systems,
Minneapolis, MN), or 100 ng/ml of GDNF and 10 μg/ml of a GDNF-



Fig. 1. Proliferation of GFRα-1 positive spermatogonia in vitro. GFRα-1-
positive spermatogonia were isolated using the STAPUT method followed by
immunomagnetic bead separation. The cells were cultured in D-MEM alone, or
in minimal media (D-MEM+10% Nu serum), or in minimal media+100 ng/ml
GDNF. After 6 days, the number of growing cell clusters (5–10 cells) and
colonies (>10 cells) was counted. (A) Morphology of a colony in phase contrast
microscopy after a 6-day treatment with 100 ng/ml GDNF in minimal media.
(×400). (B) Morphology of a culture after 6 days without GDNF in minimal
media (×400). Most cells remain single or undergo only one or 2 divisions,
producing small clusters. (C) Number of cell clusters observed after 6 days of
culture in different conditions. The data are presented as the average of
triplicates (3 separate experiments) plus or minus the standard deviation. Few
small clusters (∼3–4 cells) are observed when the cells are grown in D-MEM
alone. The number of clusters significantly increases (*) in minimal media and
in minimal media+100 ng/ml GDNF (ANOVA, p<0.01). Furthermore, a
Tukey's post-hoc test showed that each treatment was significantly different
from the other two.

Fig. 2. Expression of the GFRα-1 and Ret receptors at the surface of the C18-4
cells. (A) C18-4 cells were cultured in 10% Nu serum until 70% confluency in
LabTek chambers, fixed in ice-cold methanol and processed for immunocy-
tochemistry for GFRα-1. (B) Same as above, but the cells were processed for
immunofluorescence for Ret. (C) Growth curve of the C18-4 cell line showing
an increase in the number of cells and their rate of proliferation in presence of
GDNF. The data are shown as the average of triplicates, each triplicate from
three separate experiments. The increase in cell numbers becomes significant by
day 3 (*) and the rate of proliferation markedly increases after 4 days in culture.
The Student's t test was used for comparison of the data with or without GDNF
for each day (p<0.05).
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neutralizing antibody (R&D Systems, Minneapolis, MN), or 100 ng/ml of
GDNF and 10 μMof the Src inhibitor SU6656 (Calbiochem, San Diego, CA), or
100 ng/ml of GDNF and 10 μM of the MEK inhibitor U0126 (Calbiochem, San
Diego, CA), or 100 ng/ml of GDNF and 100 nM of the PI3K inhibitor
wortmannin (Sigma, St. Louis, MO). The following day total RNAwas isolated
from the tubules using TRIzol reagent (Sigma, St. Louis, MO). Genomic DNA
contamination was eliminated by treating the samples with RQ1 RNase-free
DNAse (1 U DNase/μg RNA) (Promega, Madison, WI) for 1 h at 37 °C as
described in the previous section. The absence of genomic DNA in the samples
was checked by regular PCR (no reverse-transcriptase) using actin primers
followed by an agarose gel electrophoresis. One μg of RNA was converted to
cDNA using the iScript cDNA synthesis kit (Bio-Rad, Hercules, CA).
Subsequent Real-Time PCR reactions used 2 μl of cDNA and 1X iQ SYBR
Green Supermix from Bio-Rad (Bio-Rad, Hercules, CA) with 100 nM each of
N-myc-specific primers. The primers used to detect mouse N-myc were 5′-ACT
TCTACT TCG GCG G-3′, Tm=47 °C (forward), and 5′-TCT CCG TAG CCC
AAT-3′, Tm=44 °C (reverse complement). The primers used to detect β-actin
were 5′-GGACTC CTATGTGGG TGACGA-3′, Tm=59 °C (forward) and 5′-
GCC TCG GTG AGC AGC-3′, Tm=52 °C (reverse complement). The primers
were designed and evaluated using the Net Primer program and ordered from
Integrated DNA Technologies (IDT, Coralville, IA). Real-time PCR was
performed using the iCycler iQ™ Real-Time PCR Detection System (Bio-Rad,
Hercules, CA) with the following cycling profile: cycle 1: 95 °C for 3 min, cycle
2 was repeated 50 times: denaturing at 95 °C for 30 s, annealing of primers at
45 °C for 30 s, and elongation at 72 °C for 1 min and 50 s, cycle 3: 72 °C for
1 min. Negative controls were provided by the same reaction with omission of
the reverse transcriptase. The iCycler software calculated the threshold cycle
(CT), and the expression of N-myc mRNA relative to β-actin mRNA in each
sample was calculated as ΔCT=CT(N-myc)−CT(β-actin). The sample that
received no treatment was designated as the control and was used to cal-
culate the relative expression of N-myc mRNA in the other samples by the
comparativeCTmethod (2 −ΔΔCT), withΔΔCT=[CT (N-myc)−CT(β-actin) ]sample−
[CT (N-myc)−CT(β-actin)]control. Real-time PCR was repeated three times for each
sample, in 3 different experiments, and mean values with standard error were
used for comparison. Statistically significant differences between treatment
groups were determined by an ANOVA and Tukey's post-hoc analysis utilizing
SPSS. N-myc expression was also evaluated by semi-quantitative RT-PCR using
β-actin as a standard.

Nuclear expression of N-Myc

To detect a change in the nuclear expression of the N-Myc protein after
stimulation with GDNF, the C18-4 cells and primary spermatogonial stem cells
were plated in LabTek glass chambers (Fisher Scientific, Pittsburgh, PA) or a
tissue culture-treated microtiter plate (Costar, Corning, NY) respectively, serum-
starved overnight in D-MEM containing 10% Nu serum, then treated with
100 ng/ml GDNF for 3 days. Immunocytochemistry with a mouse monoclonal
anti-N-Myc antibody (Abcam Inc, Cambridge, MA) at dilutions of 1:100 and
1:250 in PBS was performed as described above.



Fig. 3. Src is phosphorylated in spermatogonial stem cells after GDNF
induction. GFRα-1-positive cells were isolated using the STAPUT method
followed by immunomagnetic bead separation. The cells were maintained
overnight with 10% Nu serum in a microtiter plate and half of the cultures
treated the next morning with 100 ng/ml GDNF for 4 h. All cultures were then
fixed directly in the culture wells and probed for the expression of P-Src at
Tyr416 by immunocytochemistry. A minimum of 500 cells were counted in each
well. (A) Isolated GFRα-1 cells expressing phosphorylated Src (arrows) after
GDNF-treatment. (B) Isolated GFRα-1 cells that do not express phosphorylated
Src (no GDNF treatment). (C) Number of cells (% of total population)
expressing phospho-Src in presence or absence of GDNF. The data represent the
average of 3 separate experiments plus or minus the standard deviation. GDNF
treatment results in a significant increase (*) in the number of cells positive for
phosphorylated Src (Student's t test, p value<0.05).
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Results

Spermatogonial stem cells express GFRα-1 and Ret, and
respond to GDNF in vitro

We previously reported that mouse spermatogonial stem cells
express the GFRα-1 and Ret receptors in the neonatal and the
adult testis. Expression of the receptors was seen in vitro after
magnetic bead isolation of the cells, and in vivo when the cells
were kept in their environment in cultures of seminiferous
tubules (Dettin et al., 2003; Hofmann et al., 2005a). In the
present study, we isolated pure populations of GFRα-1-positive
cells with the STAPUT/immunomagnetic bead method from
4.5- to 5-day-old mice, and cultured them with the optimal
concentration of 100 ng/ml GDNF (Hofmann et al., 2005a) in
minimal media, e.g. with 10% synthetic serum (Nu serum) in-
stead of FCS and without feeder layer to minimize the influence
of other growth factors. In this condition, the cells proliferated,
forming growing clusters during the first 6 days of culture as
seen in Fig. 1A. Few clusters formed when the cells were grown
in minimal media without GDNF, and most cells remained
isolated and eventually died (Fig. 1B). To quantify proliferation,
we measured the number of cell clusters obtained for 10,000
cells seeded after 6 days of culture with or without GDNF. Fig.
1C shows a statistically significant increase in the number of cell
clusters in presence of 100 ng/ml of GDNF in comparison to
culture conditions in minimal media and D-MEM only. In
general, the number and size of clusters increase over time, and
when these formations contain more than 10 cells they are called
colonies. Figs. 2A and B show the expression of the GFRα-1
and Ret receptors at the surface of the C18-4 spermatogonial
stem cell line. When 100 ng/ml GDNF is added to the C18-4
cells, there is also a statistically significant increase in cell
numbers by day 3 after seeding, and the rate of proliferation
markedly increases after 4 days of culture (Fig. 2C).

GDNF induces Src kinase phosphorylation and activation in
spermatogonial stem cells

We then treated freshly isolated GFRα-1-positive spermato-
gonia for 4 h with 100 ng/ml GDNF, and probed the cells
directly in the culture dishes for expression of phosphorylated
Src at Tyr416 using immunocytochemistry. As seen in Fig. 3A,
isolated spermatogonial stem cells treated with GDNF did
express phosphorylated Src at Tyr 416. In cultures that were not
treated with GDNF but were stained for phosphorylated Src,
most cells remained negative (Fig. 3B). Moreover, the
percentage of cells expressing phosphorylated Src increased
significantly in comparison with the control (Fig. 3C). We next
measured Src kinase activity in isolated spermatogonial stem
cells, the C18-4 cell line, and adult mouse seminiferous tubules
using an ELISA-based kinase assay after immunoprecipitation
using a v-Src antibody recognizing Src family members. In all 3
model systems, a 4 h treatment with 100 ng/ml of GDNF
significantly increased the level of Src kinase activity in
comparison to the control cultures without GDNF (Fig. 4). In
addition, when 5 μg/ml of a GDNF-neutralizing antibody was
used in conjunction with GDNF, no increase in kinase activity
was observed, confirming that Src kinase activity is dependent
on GDNF. Furthermore, when 10 μMof the Src-family inhibitor
SU6656 was added to the cultures, no kinase activity was seen,
further confirming the involvement of members of the Src
kinase family in GDNF-induced signaling.

Src activation is necessary for spermatogonial stem cell
proliferation

To determine if Src activation was necessary for sperma-
togonial stem cell proliferation, we cultured isolated sperma-
togonial stem cells and the C18-4 cells in presence of GDNF,
a GDNF-neutralizing antibody and the Src inhibitor SU6656.
As shown in Fig. 5A, there is a significant increase in the
number of clusters produced by isolated spermatogonial stem
cells over a period of 6 days of culture with GDNF in
comparison to the control cultures without the growth factor.
This increase is not seen in the presence of GDNF together
with a GDNF-neutralizing antibody, confirming that GDNF
influences spermatogonial stem cell proliferation in vitro. In
addition, the effects of GDNF are abolished when the cells are



Fig. 5. Src kinase and PI3K activity are necessary for spermatogonial stem cell
proliferation. (A) GFRα-1-positive spermatogonia were isolated using the
STAPUT method followed by immunomagnetic bead separation. The cells were
cultured for 6 days in presence of 100 ng/ml GDNF, a GDNF-neutralizing
antibody, and the Src inhibitor SU6656 or the PI3K inhibitor wortmannin. The
data are presented as the average of 3 separate experiments plus or minus the
standard deviation. In comparison with the control samples without GDNF,
GDNF alone significantly increased the number of clusters (*). This increase is
not observed when the cells are cultured in presence of GDNF and a GDNF-
neutralizing antibody, or in presence of GDNF and pharmacological inhibitors
such as SU6656 and wortmannin, suggesting that GDNF acts through a Src-
PI3K pathway (ANOVA, p<0.01). (B) Similarly, the C18-4 cells were cultured
for 6 days in minimal media in the conditions described above. The data are
presented as triplicates from 3 independent experiments plus or minus the
standard deviation. GDNF alone significantly increased the number of C18-4 (*)
cells while the increase is not observed in presence of GDNF and the
pharmacological inhibitors (ANOVA, p<0.01).

Fig. 4. Src kinase activation by GDNF in spermatogonial stem cells. Freshly
isolated GFRα-1 positive spermatogonia, the C18-4 cell line and stem cells in
organ cultures were cultured overnight in minimal medium, then treated with
100 ng/ml GDNF, or GDNF and a GDNF-neutralizing antibody, or GDNF and
the Src inhibitor SU6656. Src was immunoprecipitated and probed for
phosphotyrosine activity using an ELISA-based assay. The data represent the
average of 3 different experiments plus or minus the standard deviation. Without
GDNF, very little enzyme activity could be detected. When 100 ng/ml GDNF
was added, Src kinase activity increased significantly (*). Src kinase activity was
abolished when 5 μg/ml of a GDNF-neutralizing antibody was added to the
GDNF cultures. Similarly, the kinase activity disappeared when 10 μM of
SU6656 was added to the GDNF cultures, showing that this activity is indeed
due to Src. (ANOVA, p value<0.01).
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cultured with GDNF together with the Src inhibitor SU6656,
suggesting that GDNF acts through a Src-activated pathway.
Similarly, there is a significant increase in the number of C18-
4 cells in presence of GDNF in comparison to the control
cultures without GDNF. This effect is abolished by the
GDNF-neutralizing antibody and the Src inhibitor SU6656
(Fig. 5B).

In vertebrates, the Src family of tyrosine kinases contains 9
members, including p60-Src, Yes, Fgr, Yrk, Fyn, Lyn, Hck,
Lck and Blk. Several members of the family are found in all
tissues while others are more specialized (Thomas and Brugge,
1997). Therefore, we sought to identify if any member(s) of the
Src family plays a preponderant role in spermatogonial
proliferation. However, immunoprecipitation and western
blotting are not particularly suitable to assess kinases
involvement in isolated stem cells because these techniques
need a fair amount of isolated proteins to obtain significant
data. Therefore, we used RNA interference to test which Src
kinases are involved in the proliferation of isolated stem cells.
We attempted to down-regulate the expression of p60-src
(c-src), c-yes, lyn and fyn, since only these kinases are affected
by the Src inhibitor SU6656. Semi-quantitative RT-PCR
analysis showed that the 4 kinases are indeed expressed in
spermatogonia and that their mRNA expression was signifi-
cantly reduced by the siRNA treatments compared with the
scrambled siRNA controls or the no siRNA samples (Supple-
mentary Figs. 1A and B). Fig. 6A shows that the early response
to GDNF depends mainly on the Src family kinases p60-Src (c-
Src) and c-Yes. After 1 week in culture, when spermatogonial
proliferation is also linked to differentiation into Aaligned
spermatogonia (Hofmann et al., 2005a), Lyn and Fyn also seem
necessary (Fig. 6B).

GDNF-dependent proliferation of spermatogonial stem cells
also requires PI3K activity

The PI3K/Akt pathway has a pivotal role in GDNF-
dependent neuron survival, neurite outgrowth and kidney bud
development (Dudek et al., 1997; Jackson et al., 1996; Tang et
al., 2002). To test whether PI3K activity was also necessary for
GDNF-dependent proliferation of spermatogonial stem cells,
we treated isolated spermatogonial stem cells and the C18-4
cells for 6 days with GDNF and wortmannin. As shown in
Figs. 5A and B, the effect of GDNF is drastically inhibited by
addition of wortmannin in cluster cultures and in the C18-4 cell
line, indicating that PI3K activity was also necessary for
GDNF-induced proliferation of spermatogonial stem cells. To



Fig. 7. The PI3K/Akt pathway is dependent on Src activation in spermatogonial
stem cells. Spermatogonial stem cells in organ cultures and the C18-4 cell line
were cultured overnight in minimal media, then treated for 4 h with 100 ng/ml
GDNF or 100 ng/ml GDNF and 10 μM SU6656. Total lysates (30 μg protein/
lane) were resolved by PAGE and probed with specific antibodies against
phospho-Akt and phospho-Mek. While GDNF induces Akt phosphorylation, a
decrease in phospho-Akt is observed when the samples were treated with
SU6656, indicating that the PI3K-Akt pathway is downstream of Src.
Furthermore, no phospho-Mek is observed after GDNF treatment, indicating
that a Ras-dependent pathway is not involved in these cultures. (A) Western blot
probed for pAkt, then stripped and re-probed for β-actin: Lane A=C18-4 cells
control; laneB=C18-4 cells+100 ng/mlGDNF; laneC=C18-4 cells+100 ng/ml
GDNF+SU6656; lane D=C18-4 cells +100 ng/ml GDNF+neutralizing
antibody (5 mg/ml); lane E=seminiferous tubules control; lane F=seminiferous
tubules+100 ng/ml GDNF; lane G=seminiferous tubules+100 ng/ml GDNF+
SU6656; lane H=seminiferous tubules+100 ng/ml GDNF+neutralizing anti-
body (5 μg/ml). (B) Graphic representation of the western blots after image
analysis and normalizing over β-actin expression. The data are presented as
triplicates from 4 independent experiments plus or minus the standard deviation.
There is a significant increase (*) in the levels of phosphorylated Akt after
GDNF treatment (ANOVA, p<0.01).

Fig. 6. RNA interference analysis of the function of several Src family members.
GFRα-1-positive spermatogonia were seeded in 96-well microtiter plates at a
concentration of 10,000 cells/well in 200 μl D-MEM medium complemented
with 10% NU synthetic serum to allow for a controlled environment. The
cultures were transfected either with p60-src (c-Src), c-yes, fyn, or lyn siRNAs.
Non-transfected cells (control) and cells transfected with a scrambled siRNA
sequence were used as references. The numbers of clusters obtained after 2 days
and 6 days of culture were counted. The data are presented as triplicates, each
from 2 independent experiments plus or minus the standard deviation. For each
treatment, the Student's t test was used for comparisons between the cultures
with and without GDNF. (A) After 2 days of culture, GDNF significantly
increases the number of clusters in non-transfected samples and samples
transfected with a scrambled siRNA sequence (**=highly significant,
p<0.005). The increase is also significant in cultures transfected with siRNAs
for lyn and fyn (*=significant, p<0.05). However, transfections with siRNAs
for p60-src (c-Src) and c-yes abolish the effects of GDNF, indicating that
spermatogonial stem cell proliferation might depend on c-Src and c-Yes during
the early response to GDNF. (B) After 6 days of culture, GDNF significantly
increases the number of clusters in non-transfected samples and samples
transfected with a scrambled siRNA sequence (**=highly significant,
p<0.005). The increase is also significant in cultures transfected with siRNAs
for lyn, fyn, p60-src and c-yes (*=significant, p<0.05). However, the number
of clusters obtained after GDNF and siRNA treatments is markedly decreased
when compared with the control cultures with GDNF alone (p<0.01), indicating
that all kinases are involved in spermatogonial stem cell proliferation.
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further investigate whether Src was promoting cell proliferation
via a PI3K-dependent pathway or whether both PI3K and Src
contributed to this biological effect via independent mechan-
isms, we treated spermatogonial stem cells in organ cultures and
the C18-4 cell line with GDNF and SU6656, and investigated
by western blotting whether or not Akt was phosphorylated. As
seen in Fig. 7, GDNF alone increased Akt phosphorylation,
while treatment with GDNF and SU6656 decreased its
expression. Taken together, the PI3K kinase/Akt pathway is
necessary for GDNF-induced spermatogonial proliferation and
requires Src activation.
Role of N-myc in GDNF-induced proliferation of
spermatogonial stem cells

Our previous microarray analysis showed that genes impor-
tant in cell proliferation and cell cycle regulation were
differentially expressed by GFRα-1-positive spermatogonia
when treated with GDNF (Hofmann et al., 2005a). In this
condition, specific cyclins were upregulated while CDK
inhibitors were downregulated, confirming that GDNF is
activating the cell cycle and plays a role in spermatogonial
stem cell proliferation. In addition, N-myc, a member of the myc
proto-oncogene family, was upregulated by GDNF. The myc
gene family is expressed in embryonic stem cells and the
developing embryo, as well as in many adult stem cells
(Cartwright et al., 2005; Satoh et al., 2004; Zanet et al., 2005).
This gene family encodes transcription factors that are part of
the early response to mitogenic signals. Among other functions,
they can activate or repress transcription of cyclins and CDK
inhibitors by interacting with specific binding partners and thus
can impact a variety of cellular process that include stem cell
proliferation, differentiation, and apoptosis (Bouchard et al.,
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2001; Staller et al., 2001; Eisenman, 2001). Further, the myc
gene family is often activated by signaling pathways depending
on Src activation (Bowman et al., 2001). Thus, this gene might
play a central role in driving the proliferation of dividing
spermatogonial stem cells. In Fig. 8A we show by real-time
Fig. 8. GDNF induces spermatogonial stem cell proliferation through N-myc and a Sr
presence of GDNF and pharmacological inhibitors of Src, PI3K and Mek. Spermatog
4 h with 100 ng/ml GDNF, or 100 ng/ml GDNF and 10 μM SU6656, or 100 ng/ml
inhibitor U0126, or 100 ng/ml GDNF and 100 nM wortmannin and 10 μM of U0
experiments. N-myc expression was calculated as a relative intensity (fold control wi
regulates the expression of N-myc. However, N-myc expression is significantly decrea
presence of GDNF and U0126. Thus, GDNF up-regulates N-myc expression through S
pathway (ANOVA, p<0.05). (B) RNA interference study showing that N-myc is nece
1-positive spermatogonia were seeded in 96-well microtiter plates at a concentration
synthetic serum to allow for a controlled environment. The cultures were transfected
scrambled siRNA sequence were used as references. The numbers of clusters obtaine
independent experiments plus or minus the standard deviation. For each treatment, the
GDNF. GDNF significantly increases the number of clusters in non-transfected sa
significant, p<0.005). However, transfections with siRNA for N-myc abolish the effe
cell proliferation. (C) RNA interference study showing that N-myc is necessary for th
concentration of 104 cells in 24-wells plates and treated with the conditions described a
and samples treated with scrambled siRNA (**=highly significant, p<0.005). Howe
GDNF uses N-Myc in the cell line to promote proliferation. (D) Immunocytochemistr
by GDNF. (a) C18-4 cells with 10% Nu serum in the culture media, negative contro
showing a weak, basal expression of N-Myc; (c) C18-4 cells with 10% Nu serum and
for N-Myc in comparison to the basal expression; (d) cluster of spermatogonial stem
regulation of N-myc only in some cells (arrows).
PCR analysis that N-myc expression in spermatogonial stem
cells (organ cultures) is up-regulated by GDNF. Moreover,
N-myc expression is inhibited when the cells and testicular
tubules are treated with the Src inhibitor SU6656 and wortman-
nin, indicating that N-myc expression is dependent on Src
c/PI3K-dependent pathway. (A) Real-time PCR analysis of N-myc expression in
onial stem cells in organ cultures were serum-starved overnight, then treated for
GDNF and 100 nM wortmannin, or 100 ng/ml GDNF and 10 μM of the Mek
126. Real-time PCR was repeated three times for each sample, in 3 separate
thout GDNF) by the ΔΔCT method using actin as a standard. GDNF clearly up-
sed (*) in presence of GDNF and SU6656, or GDNF and wortmannin, but not in
rc activation and PI3K signaling, and probably not through a Ras/Mek signaling
ssary for the proliferative action of GDNF in spermatogonial stem cells. GFRα-
of 10,000 cells/well in 200 μl D-MEM medium complemented with 10% Nu
with N-myc siRNA. Non-transfected cells (control) and cells transfected with a
d after 6 days of culture were counted. The data are presented as the average of 3
Student's t test was used for comparisons between the cultures with and without

mples and samples transfected with a scrambled siRNA sequence (**=highly
cts of GDNF, indicating that GDNF needs N-Myc to induce spermatogonial stem
e proliferative action of GDNF in the C18-4 cells. C18-4 cells were seeded at a
bove. GDNF significantly increases cell proliferation in non-transfected samples
ver, transfections with N-myc siRNA abolish the effects of GDNF, showing that
y study showing the up-regulation of nuclear N-Myc expression after stimulation
l (no first antibody); (b) C18-4 cells with 10% Nu serum in the culture media,
100 ng/ml GDNF in the culture media, showing an increase in staining intensity
cells grown for 3 days in presence of GDNF (100 ng/ml) and showing strong up-



Fig. 9. GDNF/Src signaling in spermatogonial stem cells. This model shows
how GDNF can promote cell cycle progression via activation of Src kinase(s)
and a PI3K/Akt pathway to increase N-myc gene expression. All 4 kinases
depicted are inhibited by SU6656 and are involved in spermatogonial
proliferation. p60-Src and c-Yes are necessary for the early response to
GDNF, while the addition of Lyn and Fyn might be important for proliferation
associated with differentiation. Because GDNF activates N-Myc expression in
the spermatogonial stem cell line and a subpopulation of undifferentiated
spermatogonia, it suggests that N-Myc activation is relevant for spermatogonial
stem cell self-renewal only.
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activation and a PI3K/Akt pathway. Another analysis using
semi-quantitative RT-PCR showed the same effects, albeit not as
prominent (Supplementary Fig. 2). Further, we used RNA inter-
ference to demonstrate a biological effect of N-myc knockdown
in isolated spermatogonial stem cells and the C18-4 cell line.
Our data indicate that GDNF significantly increases the number
of spermatogonial clusters in vitro, while this effect is sup-
pressed when N-myc is knocked down (Fig. 8B). Similarly, the
proliferative effect of GDNF on the C18-4 cells is abolished
when N-myc expression is inhibited (Fig. 8C). Also, addition of
GDNF markedly increased the nuclear expression of N-Myc in
cultured spermatogonia stem cells and the C18-4 cell line, as
seen by immunocytochemistry (Fig. 8D). All C18-4 cells
showed a weak basal nuclear expression of N-Myc (Fig. 8D,b)
that markedly increased in intensity after exposure to GDNF
(Fig. 8D,c). Interestingly, a dual pattern could be seen in
clusters issued from primary spermatogonial stem cells, with
only about half of the daughter cells staining strongly for
N-Myc (Fig. 8D,d). Taken together, N-myc plays a central role
in GDNF-induced proliferation, but might be restricted to a
subset of undifferentiated type A spermatogonia, possibly the
spermatogonial stem cells.

Discussion

Recent investigations using in vitro cultures have confirmed
that GDNF is a potent stimulator of spermatogonial stem cell
self-renewal (Kanatsu-Shinohara et al., 2005). Elucidation of
self-renewal and differentiation pathways that determine stem
cell fate are of great interest for fundamental biology, and for
clinical applications in reproductive medicine and cell-based
therapy. Much effort is underway to determine cell intrinsic and
microenvironmental signals that govern self-renewal and
differentiation, and to identify genetic perturbations in these
pathways that may result in tumorigenesis.

Using microarray analysis, we previously demonstrated that
in these cells, GDNF alone was able to upregulate the
expression of specific cyclins as well as N-myc, which is a
member of the myc family found in brain and lung stem cells
(Oliver et al., 2003; Okubo et al., 2005; Hofmann et al., 2005a).
The present study was conducted to elucidate possible signaling
pathways induced by GDNF and leading to the up-regulation of
N-myc in spermatogonial stem cells, and to confirm its
functional importance. To ensure controlled conditions, we
obtained pure GFRα-1 positive spermatogonia and cultured
them in minimal media in the presence of GDNF with or
without inhibitors of specific kinases. In comparison, we also
used spermatogonial stem cells in organ cultures (seminiferous
tubules) and a recently established spermatogonial stem cell
line. The results obtained with the three model systems are
comparable. In this study, we have experimentally demonstrated
that the proliferative effect of GDNF can be mediated by
members of the Src family of non-receptor tyrosine kinases.
This mechanism is thus similar to the situation described by
Tansey et al. in neurons (Tansey et al., 2000). They and others
also demonstrated that the activation of Src leads to activation
of the Ras/Raf protein kinases or activation of the PI3/Akt
signaling pathway, both of which will stimulate neuron survival
(Besset et al., 2000; Encinas et al., 2001; Airaksinen and
Saarma, 2002). Ret-mediated mitogenesis requires Src kinase
activity in other cell types, and Src kinases have been shown to
be over-expressed in a variety of cancers (Melillo et al., 1999;
Tsygankov and Shore, 2004). In addition, the presence of p60-
Src and Yes is necessary for the early response to GDNF by
spermatogonial stem cells. These specific kinases are also
important for embryonic stem cell self-renewal (Anneren et al.,
2004), and our results confirm important similarities between
spermatogonial stem cells and ES cells. Because signaling
outside lipid rafts involves PI3K as well, but not Src, we
investigated whether PI3K works downstream of Src or not
(Paratcha and Ibanez, 2002). Since the phosphorylation of Akt,
a target of PI3K, is abolished when SU6656 is added to the
GDNF-stimulated cultures, we can assume that PI3K works
downstream of Src. This corresponds to the results of Encinas et
al. with neuroblastoma cells transfected with a GFRα-1
construct (Encinas et al., 2001). However, we could not
demonstrate any phosphorylation of the Mek kinase, at least
at the Ser 217/221 residues. Because it is very difficult to
quantify changes in protein expression in small populations of
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stem cells, it is possible that Mek phosphorylation was below
detection level.

Further, we report for the first time that the GDNF-GFRα-1-
Ret system induces the expression of N-myc via Src and PI3K
activation. In addition to the quantitative assessment of N-myc
RNA, we also detected an increase in N-Myc expression
following GDNF exposure using immunocytochemistry. While
the C18-4 cells showed a weak basal staining for N-Myc that
markedly increased upon stimulation by GDNF, the response
of the primary spermatogonial stem cells in culture was
somewhat different, with only half of their daughter cells
strongly expressing N-Myc after exposure to GDNF. Thus,
these N-Myc-positive cells behave like the C18-4 immortalized
cells and might be self-renewing spermatogonial stem cells.
However, a true assessment of the pattern of expression of N-
Myc (versus strict quantification) will depend on a better
characterization of the cellular components of a growing
colony, and will be the focus of further studies. A possible
model is depicted in Fig. 9.

In contrast to the expression of the closely related c-myc
gene, N-myc expression is very restricted in adult tissues. N-
myc is expressed in normal neuronal precursors, where it
promotes proliferation under the control of Sonic Hedgehog
(Shh) (Okubo et al., 2005; Kenney et al., 2004). Not
surprisingly, high levels of N-myc expression have been
reported in human neuroblastoma and small cell lung carcinoma
indicating that the cells at the origin of these tumors are possibly
stem cells (Jakobovits et al., 1985). Moreover, N-myc over-
expression has been shown in embryonal carcinoma and
seminoma of the testis, indicating a possible involvement of
undifferentiated germ cells in the etiology of these cancers
(Saksela et al., 1989; Shuin et al., 1994). Studies performed by
Meng and colleagues showed that transgenic mice over-
expressing GDNF exhibited testicular tumors reminiscent to
classical seminoma in men (Meng et al., 2001). In addition,
Viglietto et al. reported the expression of Ret and GFRα-1 in
human testicular germ cell tumors, in particular seminomas
(Viglietto et al., 2000). Therefore, the germ cell that is at the
origin of seminoma might be a spermatogonial stem cell, and a
deregulation of the system GDNF/GFRα-1/Ret could be part of
the etiology of this type of cancer. However, many histological
and immunocytochemistry studies indicate that gonocytes, the
precursors of spermatogonial stem cells in the neonatal testis,
are good candidates as well (Rajpert-De Meyts et al., 2003).

Like all stem cells, spermatogonial stem cells are character-
ized by two distinct responses to environmental cues: self-
renewal or differentiation. An in depth analysis of the
components of the spermatogonial stem cell niche will be
necessary to understand these processes. This also includes the
analysis of signaling pathways at the single cell level in
response to a particular growth factor. Our study provides a first
insight into the early response of spermatogonial stem cells to
GDNF in vitro and identifies N-myc as a target of Ret signaling.
Progress in unraveling cellular and molecular mechanisms
including transduction and transcriptional events that guide self-
renewal and differentiation will help devising new strategies for
clinical intervention.
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