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Signal transduction of stem cell factor in promoting
early follicle development

Xuan Jin, Chun-Sheng Han, Xue-Sen Zhang, Jin-Xiang Yuan, Zhao-Yuan Hu, Yi-Xun Liu∗

State Key Laboratory of Reproductive Biology, Institute of Zoology, Chinese Academy of Sciences, Beijing 100080, China

Received 16 June 2004; received in revised form 15 October 2004; accepted 20 October 2004

Abstract

Stem cell factor (SCF), another alternative name is kit ligand, is essential for the development of early follicles. However, the underlying
molecular mechanism remains to be defined. By using cultured ovaries that are rich in primordial follicles, the action of SCF (kit ligand)
on early follicular development and the activated signal transduction pathways were investigated. SCF (kit ligand) promoted early follicle
development. PKC and MEK but not PKA were involved in the signal transduction of SCF (kit ligand) as indicated by results using their
specific pharmacological inhibitors. SCF (kit ligand) also enhanced the phosphorylation of two MEK substrates, Erk1 and 2 (Erk1/2) in thecal-
i ession of
s st that SCF
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nterstitial cells where PKC might play an important role indicated by results using its inhibitors. SCF (kit ligand) elevated the expr
teroidogenic factor 1 (SF-1) in thecal-interstitial cells probably through a pathway that consists of Erk1/2. These results sugge
kit ligand) promotes follicular growth by stimulating the function of thecal-interstitial cells through the Erk1/2 pathway.

2004 Elsevier Ireland Ltd. All rights reserved.
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. Introduction

During the first three days after birth in rats, primordial fol-
icles are assembled and remain developmentally arrested un-
il primary follicles are formed later (Hirshfield, 1991; Jin and
iu, 2003). Primordial follicles are characterized by oocytes
urrounded by a single layer of squamous pregranulosa cells
hile primary follicles contain oocytes encircled by a single

ayer of cuboidal granulosa cells. Subsequently, secondary
ollicles are developed with oocytes surrounded by two to
hree layers of cuboidal granulosa cells. The physiological
ole of FSH in regulating follicle growth and differentiation
n vivo is well established. However, FSH is unlikely to exert

direct action on primordial follicles given that its receptors
ave not yet developed at this stage. In fact, follicles do not
xpress functional FSH receptors until the secondary stage of
ollicular development (O’Shaughnessy et al., 1997; Oktay
t al., 1997; Liu et al., 2000). Although, some growth factors
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in the ovary stimulate follicle growth and differentiation
vitro (Elvin et al., 2000; Webb et al., 1999), the underlying
molecular mechanism has not been well characterized.

Stem cell factor (SCF) (kit ligand) is an important re
lator of ovarian development in embryos and adults (Matsui
et al., 1990). In post-natal rodent ovaries, SCF (kit ligan
is detected in granulosa cells while its receptor c-kit is
pressed in thecal-interstitial cells and oocytes (Yoshida et al.
1997; Motro and Bemstein, 1993; Laitinen et al., 19
Ismail et al., 1996). SCF (kit ligand) is required for the su
vival and proliferation of primordial germ cells in cultu
(Dolci et al., 1991; Godin et al., 1991; Parrott and Skin
1999). In addition, SCF (kit ligand) stimulates the p
liferation and differentiation of thecal-interstitial cells a
the growth of ovarian stromal-interstitial cells (Parrott and
Skinner, 1997, 2000).

In several cell types, binding of SCF (kit ligand) cau
c-kit receptor dimerization and phosphorylation. The a
vated receptor in turn phosphorylates different subst
representing distinct signal pathways such as PI3K/A
and Ras/MEK/MAPK pathways (Blume-Jensen et al., 199
303-7207/$ – see front matter © 2004 Elsevier Ireland Ltd. All rights reserved.
oi:10.1016/j.mce.2004.10.006
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Rameh and Cantley, 1999; Ueda et al., 2002). The activation
of these pathways results in changes of cells in their sur-
vival, proliferation, differentiation, and chemotactic behav-
iors. Whether these molecules and pathways are activated in
follicular cells by SCF (kit ligand) remains unknown.

Steroidogenic factor 1 (SF-1) is an orphan nuclear recep-
tor (Teruo et al., 2001; Mellon and Bair, 1998) and plays a
major role in regulating the expression of genes essential for
gonadal development and sexual differentiation (Abraham
and Natarajagounder, 1997). However, regulation of the ex-
pression of SF-1 has not been well defined.

The present study was designed to examine the ability
of SCF (kit ligand) to promote follicular development in
cultured ovaries at the early stage of folliculogenesis. We
focused on investigating the possible signal pathway(s) trig-
gered by SCF (kit ligand) through identifying typical protein
molecules activated. We have demonstrated that SCF (kit lig-
and) activates protein kinase C (PKC) and the extracellular
signal-regulated kinases 1 and 2 (Erk1/2). SCF (kit ligand)
also induced the expression of SF-1 in thecal-interstitial cells
through the Erk1/2 pathway.

2. Materials and methods
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added to the culture dish compartment below the membrane,
and the ovaries were covered by a thin film on the floating
filter. Ten ovaries per floating filter were cultured at 37◦C in
a humidified atmosphere containing 5% CO2, and the me-
dia were changed every 48 h. Ovaries cultured under these
conditions appeared healthy.

2.3. Treatments

Ovaries were treated with the following agents and their
combinations: SCF (100 ng), PMA (100 nM), SCF plus
GF109203X (2�M), SCF plus U0126 (20�M), SCF plus
H89 (10�M). Matched pairs of ovaries were separated and
one used for control cultures and the other for treated cultures.
Experiments were repeated three times.

2.4. Western blot

Western blot was done as previously described (Zhou et
al., 2002). The tissues were homogenized in lysis buffer
(5 mM phosphate buffer, pH 7.2, containing 0.1% Triton
X-100, 1 mM phenylmethylsulfonylfluoride, 1 mg/l chymo-
statin) and the protein content of the supernatant from
centrifugation was determined by spectrophotometer, us-
ing bovine serum albumin as a standard. Sample lysates
w on,
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.1. Reagents

Mouse anti-rat PCNA antibody Ab-1, GF109203
203290) was purchased from Calbiochem, Inc.; rabbit
at p44/42 MAPK(9102), phospho-p44/42 MAPK(92
ere from Cell Signaling Technology, Inc.; goat anti
teroidogenic factor-1 (SF-1) (sc-10976), biotin labeled
ndary antibodies, horseradish peroxidase-conjugated

avidin were obtained from Santa-Cruz Biotechnology, I
RP-conjugated goat anti-rabbit IgG, HRP-conjugated
nti-mouse IgG were from vector Inc.; mouse anti-rat�-actin
A5441), Waymouth MB752/1, H89(B1427), U0126(U12
MA (P8139) were purchased from Sigma. SCF were
hased from US Biological, Ins., SuperSignal® West Pico
ubstrate was from PIERCE.

.2. Ovary culture

Spague–Dawley rats were obtained from Animal Fac
f the Institute of Zoology, Chinese Academy of Scien
he day when the rats were born was designated as D0
varies were removed on D0 and immediately placed in
old Waymouth medium MB752/1. Tissue adhering to
vary was removed using the beveled edge of a 21-g
eedle. Each ovary was transferred to a Costar Tran
embrane which had been cut out of the Costar Tran
embrane insert and been floated on the media. The o
ere cultured as previously described (John and Marilyn
996). Briefly, culture medium (2 ml of Waymouth MB 752
upplemented with 0.23 mM pyruvic acid, 50 mg/l of strep
ycin sulfate, 75 mg/l of penicillin G, 3 mg/ml of BSA) w
ere mixed with the loading buffer (final concentrati
2.5 mM, 1,4-dithiothreitol, 5% sodium dodecyl sulf
SDS), and 10% glycerol), boiled for 8 min, separated
DS–polyacrylamide gel electrophoresis (30�g total pro-

ein/lane). After electrophoretic transfer to the polyvin
ene difluoride membrane, the membranes were blo
ith 5% non-fat milk/PBS for 1 h, followed by incubati
t 20◦C for 1 h with the primary antibodies for PCN
44/42 MAPK, phospho P44/42 MAPK, respectively (1:5

n 5% milk/PBS. �-actin was used as a loading cont
he membranes were washed three times, 5 min for ea
% milk/PBS and incubated with HRP-conjugated goat
abbit IgG (1:5000) or goat anti-mouse IgG (1:2000) in
ilk/PBS for 1 h. The membranes were washed in PBS

imes for 5 min for each, followed by 5 min of incubation w
uperSignal® West Pico substrate, and then exposed on X
lm. For negative controls, primary antibodies were repla
ith normal IgG of the same concentration and origin.

.5. Immunohistochemistry

Serial 5�m sections of the ovarian tissue were depa
nized, and rehydrated through degraded ethanol. An
etrieval was performed by incubating the sections in 0.0
itrate buffer (pH 6.0) at 98◦C for 20 min and cooling at roo
emperature for 20 min. Non-specific binding was bloc
ith 10% (v/v) normal goat serum in PBS for 1 h. The s

ions were incubated with primary antibodies specific
44/42 MAPK (1:200), photo P44/42 MAPK (1:200) resp

ively in 10% goat serum at RT for 2 h. Sections were t
ashed three times with PBS (10 min each) and incub
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with biotin labeled secondary antibody (goat anti-rabbit IgG,
RT, 30 min). 3× 10 min successive washes were followed by
incubation with horseradish peroxidase-conjugated strepta-
vidin (RT, 30 min), sections were developed with diamino-
benzidine for the same amount of time, and then dehydrated
in ethanol and mounted. Sections incubated with normal IgG
instead of primary antibody served as negative controls.

2.6. Statistical analysis

Values shown in all the figures are given as the mean±
S.E.M. The data were analyzed using one-way ANOVA as
appropriate.P-values <0.05 were considered statistically sig-
nificant.

3. Results

3.1. Erk1/2 and PKC are involved in primordial follicles
development promoted by SCF

Number of follicles at different stages of development was
counted in untreated ovaries and ovaries treated with differ-

F
n
s
w
s
w
(

ent agents. Ovaries cultured for 8 days without any treatment
contained only primordial and primary follicles (Fig. 1A).
Ovaries treated with SCF for the same time period con-
tained less number of primordial and more primary follicles.
Notably, secondary follicles were also observed in ovaries
treated with SCF (Fig. 1A and B).

Pharmacological inhibitors and activators of intracellular
proteins potentially activated by SCF were used to identify the
signal pathways activated by SCF in ovarian cells. Addition
of protein kinase A (PKA) inhibitor, H89, to SCF-treated
ovaries did not change the numbers of different follicle types
in SCF-treated ovaries, suggesting that the PKA pathway is
not activated by SCF (Fig. 1A and B). In contrast both PKC
inhibitor GF109203X and MEK inhibitor, U0126, changed
the numbers of different follicle types in SCF-treated ovaries
significantly. Therefore, the PKC and MEK pathways are
likely to be activated by SCF. It was also observed that a PKC
activator PMA was able to change the numbers of different
follicle types in a similar way as SCF. This suggests that the
activation of PKC pathway leads to follicular development.

One important aspect of follicular development is the ac-
tive proliferation of granulosa cells. Proliferating cell nuclear
ig. 1. Induction of follicular development by SCF, (A) Ovaries were culture
othing; b, 100 ng/ml SCF; c, 100 ng/ml SCF + 10�M H89; d, 100 ng/ml SCF + 2�M
ections were stained with hematoxylin to show follicles at different developm
as repeated at least three times. (B) Numbers of primordial follicles, prim
erial cross-sections at the widest portion of the ovary. Percentages of the
as performed using ANOVA followed by the Student Newman–Keuls multi-
P< 0.01). Data are presented as mean± S.E.M.
d for 8 days in the presence of the following agents and their combinations: a,
GF109203X; e, 100 ng/ml SCF + 20�M U0126; f, 100 nM PMA. Ovarian
ental stages. Each microscopic picture was taken from a typical experiment that

ary follicles and secondary follicles were counted. All follicles were counted in
numbers of each category over the total number were plotted. Statisticalanalysis
range test. Bars with different letters label values that are significantly different
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Fig. 2. Follicular development as indicated by the expression of PCNA protein in response to SCF and other treatments in cultured ovaries, (A) Western
blot analysis of PCNA protein levels in cultured ovaries without any treatment (control) or ovaries treated with different agents and their combinations. (B)
Quantitative analysis of the staining signals in the Western blotting experiments. Results were based on at least three independent experiments. Values are
mean± S.E.M ADU, arbitrary densitometric unit (defined as percentage of the densitometric value of�-actin). Statistical analysis was performed using ANOVA
followed by the Student Newman–Keuls multi-range test. Bars with different letters indicate statistically significant differences (P< 0.01).

antigen (PCNA) is a typical molecular marker used to indi-
cate the proliferation of cells. Its protein level was measured
by using Western blot, and the results showed that SCF in-
creased its expression significantly. H89 had no effect on
SCF-induced PCNA expression. PMA up-regulated the ex-
pression of PCNA in a similar way as SCF. GF109203X and
U0126 reduced SCF-induced PCNA expression (Fig. 2).

3.2. SCF induces phosphorylation of Erk1/2 through
PKC signal pathway

To further identify signaling molecules activated by SCF,
total protein levels and phosphorylation status of two Erk pro-
teins Erk1 and 2 were checked by Western blot. Phosphory-
lations of the Erk1/2 were up-regulated significantly by SCF,
while the total protein levels remained unchanged (Fig. 3).
The up-regulation of phospho-Erk1/2-protein expression by
SCF was reversed back to the normal level by PKC inhibitor
GF109203X (Fig. 3). To further confirm that PKC activa-
tion leads to Erk1/2 phosphorylation, protein levels of phos-
phorylated Erk1/2 upon PMA treatment were compared with
that of SCF-treated group. Similar increases were observed
for these two groups (Fig. 3). The total protein levels in all
groups remained unchanged.

The protein distribution and phosphorylation were also
s 1/2
w pes
i ells.

Interestingly, phosphorylated Erk1/2 were detected in both
treated and untreated ovaries, and were only seen in thecal-
interstitial cells (Fig. 4). PMA by itself induced a similar
change in expression pattern of phosphorylated Erk1/2 as
SCF.

3.3. SCF induces the expression of SF-1

Orphan nuclear receptor SF-1 plays a major role in regulat-
ing the expression of genes essential for gonadal development
and sexual differentiation (Abraham and Natarajagounder,
1997). Immunohistochemistry study was conducted to check
whether its expression was regulated by SCF (Fig. 5). The
results showed that it was mainly expressed in the cytoplasm
of oocytes, and some staining was also observed in granulosa
cells and thecal-interstitial cells. The expression of SF-1 in
all cells increased in response to SCF treatment. SF-1 signal
also appeared in the nuclei upon SCF treatment. Addition of
MEK inhibitor U0126 to SCF-treated ovaries mainly reduced
the SF-1 staining in thecal-interstitial cells.

4. Discussion

Previous report has shown that SCF (kit ligand) promotes
t op-
m ,
b -kit
tudied by immunohistochemistry. Proteins of the Erk
ere distributed in the cytoplasm and nuclei of all cell ty

ncluding oocytes, granulosa cells and thecal-interstitial c
he initiation and progression of primordial follicle devel
ent in ovaries (Parrott and Skinner, 1999). In somatic cells
inding of SCF (kit ligand) to its membrane receptor c
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Fig. 3. Phosphorylation of Erk1/2 in ovaries cultured for 4 days with differ-
ent treatments. (A) Western blot analysis of phospho-Erk1/2, and Erk1/2. (B)
Quantitative analysis of Erk1/2 and phosphorylated Erk1/2 in the Western
blotting analysis. Results were based on at least three independent experi-
ments. Values are the mean± S.E.M. Statistical analysis was performed us-
ing ANOVA followed by the Student Newman–Keuls multi-range test. Bars
with different letters indicate statistically significant differences (P< 0.01).

induces rapid receptor dimerization (Blume et al., 1991) and
activation of its intrinsic tyrosine kinase activity. A number
of intracellular substrates are subsequently phosphorylated
and signal transduction elicited (Tsai et al., 1993; Herbst et
al., 1991; Lev et al., 1991). Signaling from the c-kit receptor
is indispensable for primordial germ cells growth as shown
by both in vivo (Donovan, 1994) and in vitro studies (Dolci et

al., 2001; Godin et al., 1991). However, the signal pathways
that mediate the function of SCF (kit ligand) have not been
defined.

In this study, we have developed a system to examine the
signal pathways induced by SCF (kit ligand). We took ad-
vantage of the available specific pharmacological inhibitors
and activators, and found that two signal transduction path-
ways are involved in SCF-induced early follicle development.
The PKC inhibitor and MEK inhibitor, but not the PKA in-
hibitor significantly inhibited the stimulation of SCF (kit lig-
and) on follicular development and PKC activator PMA by
itself could also promote follicular development resembling
the effect of SCF (kit ligand).

One prominent aspect of follicles development is the pro-
liferation of granulosa cells, a process heralded by the expres-
sion of PCNA (Oktay et al., 1995). SCF (kit ligand) increased
the level of PCNA, and such an increase could be completely
abolished by PKC inhibitor and MEK inhibitor, but not PKA
inhibitor. PKC activator PMA stimulated the expression of
PCNA.

The activation of mitogen-activated protein kinases
(MAPKs) is a key event in many cellular processes, including
proliferation, differentiation, and apoptosis (Davis, 1993).
There are three main classes of MAPK, Erks (Boulton et
al., 1990; Hunter, 1995), c-Jun NH2-terminal protein kinases
( -
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Fig. 4. Immunohistochemical localization of Erk1/2 and phosphorylated Erk1 bro
the background counter staining is blue. Arrows indicate the thecal-interstitia
JNKs) (Kyriakis et al., 1994; Derijard et al., 1994), and p38
APK (Han et al., 1994; Lee et al., 1994; Jiang et al., 19
ertens et al., 1996; Wang et al., 1997; Goedert et al., 1).
rks are preferentially activated in response to growth

ors, cytokines. JNKs and p38-MAPKs are activated in
ponse to a variety of cell stresses (Lopez-Ilasaca, 1998).
ur other study indicated that Erk1 and 2 appeared to b
nly MAPK that was activated by SCF (kit ligand); JNKs a
38-MAPKs were not activated by SCF (kit ligand) (data
hown). PKC signal transduction has been implicated in
egulation of a wide variety of cellular processes, includ
ell growth and cell cycle progression, differentiation,
ival/apoptosis, and transformation (Black, 2000; Nishizuka
992; Dekker and Parker, 1994; Clemens et al., 1992). The
resent study implicates the PKC signal pathway in me

ng the effect of SCF (kit ligand) on follicular developme

/2 in ovaries cultured for 4 days. Proteins to be analyzed are stainedwn while
l cells. Magnification is 400×.
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Fig. 5. Immunohistochemical localization of SF-1 in the ovaries cultured. Brown color represents the staining of proteins to be analyzed; blue coloris background
counter staining. Arrows indicate the thecal-interstitial cells. Magnification is 400×.

Our study demonstrates clearly that SCF (kit ligand) acti-
vates Erk1/2 is largely associated with the PKC pathway. To
our knowledge, the present report is the first to demonstrate
a link between PKC, Erk1/2 activity, and SCF-induced fol-
licular development. Previous researches have demonstrated
that cAMP could promote follicular development by stim-
ulating the production of progesterone and androstenedione
(James and Shyamal, 2000). FSH enhanced the development
of follicles possibly through the PKA pathway (Yu et al.,
2003). Interestingly, our study indicates that c-kit-induced
follicular development is probably not mediated by the PKA
pathway.

Erk activity can lead to cell differentiation, influence
both nuclear and cytosolic events. Phospho-Erks translo-
cate to the nucleus where they phosphorylate transcription
factors and thus regulate gene expression (Su and Karin,
1996). Our data also showed that Erk1/2 activated by SCF
(kit ligand) and PMA were located in thecal-interstitial
cells.

Differentiated thecal-interstitial cells produce androstene-
dione and progesterone to regulate follicle development
(James and Shyamal, 2000). SCF (kit ligand) can stimu-
late thecal-interstitial cell differentiation as measured by an-
drostenedione production (Parrott and Skinner, 1997; Chris
et al., 2001). The synthesis of steroid hormones by the devel-
o ities
o acute
r tase
( ll
m l for

the differentiation of the gonadal ridge (Luo et al., 1994).
SF-1 regulates the expression ofStARgene and steroido-
genic P450 enzymes (Wehrenberg et al., 2001; Stocco and
Clark, 1996; Morohashi et al., 1995; Zhang and Mellon,
1996). Besides that, SF-1 is an essential factor in adrenal
and gonadal development and for the proper functioning of
the hypothalamic–pituitary–gonadal axis through genetic ab-
lation experiments in mice (Hammer and Ingraham, 1999).
The present study indicated that SCF (kit ligand) up-regulated
the expression of SF-1 in all cell types, including oocytes,
granulosa cells and thecal-interstitial cells, and induced the
translocation of SF-1 from cytoplasm into the nucleus. In-
duction of SF-1 by SCF (kit ligand) in thecal-interstitial cells
could be abolished by MEK inhibitor, U0126. Our results are
consist with previous study that phosphorylation-dependent
SF-1 activation is likely mediated by the MAPK signaling
pathway, and this single modification of SF-1 and the sub-
sequent recruitment of nuclear receptor cofactors couple ex-
tracellular signals to steroid and peptide hormone synthesis
(Hammer et al., 1999; Babu et al., 2000). In conclusion, SCF
(kit ligand) may promote early follicular development by us-
ing MEK/Erk signal pathway and transcription factor SF-1
in thecal-interstitial cells.

A

oun-
d 73”
(

ping follicle is dependent upon the presence and activ
f several key proteins, such as SF-1, steroidogenic
egulatory protein (StAR), and cytochrome P450 aroma
P450arom) (Godin et al., 1991). Studies using SF-1 nu
ice indicated that the expression of the gene is critica
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