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proliferation via a mechanism involving
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Abstract
Purpose Stem cell factor (SCF)/c-Kit regulates the prolif-
eration and survival of germ cells or stem cells; however,
little is known about the role of SCF/c-Kit in pre-
implantation embryo development.
Methods Using exogenous SCF supplementation and c-Kit
siRNA injection, we investigated the role and mechanism
of SCF/c-Kit in pre-implantation mouse embryos.

Results Addition of soluble SCF to the culture medium
improved blastocyst formation. c-Kit gene silencing re-
duced the rate of blastocyst formation and delayed
embryonic development. The number of proliferating cells
in c-Kit gene-silenced blastocysts decreased, whereas the
number of apoptotic cells in blastocysts obtained from both
experimental and the control groups was not affected. RT-
PCR, immunostaining and western blotting revealed that
proliferation-related Akt downstream targets were substan-
tially affected by c-Kit gene silencing.
Conclusion SCF/c-Kit signaling through Akt downstream
targets is likely involved in mediating the cleavage and
proliferation of blastomeres during mouse pre-implantation
embryogenesis.
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Introduction

A number of growth factors including interleukin (IL)-1, IL-6,
colony-stimulating factor-1 (CSF-1), tumor necrosis factor-α
(TNF-α) and epidermal growth factor (EGF) and their
receptors are expressed in pre-implantation embryos and the
reproductive tracts of several species [1, 2]. It has been
suggested that these factors play important roles in pre-
implantation embryonic development and subsequent implan-
tation [3]. Successful implantation requires embryo–uterus
interactions that are only initiated when embryonic develop-
ment is synchronized with the preparation of a receptive uterine
state. Although the underlying mechanisms that coordinate the
development of blastocysts to implantation-competency with
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uterine receptivity are not yet fully understood, considerable
evidence indicates that soluble growth factors secreted by the
uterine epithelium act directly on the embryo to control this
process [4]. In turn, developing embryos have been shown to
influence the production of a variety of cytokines that may act
in an autocrine fashion or may act to modulate endometrial
receptivity [5]. The conditions for culturing pre-implantation
embryos in vitro are known to differ from the in vivo envi-
ronment of the female reproductive tract; in particular, in vitro
culture systems are deficient in auto/paracrine factors necessary
for optimal embryonic development. To overcome these
deficiencies, researchers use chemically defined media con-
taining growth factors or developed culture systems employing
co-culturing with growth factor-releasing cells [4, 6].

Among themany growth factors, stem cell factor (SCF/Steel
factor)/Kit ligand (KL), which acts through the tyrosine kinase
receptor, c-Kit, is known for the pleiotropic roles it plays in a
variety of cells. It is known that SCF/c-Kit generally signals
through the phosphatidylinositol-3-kinase (PI3K)/Akt signal
transduction pathway [7, 8]. This pathway mediates a number
of cellular processes including regulation of gene transcription,
proliferation, differentiation, survival and metabolic homeosta-
sis [7, 9]. Activation of PI3K results in the phosphorylation of
the serine-threonine kinase, Akt, which is an important
mediator of cell growth, survival and migration [10].

Just prior to endometrial attachment, c-Kit is expressed from
the late two-cell stage to the expanded and hatched blastocyst
stage [1]. Furthermore, c-Kit is detected in the blastocyst and
outgrowth blastocysts as well as in endometrial cells [11].
This finding is also confirmed through immunohistochemical
studies of the trophectoderm and the inner cell mass of mouse
blastocysts. During the pre-implantation period, SCF transcripts
are detected in the uterus, suggesting that these growth factors
may act through a paracrine mechanism. In fact, recombinant
SCF added to culture medium acts through c-Kit to enhance
mouse embryonic development and reduces the detrimental
effects of factor deficiencies in in vitro culture systems [6, 12,
13]. Nevertheless, our understanding of the specific roles of
SCF/c-Kit signaling in pre-implantation embryos remains super-
ficial due to the difficulty of analyzing mammalian embryos.

RNA interference (RNAi) is an established powerful exper-
imental tool for analyzing gene function in mammalian cells
and embryos [14–17]. Applying a similar approach, we used
an siRNA strategy to explore the specific function of the SCF/c-
Kit system in mouse pre-implantation embryonic development.

Materials and methods

Embryo collection

ICR female (4–6-week-old) mice used for this study were
housed in a temperature- and humidity-controlled room

under a 12 h/12 h light/dark cycle, and food and water were
provided ad libitum. Protocols for the use of animals in
these experiments were approved by the Institutional
Animal Care and Use Committee of Cha University
(IACUC080012). Female ICR mice were superovulated
by injection of 5 IU pregnant mare serum gonadotropin
(PMSG; Folligon, Intervet Co., Holland) followed after
48 h by an injection of human chorionic gonadotropin
(hCG; Chorulon, Intervet Co., Holland). Next, the mice
were mated overnight with 8–10-week-old males of the
same strain. At 20–22 h post-hCG, we collected one-cell
embryos from excised oviducts into modified human tubal
fluid medium (HTF; Irvine Scientific, Santa Ana, CA).
Mouse embryos were pooled and randomly distributed into
the different experimental groups.

Embryo culture

Cooperative interactions of SCF in mouse embryonic
development were studied by culturing five to ten one-cell
embryos in 25 μl of modified serum-free KSOM medium
with or without SCF (100 ng/ml; R&D Systems, Inc.).
Additionally, cultured embryos in KSOMmedium containing
3 mg/ml of BSAwas used as a positive control. All embryos
of each group were cultured for 72 h (96 h post-hCG) in a
humidified 5% CO2 atmosphere at 37°C. The rate of
embryonic development compared to the hatching stage
was monitored at 96 h post-hCG.

Microinjection of siRNA

Chemically synthesized commercially obtained 21-nucleotide
siRNAs (Bioneer, Seoul, Korea) were selected based on
published nucleotide sequences (GenBank Accession No.
NM_021099 for c-Kit) and were designed to form 19-bp
siRNA with 2-deoxynucleotide overhangs at both 3′-ends
(CGA CCT TTTATA GGC ACG T).

siRNAs were microinjected into the cytoplasm of one-
cell embryos using a constant-flow system (Transjector;
Eppendorf, Hamburg, Germany), which delivers each 10 pl
siRNA (final concentration 100 pmol) via an injection
pipette loaded with siRNA solution. Sham-injected control
embryos were microinjected with vehicle (siRNA duplex
buffer, RNAse free, pH 7.4; Bioneer, Seoul, Korea). After
microinjection, the embryos were cultured in serum-free
KSOM medium containing 100 ng/ml SCF.

Isolation of total RNA and real-time RT-PCR

Embryos were washed three times with Ca2+-/Mg2+-free
Dulbecco’s phosphate-buffered solution (DPBS; Gibco
BRL, Grand Island, NY) and treated with distilled water
treated with 0.1% diethyl-pyrocarbonate (DEPC; Sigma-
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Aldrich). Total RNA from 30 washed blastocysts (96 h post-
hCG) was extracted for real-time RT-PCR using TRIzol
(Gibco BRL) as described in the manufacturer’s instructions.

Total RNA from 30 blastocysts (in 10 μl) was
incubated for 30 min at 37°C with 5 mmol/l MgCl2 and
1 U of DNase I. Next, the RNAwas reverse transcribed by
adding 1 mmol/l dNTP, 2.5 μmol/l oligo-dTand 2.5 U reverse
transcriptase (Superscript; Invitrogen), and the mixture was
incubated in a Mastercycler Gradient (Eppendorf) at 42°C for
60 min and then at 99°C for 5 min. After the reaction was
completed, cDNAwas either used directly for real-time PCR
or stored at −20°C. The following mRNA targets were
amplified (with the indicated PCR primer pairs): c-Kit
(forward primer, 5′-CTG GTG GTT CAG AGT TCC ATA
GAC-3′; reverse primer, 5′- TCA ACGACC TTC CCGAAG
GCA CCA -3′); mTOR (mammalian target of rapamycin;
forward primer, 5′-CTT TGG CCT GGT GAA CAC AC-3′;
reverse primer, 5′-CAT CAC AGT GTG GCA TGT GG-3′),
tuberin (forward primer, 5′-TTC CTA CAG CTC TAC CAT
TCGC-3′; reverse primer, 5′-TTAATGGTGCCCAGTTTG
AAG T-3′), IKK (IκBα kinase; forward primer, 5′-TGATGC
TTA TGT GGC ACC CT-3′; reverse primer, 5′-GGG CTC
CTG AAG GAT ACA GC-3′), and Bad (forward primer, 5′-
CCA GAG TTT GAG CCG AGT GA-3′; reverse primer, 5′-
CAC CAG GAC TGG ATA ATG CG-3′). The levels of target
mRNAwere quantified relative to the levels of mRNA for the
housekeeping 18S ribosomal protein (forward primer, 5′-
AGA TGA TCG AGC CGC GC-3′; reverse primer, 5′-GCT
ACC AGG GCC TTT GAG ATG GA-3′). In preliminary
studies, 18S mRNA levels in embryos were unaffected by the
culture conditions. Amplification products were quantified on
a DNA Engine 2 fluorescence detection system (MJ research)
using the DyNAmo SYBR green qPCR kit (Finnzymes,
Espoo, Finland). Reactions were performed in a reaction mix
containing 4 μl DEPC-treated water, 2 μl forward primer
(5 pmol), 2 μl reverse primer (2 pmol), 10 μl premix with
SYBR Green, and 2 μl cDNA template in a total volume of
20 μl. The PCR protocol used an initial denaturing step of
95°C for 10 min followed by 45 cycles of denaturation at
95°C for 30 s, annealing of primers at 60°C (18S), 58°C
(c-Kit), 60°C (mTOR), 60°C (tuberin), 55°C (IKK) or 60°C
(Bad) for 30 s, and extension at 72°C for 30 s. Fluorescence
was measured at the end of each cycle during the 72°C step. In
the final step, a melting curve was generated by raising the
temperature from 65°C to 95°C at a rate of 0.1°C/s, with
constant measurement of fluorescence, followed by cooling at
40°C for 30 s. Relative gene expression was quantified using
the 2-ΔΔCT method.

Embryo fixation and immunostaining

To investigate c-Kit, Akt and phosphorylated-Akt (p-Akt)
localization and expression levels in mouse embryos, we

performed immunostaining using an anti-c-Kit monoclonal
antibody (Santa Cruz Biotechnology, CA, USA), anti-Akt
monoclonal antibody (R&D System, CA, USA) and anti-
phosphorylated-Akt polyclonal antibody (Santa Cruz Bio-
technology, CA, USA). Sham- and c-Kit siRNA-microinjected
embryos were washed three times in DPBS with polyvinyl-
pyrrolidone (PVP, 1 mg/ml), and five to ten embryos per
stage were fixed in a 20-μl drop of paraformaldehyde (1% v/v
in DPBS) for 1 h. Embryos were incubated in 0.1% Triton
X-100 in DPBS for 1 h to permeabilize the samples. Next,
the samples were washed three times with DPBS and then
incubated in blocking solution (1% BSA in DPBS) for
30 min at room temperature to suppress nonspecific antibody
binding. After washing three times with DPBS, the fixed
samples were incubated with each antibody diluted to 1:200
(c-Kit: 2 μg/ml, p-Akt: 2 μg/ml and Akt: 1 μg/ml,
independently) with DPBS containing 0.1% Tween-20 and
3% BSA for 60 min at room temperature or overnight at
4°C. Next, the samples were incubated with a
rhodamine-conjugated anti-rabbit IgG antibody (KPL)
and fluorescein isothiocyanate (FITC)-conjugated anti-
mouse IgG antibody (KPL) diluted to 1:500 with DPBS for
60 min at room temperature. Finally, embryos were counter-
stained with 1 μg/ml 4′,6′-diamidino 2-phenyindiol (DAPI;
Sigma-Aldrich). Following multiple washes, dot slides were
mounted in Vectashield mounting medium (Vector laborato-
ries, Burlingame, CA). Stained samples were viewed on an
inverted confocal laser scanning fluorescence microscope
(LSM 510; Carl Zeiss, Oberkochen, Germany) at 400×
magnification. Micrographs were stored in the Zeiss LSM
Image Browser version 2.30.011 (Carl Zeiss Jena GmbH,
Jena, Germany).

Detection of proliferation and apoptosis

The proliferation of embryonic cells was assessed by
staining for proliferating cell nuclear antigen (PCNA).
Fixed embryos were washed, transferred to a solution
containing monoclonal anti-PCNA antibody (1 μg/ml,
clone PC-10; DAKO, Glostrup, Denmark), and incubated
for 1 h at room temperature. Embryos were then incubated
with FITC-conjugated secondary antibody for 1 h and then
with 1 μg/ml DAPI in DPBS for 1 h.

The embryos were washed twice with 1% BSA in DPBS
and mounted onto glass slides using Vectashield. The
terminal dUTP nick-end labeling (TUNEL) assay was used
to assess the presence of apoptotic cells (in situ Cell Death
Detection Kit, TMR red; Roche Diagnostics, Indianapolis,
IN). After washing three times with DPBS, blastocysts
were fixed with 1% paraformaldehyde solution in DPBS for
1 h and permeabilized with 0.2% Tween-20 in DPBS for
1 h. Fixed embryos were incubated in TUNEL reaction
medium (50 μl) for 1 h at 37°C in the dark. After the
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reaction was stopped, total cell numbers in blastocysts were
determined by counterstaining with DAPI. Mounted dot
slides were stored at −20°C for up to 7 days before
qualitative fluorescence microscopic examination and sub-
sequent confocal laser scanning microscopic analysis.
Reconstructed confocal images were used to measure the
number of red-spot containing nuclei (apoptotic cells) per
total cells (blue nuclei) in each embryo.

Western blot analysis

To compare p-Akt expression in blastocysts of sham-
operated or c-Kit gene-silenced groups, proteins were
extracted from 50 pooled blastocysts for western blotting.
Extract samples were separated on SDS-PAGE and trans-
ferred to nitrocellulose membranes (Amersham Bioscien-
ces, Little Chalfont, UK). Nonspecific binding sites were
blocked by incubating membranes overnight at 4°C in
blocking buffer containing 5% skim milk. Membranes were
washed three times in TBST and incubated for 1 h at 24°C
with a 1:200 (2 μg/ml) dilution of rabbit polyclonal anti-
phospho-Akt antibody (Santa Cruz Biotechnology, CA,
USA) and anti-c-Kit monoclonal antibody (Santa Cruz
Biotechnology, CA, USA) in blocking buffer. Membranes
were washed three times in TBST (0.3% Tween-20) and
incubated with peroxidase-conjugated anti-rabbit IgG
(1:200) for 60 min at 24°C in blocking buffer. Membranes
were washed three times in TBST, and protein bands were

detected using the enhanced chemiluminescence detection
method (ECL; Amersham, Inc.).

Statistics

Unless otherwise specified, each experiment was carried
out using at least three replicates. The data are expressed as
the mean±SEM. Statistical significance of differences
among treated groups were evaluated by one-way analysis
of variance (ANOVA) using a log-linear model in the
Statistical Analysis System (SAS, Cary, NC, USA). Values
of P<0.05 were considered statistically significant.

Results

Effects of in vitro supplementation with SCF

To elucidate the effects of SCF on the development of pre-
implantation mouse embryos, we cultured one-cell embryos
in the presence or absence of SCF or 3 mg/ml BSA. As
shown in Supplemental Figure 1, the addition of 100 ng/ml
SCF increased the rate of embryo development compared to
the absence of SCF. Moreover, the effect of 100 ng/ml SCF
was significantly greater than the effect of 1 or 10 ng/ml
SCF (data not shown). SCF supplementation (100 ng/ml)
increased the blastocyst formation rate within a given
period of time at 96 h post-hCG (47.74±8.7% vs. 64.09±

Fig. 1 Effect of s iRNA-
mediated c-Kit downregulation
on the development of mouse
one-cell embryos. After micro-
injection, the embryos were
cultured in serum-free KSOM
medium containing 100 ng/ml
SCF. The data are presented as
the mean±SEM. a,b Values
within the same column with
different superscripts are
significantly different (P<0.05).
Note: Control (116 zygotes,
uninjected group), Sham (112
zygotes, vehicle-injected group),
c-Kit siRNA (161 zygotes, CGA
CCT TTT ATA GGC ACG T
target siRNA-injected group).
Early Bla: early blastocyst
(less than 50% cavity),
Bla: blastocyst (greater than
50% cavity), Expanded Bla:
expanded blastocyst, Hatching
Bla: hatching blastocyst
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9.8%) (Supplemental Fig. 1). Specifically, blastocyst and
expanded blastocyst rates were significantly higher in
groups supplemented with SCF (21.53±1.2% and 21.73±
4.3%) compared to the group not treated with SCF (9.59±
1.1% and 11.19±3.1%, p<0.05).

The relationship between embryonic development
and siRNA-mediated downregulation of c-Kit protein
expression

To test the effects of c-Kit siRNA on pre-implantation stage
embryonic development, we microinjected the cytoplasm of
one-cell embryos with c-Kit siRNA (see “Materials and
Methods”) and then evaluated the embryos after culturing
in serum-free KSOM medium containing 100 ng/ml SCF for
an additional 72 h (96 h post hCG). As shown in Fig. 1, the
injection of c-Kit siRNA effectively inhibited pre-
implantation development. Specifically, the frequency of
blastocyst and hatching blastocyst stages were reduced
compared to sham-injected groups (33.16±1.0% vs. 15.67±
2.6% and 11.00±3.1% vs. 3.00±1.0%, p<0.05, respectively).

Using RT-PCR, we found that c-Kit mRNAwas strongly
expressed in the sham-injected group but was reduced in
the c-Kit siRNA-injected groups (Fig. 2a). Real-time RT-
PCR showed that c-Kit siRNA-injected groups significantly
reduced c-Kit mRNA expression than sham-injected group

(fold change 1.00±0.1 vs 3.59±0.87, p<0.05, respectively)
(Fig. 2b). Additionally, Western blotting results showed that
c-Kit protein was strongly expressed in the sham-injected
group but was reduced in the c-Kit siRNA-injected groups
(Fig. 2c). To confirm if the inhibitory effects of c-Kit
siRNA on embryonic development were related to the
silencing of the c-Kit gene, we evaluated c-Kit protein
expression levels in mouse embryos at each stage of
development (i.e., two-cell, morula and blastocyst) by
immunostaining. In two-cell embryos treated with c-Kit
siRNA, fluorescence intensity was similar to the level in the
sham-injected group; however, from morula to blastocysts,
fluorescence signals in the embryos of the c-Kit siRNA
group were much weaker than the level in the sham-
injected embryos (Fig. 2d).

Effect of siRNA-mediated c-Kit inhibition on blastomere
proliferation and survival

To determine if the inhibition of c-Kit affected the
proliferation and apoptosis of blastomeres, we used PCNA
staining and TUNEL assays to determine the number of
proliferating and apoptotic cells in blastocysts derived from
c-Kit siRNA- and sham-injected embryos at 96 h post-hCG.
A significant decrease in the percentage of proliferating
cells was found in the c-Kit siRNA group (62.7±7.0) at the

Fig. 2 Specific reduction of c-
Kit mRNA and protein expres-
sion by siRNA injection.
Quantification of c-Kit mRNA
in mouse blastocysts by RT-PCR
(a) and real-time RT-PCR (b).
c-Kit siRNA or sham (vehicle)
was injected into one-cell mouse
embryos. Injected and control
embryos were cultured in
serum-free KSOM medium
containing 100 ng/ml SCF. Total
RNA isolated from blastocyst
stage embryos was reverse tran-
scribed and amplified. c Western
blot of c-Kit in extracts from 50
blastocysts in the sham- and
c-Kit siRNA-injected groups. d
Embryos at each stage were
fixed and stained with an
anti-c-Kit antibody. Right, lower
panel depicts a blastocyst
stained with secondary antibody
only as a negative control. Sham
and c-Kit siRNA groups were
analyzed at the same exposure
time and more than 10 embryos
were used for the fluorescence
quantitation
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end of the culture period compared to the percentage in the
sham-injected group (73.3±6.2, p<0.05). The percentage of
apoptotic cells per blastocyst was not different between the
two groups (5.1±3.5 and 4.0±2.5, p>0.05) (Fig. 3).

Effect of inhibition of c-Kit expression
on Akt phosphorylation

To compare the effect of c-Kit inhibition on the Akt
pathway, we determined the p-Akt protein expression levels
in mouse embryos at the blastocyst stage (96 h post-hCG)
using immunostaining and western blotting in two groups
(the sham-injected group and the c-Kit siRNA groups). In
the blastocysts, total Akt fluorescence signals were not
different between the two groups; however, the p-Akt
protein fluorescence intensities were higher in the sham-
injected group compared to the c-Kit siRNA groups
(Fig. 4a). Western blotting produced similar results that
demonstrated that the relative detection of β-actin was not
different; however, the p-Akt bands were much weaker in

the c-Kit siRNA groups compared to the sham-injected
group (Fig. 4b).

Real-time RT-PCR analysis of Akt downstream genes
in embryos injected with c-Kit siRNA

To understand the mechanism by which SCF/c-Kit signal-
ing mediates its effects on mouse pre-implantation embryo-
genesis, we quantified the mRNA expression of Akt
downstream targets such as mTOR, tuberin, IKK and Bad in
one-cell embryos microinjected with c-Kit siRNA. If the
expression of c-Kit is suppressed by the siRNA, the
expression levels of these downstream genes should decrease
or increase. In blastocyst stage embryos, using real-time RT-
PCR, we found that c-Kit siRNA injection downregulated the
mRNA expression of the cell proliferation-related Akt target,
mTOR, and increased the expression of tuberin mRNA,
which is an Akt target (mTOR) inhibitor (p<0.05). The
mRNA of the cell apoptosis-related Akt targets, IKK and
Bad, were not significantly different between the two groups
(Fig. 4d). Furthermore, these results were reconfirmed by
RT-PCR (Fig. 4c).

Discussion

SCF and its cognate receptor, c-Kit, are known to have
important roles in mammalian reproduction. The essential
role of SCF/c-Kit in oocyte growth and follicular develop-
ment has been a topic of investigation for decades [18, 19].
c-Kit is expressed at the surface of mammalian oocytes at
all stages of follicular development in postnatal ovaries of
mice, rats, and humans [20, 21], whereas SCF/KL is
produced only by granulosa cells [7, 22]. In fact, treatment
of in vitro cultured follicles from 8-day-old mice with SCF/
KL significantly increased the growth rate of oocytes [23].
Additionally, an anti-c-Kit antibody (ACK2) that interferes
with the binding of SCF/KL to c-Kit was found to severely
inhibit the growth of late fetal and neonatal oocytes co-
cultured with ovarian cells. In addition, this c-Kit neutral-
izing antibody disturbs the onset of primordial follicle
development, primary follicle growth, follicular fluid
formation of preantral follicles, and penultimate-stage
ovarian follicle maturation before ovulation in vivo,
indicating a sequential requirement for Kit in ovarian
follicle development in mice [24].

The level of c-Kit mRNA increases following fertiliza-
tion, and the mRNA is continuously expressed throughout
pre-implantation development [1]. SCF/c-Kit-mediated sig-
naling cascades in mammalian pre-implantation embryos
are still poorly understood. Generally, activated, tyrosine-
phosphorylated Kit recruits PI3K from the cytoplasm to the
cell membrane region via binding of its phospho-tyrosine

Fig. 3 Effect of c-Kit siRNA on proliferation and apoptosis of
blastomeres. a Proliferating blastomeres were detected by an anti-
PCNA antibody (green). b Apoptosis of blastomeres was detected by
TUNEL assay (TMR-red staining, arrows indicate apoptotic cells).
Graphical representation of the results in panels A and B show the
percentage of proliferating cells (c; PCNA) and the percentage of
apoptotic cells (c; TUNEL) that developed into blastocysts following
injection of c-Kit siRNA. The data are presented as the mean±SEM. a,b

Values within the same column with different superscripts are
significantly different (P<0.05). Sham and c-Kit siRNA groups were
analyzed at the same exposure time and more than 10 embryos (Sham;
n=33 and c-Kit siRNA: n=33) were used for the cell number count

624 J Assist Reprod Genet (2010) 27:619–627



moiety to the Src homology 2 (SH2) domain of PI3K,
which activates PI3K [25, 26]. A well-known downstream
target of PI3K is the serine/threonine kinase, Akt, which
transmits survival and proliferation signals from growth
factors [27, 28]. Numerous Akt substrates have been
identified and validated [29]. Activated Akt phosphorylates
target molecules that control key cellular processes such as
apoptosis, cell cycle progression, transcription and translation.
The best-studied downstream substrate of Akt is the serine/
threonine kinase, mTOR. Akt can directly phosphorylate and
activate mTOR, which modulates cell proliferation, in part, by
regulating initiation of mTOR translation. Additionally, Akt
indirectly activates mTOR by phosphorylating and inactivat-
ing tuberin, which normally inhibits mTOR through the
GTP-binding protein, Rheb (Ras homolog enriched in
brain). Additionally, Akt phosphorylates and inactivates the
pro-apoptotic protein, Bad, which controls release of
cytochrome c from mitochondria and regulates apoptosis
[30]. In contrast, Akt can phosphorylate IKK, which
indirectly increases the activity of nuclear factor kappa B
(NF-κB) and stimulates the transcription of pro-survival
genes [31, 32]. We inferred that SCF/c-Kit signaling in
pre-implantation embryos may regulate certain common

pathways that are involved in cell proliferation and
apoptosis. Accordingly, in the present study, we sought
to determine which downstream genes of SCF/c-Kit were
affected after knock-down of the c-Kit gene in mouse pre-
implantation embryos, focusing specifically on Akt,
mTOR, tuberin, IKK and Bad. After microinjecting c-Kit
siRNA, mRNA levels of the cell proliferation-associated
genes, mTOR and tuberin, were significantly changed in
the blastocyst. In contrast, the expression of IKK and Bad,
genes associated with apoptosis, was not different from
control embryos (Fig. 4). PCNA immunostaining also
showed that the percentage of proliferating cells decreased
in siRNA-microinjected embryos (Fig. 3). Moreover, we
observed that the addition of soluble SCF into the culture
medium improved the development of pre-implantation
mouse embryos, resulting in accelerated blastocyst forma-
tion and hatching (Fig. S1). These results may suggest that
SCF/c-Kit function is involved in the proliferation of pre-
implantation mouse embryos. Although SCF has been
shown to exert an anti-apoptotic effect on poorly differ-
entiated cells such as hematopoietic progenitor cells or
germinal progenitor cells [21], this anti-apoptotic action
does not appear to be involved in the pre-implantation

Fig. 4 a Specific reduction of
total Akt and p-Akt protein
expression by c-Kit siRNA.
Blastocyst stage embryos were
fixed and stained with an
anti-p-Akt and anti-total Akt
antibody. Changes in total Akt
and p-Akt protein levels were
evaluated following injection of
sham and c-Kit siRNA into
one-cell mouse embryos. Sham
and siRNA groups at the same
exposure length. b Western blot
of p-Akt in extracts from 50
blastocysts in the sham- and
c-Kit siRNA-injected groups.
c PCR band shows
semi-quantitative RT-PCR
results performed prior to
real-time RT-PCR (Negative: no
reverse transcriptase).
d Quantification of mRNA for
the downstream targets of Akt
(mTOR, tuberin, IKK and Bad)
in mouse blastocysts by
real-time RT-PCR. The
data are presented as the
mean±SEM. a,b Values within
the same column with different
superscripts are significantly
different (P<0.05)

J Assist Reprod Genet (2010) 27:619–627 625



embryo. The absence of a difference in the number of
apoptotic cells between blastocysts derived from c-Kit
siRNA-injected and control embryos confirms this find-
ing. Collectively, these data support the interpretation that
SCF/c-Kit signaling primarily contributes to proliferation
speed in the pre-implantation mouse embryo.

The effect of SCF supplementation has been well studied
by a number of researchers. During the co-culturing of
murine embryos with a human ovarian granulosa tumor-
derived cell line (KGN cells), it was observed that adding
human recombinant SCF to the medium significantly
enhanced embryo development to the late blastocyst and
hatching stages [6]. In a separate study, the growth factors
(IGF1, IGF2, SCF and EGF) reduced the number of
apoptotic cells and increased the rate of development in
embryos exposed to hydrogen peroxide [33]. The results
presented in the current study suggest that adding SCF to
the medium may compensate for the depletion of secreted
factors produced in vivo in the reproductive tract, reversing
the delay of in vitro development of pre-implantation
embryos and resulting in higher hatching rates (Fig. S1).
Further study of the involvement of a potential paracrine
mechanism in the release of this growth factor from the
reproductive tract may contribute to the development of
chemically defined media for pre-implantation embryos.

In conclusion, SCF/c-Kit signaling may be involved in
mediating the proliferation of blastomeres in pre-
implantation mouse embryos via a mechanism involving
Akt downstream targets. Our results also suggest that the
SCF/c-Kit-PI3K-Akt-tuberin-mTOR cascade may make an
important contribution to the regulation of the in vitro
development of mouse pre-implantation embryos.
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