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Abstract. KIT autophosphorylation caused by mutation of 
KIT is considered to be a critical mechanism for the onco-
genesis of gastrointestinal stromal tumors (GISTs). However, 
little is known regarding whether stem cell factor (SCF), the 
KIT ligand, is able to induce the proliferation of GIST cells 
by activating the wild-type KIT receptor in GISTs. Imatinib, a 
tyrosine kinase inhibitor, has been demonstrated to be effec-
tive as treatment for the majority of GISTs. However, primary 
resistance to imatinib in GISTs with wild-type KIT and 
acquired resistance in GISTs with mutant KIT are becoming 
increasingly significant problems. The aims of this study 
were to detect the expression and function of SCF in 68 GIST 
samples, and to explore the relationship between SCF activity 
and imatinib resistance using immunohistochemical staining 
and western blot analysis. Results showed abundant expres-
sion of SCF in GISTs and demonstrated that SCF is capable 
of enhancing GIST cell proliferation. Similar to its ineffec-
tiveness in wild-type GISTs, imatinib also failed to inhibit 
SCF-induced KIT activation in GISTs with mutant KIT. We 
also found increased SCF expression in GIST cells treated 
with imatinib. Overall, our results indicated that SCF-induced 
KIT activation is a novel essential pathway for the prolifera-
tion of GISTs. Imatinib was not able to inhibit the activity of 
SCF, while it promoted the expression of SCF, which may have 
contributed to acquired imatinib resistance.

Introduction

KIT is a transmembrane glycoprotein that belongs to the 
type III tyrosine kinase receptor family (1). Upon binding its 
ligand, stem cell factor (SCF), the KIT receptor dimerizes and 

initiates a signal transduction phosphorylation cascade that 
results in the regulation of cell growth. SCF is encoded by the 
Steel gene and is present in both membrane-bound (mSCF) 
and soluble (sSCF) forms (2). KIT that has been activated by 
mSCF is considered to be stable and maintains its activity (3). 
The SCF/KIT system plays a key role in the differentiation and 
proliferation of the interstitial cells of Cajal (ICCs) and hema-
topoietic cells (4). The SCF/KIT system is also involved in cell 
proliferation in certain tumors, including mast cell leukemia, 
seminoma and malignant melanoma, as well as lung, small 
cell, breast, gastric, colon, cervical and ovarian cancer (5-10).

Gastrointestinal stromal tumors (GISTs) are the most 
common mesenchymal neoplasm of the gastrointestinal tract 
and they originate from the ICCs or their precursor cells (11). 
GISTs are defined as tumors that are typically immunoreactive 
for KIT. Unlike the SCF/KIT tumors mentioned previously, 
~75-80% of GISTs have a gain-of-function mutation in the KIT 
proto-oncogene encoding the KIT protein (12-15). These muta-
tions lead to constitutive oncogenic signaling in the absence 
of SCF. Uncontrolled KIT activity results in the oncogenesis 
and proliferation of GISTs. However, it has been demonstrated 
that 94% of GIST mutations are heterozygous, i.e., wild-type 
KIT remains present in the majority of GISTs (16). It is not 
yet known whether these wild-type KIT are capable of being 
activated by their ligand, SCF, and are involved in the prolif-
eration of GISTs.

Imatinib, a small molecule tyrosine kinase inhibitor, has 
been demonstrated to be effective in the treatment of recur-
rent or metastatic GISTs by inhibition of KIT activation. 
Findings of a previous study confirmed that KIT activation 
is a ubiquitous feature of GISTs, even in the absence of KIT 
mutations (14). However, based on certain clinical trials, the 
best response rates to imatinib have been observed in GISTs 
with KIT mutations (12,17-18). GISTs with wild-type KIT have 
demonstrated primary resistance to imatinib, and a consider-
able proportion of GISTs with mutant KIT have demonstrated 
acquired resistance at a later stage (19). These clinical trials 
revealed that imatinib was not capable of effectively inhibiting 
wild-type KIT activation in GISTs lacking a KIT mutation. If 
SCF is able to function as the ligand that activates wild-type 
KIT in heterozygous GISTs, we hypothesize that imatinib is 
also likely to fail to inhibit wild-type KIT activation.
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In the present study, we examined the expression of SCF in 
GISTs, analyzed the relationship between SCF expression and 
the proliferative activity of GIST cells, and studied the role of 
SCF in the proliferation of GIST cells. We verified our theory 
by examining KIT activation in SCF-stimulated GIST cells 
pretreated with imatinib. We also observed the level of SCF 
expression in GIST cells following treatment with imatinib.

Materials and methods

Patient samples. Clinical samples were obtained with 
informed consent. A total of 68 GIST samples were included 
in the study. All cases were confirmed as GIST by at least 
two pathologists. The tumor size, number of mitotic cells in 
50 high-power fields (HPF) and Ki-67 index were observed 
by hematoxylin and eosin (HE) staining or immunohisto-
chemistry. For the histological and immunohistochemical 
analyses, tissue specimens were fixed in 10% formalin and 
embedded in paraffin. Core tissue biopsies (2 mm in diameter) 
were taken from individual paraffin-embedded tumor tissues 
and arranged in new recipient paraffin blocks using a Tissue 
Microarrayer (Beecher Instruments, Silver Spring, MD, USA). 
For each tumor, the representative tumor areas were selected 
using HE staining. For western blot analysis and mutation 
detection, 21 fresh tissue specimens were frozen and stored 
at -80˚C. 

Immunohistochemical detection. Immunohistochemical 
staining was performed using anti-SCF antibody (rabbit mono-
clonal; 1:50 dilution; Abcam, Cambridge, MA, USA), anti-KIT 
antibody (rabbit polyclonal; 1:500 dilution; DakoCytomation, 
Glostrup, Denmark) and anti-Ki-67 antibody (mouse mono-
clonal; MIB-1; 1:200 dilution; DakoCytomation). The TMA 
sections (4 µm) were deparaffinized and boiled in 10% citric 
acid buffer solution (pH 6.0) for 20 min for antigen retrieval. 
Following blocking of endogenous peroxidase activity with 3% 
hydrogen peroxide, specimens were incubated with primary 
antibodies at 4˚C overnight. Bound antibodies were detected 
by a peroxidase-labeled, polymer-conjugated secondary 
antibody (EnVision HRP; DakoCytomation), and subjected 
to peroxidase staining using diaminobenzidine (DAB) as a 
substrate. Slides were counterstained with hematoxylin. The 
Ki-67 labeling index was calculated as the percentage of 
Ki-67-positive cells among all tumor cells in 5 HPF.

Detection of KIT mutations. Genomic DNA of fresh or 
paraffin-embedded tissues was extracted using a standard 
proteinase-K digestion/phenol-chloroform procedure. KIT 
exons 11 and 9 were amplified using the following primer 
sequences and annealing temperatures: Exon 11, forward: 
5'-CCAGAGTGCTCTAATGACTG-3' and reverse: 5'-AGC 
CCCTGTTTCATACTGAC-3' at 60˚C; exon 9, forward: 
5'-GCCACATCCCAAGTGTTTTATG-3' and reverse: 5'-GAG 
CCTAAACATCCCCTTAAATTG-3' at 56˚C. Sequencing 
analysis was performed directly on the PCR products.

Cell isolation and primary cell culture. Fresh GIST tissues were 
minced with scissors, washed twice with phosphate-buffered 
saline (PBS), and then ground into single-cell suspensions by 
filtering through the sieve with 200 µm mesh. After washing 
in cold PBS, cell pellets were resuspended in RPMI-1640 
medium supplemented with 10% fetal calf serum (FCS; Gibco, 
France) and seeded onto culture dishes (Fig. 1). Cells were 
cultured overnight prior to analysis. Simultaneously, all the 
cells that had been isolated from GIST tissue were analyzed 
for KIT mutations (Table I).

In vitro cell proliferation assay and drug testing. GIST cells 
were FCS-starved for 4 h and then cultured in the appropriate 
culture medium with 100 ng/ml recombinant human SCF 
(rhSCF, Peprotech, Inc., Rocky Hill, NJ, USA) for 72 h. Viable 
cells were measured with the Cell Counting kit 8 (Wako, 
Osaka, Japan) according to the manufacturer's instructions. 
GIST cells were FCS-starved for 4 h, stimulated by rhSCF 

Table I. Details of GIST primary cultures.

GIST case no. Age (years) Origin Tumor size (cm) KIT mutation

0917833 53 Stomach 6.0 Exon 11 DEL557-558
0919049 41 Stomach 3.0 Exon 11 DEL555-558
0919298 68 Stomach 2.6 Exon 11 DEL557-558
0930644 37 Small intestine 2.0 Exon 9 INS502-503
0930830 58 Small intestine 8.0 Exon 9 INS502-503
1002977 56 Small intestine 11.0 Exon 9 INS502-503
1002979 59 Stomach 7.5 Exon 11 DEL576

All patients were male. GIST, gastrointestinal stromal tumor; DEL, deletion; INS, insertion.

Figure 1. Primary cultures of gastrointestinal stromal tumor (GIST) cells. 
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for 0, 5, 15, 30, 60 or 120 min, and then harvested for KIT 
phosphorylation detection by western blot analysis. SCF 
expression levels were detected in GIST cells treated with or 
without imatinib (Novartis Pharma, Basel, Switzerland) for 
72 h by western blot analysis. KIT phosphorylation levels were 
observed in GIST cells treated with imatinib for 90 min, prior 
to stimulation with 100 ng/ml rhSCF for 10 min.

Western blot analysis. Frozen GIST samples were calibrated 
and homogenized in lysis buffer (20 mM Tris, 150 mM NaCl, 
1 mM othovanadate, 10 mM NaF, 1 mM PMSF, 0.5 µg/ml 
leupeptin, 1 µg/ml pepstatin, 10 KIU/ml aprotinin and 1% 
triton X-100). Lysates were rocked at 4˚C for 30 min and then 
centrifuged at 12,000 rpm for 15 min. Supernatant protein 
concentrations were measured using a BAC Protein Assay kit 
(Merck KGaA; Darmstadt, Germany), and 50 µg of protein were 
separated by 8 or 12% SDS-polyacrylamide gel electrophoresis 
and transferred to a polyvinylidene difluoride membrane. The 
membrane was blocked for 60 min at room temperature with 
5% skimmed milk or bovine serum albumin (BSA) and then 
reacted with anti-KIT antibody (DakoCytomation), anti-SCF 
antibody (Abcam), or anti-c-kit (phospho Y703) (Abcam), 
as the primary antibody. Peroxidase-labeled anti-rabbit IgG 
was used as the secondary antibody. The Western Lightning 
chemiluminescence reagent (Santa Cruz Biotechnology, Inc.; 
Santa Cruz, CA, USA) was used for the detection of proteins.

Results

SCF expression in GISTs and its correlation with tumor 
proliferation. The expression of KIT and its ligand SCF 
were detected by immunohistochemical staining in 68 GIST 
samples. All GIST samples demonstrated KIT positivity. 
Expression of SCF was observed in 52 cases (Fig. 2A). The 
SCF-positive cases presented moderate or strong staining in 
the membrane and cytoplasm of GIST cells. Expression of 
SCF was further demonstrated by western blot analysis in 
fresh GIST tissues that stained positive for SCF by immuno-
histochemistry. As shown in Fig. 2B, a positive signal was 
detected at 31 kDa that corresponded to the membrane-bound 
form of SCF in 17 out of 21 cases. In those 17 tumors, the 
signal for KIT, which has a molecular weight of 145 kDa, was 
also confirmed in the tumor tissues (Fig. 2B).

We then examined the association between SCF expression 
and the proliferative activity of tumors. The Ki-67 index and 
the number of mitotic cells in 50 HPF were used to evaluate 

the proliferation potential of the GIST cells. The expression 
rate of Ki-67 and the number of mitotic cells in SCF-positive 
cases were significantly higher than those of SCF-negative 
cases (P<0.001 and P<0.05, respectively; Mann-Whitney U 
test; Table II).

Correlation between c-kit mutations and SCF expression. A 
total of 54 GIST samples were investigated for mutations in 
the KIT proto-oncogene (exons 9 and 11). Exons 9 and 11 have 
been demonstrated to be frequently mutated in GISTs. DNA 
sequencing results obtained for all 54 samples are listed in 
Table III. The correlation of KIT mutations with SCF expres-
sion was analyzed by a McNemar's test. No correlation was 
observed between the presence of KIT mutations and the 
expression of SCF (P>0.05).

Proliferation of GIST cells stimulated by SCF. To investigate 
the function of SCF/KIT signaling in GIST cells, primary 
GIST cells were incubated for 72 h with SCF at concentra-
tions of 0, 1, 10 and 100 ng/ml, and their viability and rate 

Table II. Number of mitotic cells and Ki-67 index in SCF-positive cases compared with SCF-negative cases.

 No. of SCF-positive cases No. of SCF-negative cases P-value

No. of mitotic cells (per 50 HPF)   0.049
  ≤10 36 15
  >10 16 1
Ki-67 index (%)   0.001
  <5 15 12
  5-10 23 4
>10 14 0

Figure 2. Expression of SCF and KIT in gastrointestinal stromal tumors 
(GISTs) by immunohistochemistry and western blot analysis. (A) Expression 
of stem cell factor (SCF) protein in GISTs revealed by immunohisto-
chemistry. SCF staining areas are on the membrane and in the cytoplasm of 
cells. (B) Western blot analysis of SCF and KIT protein. The bands at 31 and 
145 kDa correspond to SCF and KIT protein, respectively.
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Table III. KIT mutation details of the 54 cases of GIST.

Case no. Gender Age (years) SCF Origin Tumor size (cm) KIT mutation

  1 F 40 - Small intestine 4.0              Wt
  2 M 36 + Stomach 5.0              Wt
  3 M 61 + Stomach 5.5 Exon 11 V560D
  4 M 43 + Stomach 5.0 Exon 11 DEL555-556
  8 F 50 + Small intestine 5.0               Wt
  9 F 56 + Stomach 4.5 Exon 11 DEL556-582
10 F 72 + Stomach 2.0              Wt
13 M 59 - Stomach 4.0              Wt
15 M 34 + Small intestine 3.5 Exon 9 INS502-503
16 F 49 + Stomach 4.0 Exon 11 DEL555-558
17 F 52 + Unknown 9.0 Exon 9 INS502-503
18 M 43 + Small intestine 3.5 Exon 11 DEL553-554
19 F 78 - Stomach 5.0 Exon 11 DEL555-558
20 F 61 + Small intestine 5.0 Exon 11 DEL555-559
21 F 59 + Stomach 3.0              Wt
22 M 49 + Small intestine 2.5              Wt
23 F 53 + Stomach 2.5              Wt
27 M 63 - Stomach 5.0 Exon 11 V559D
28 M 48 + Stomach 3.0 Exon 11 DEL565-572
29 F 39 + Stomach 18.0 Exon 11 INS577-579
30 F 48 + Small intestine 12.0              Wt
31 M 71 + Stomach 5.5              Wt
32 M 53 + Rectum 6.0 Exon 11 W557R
33 M 45 + Small intestine 2.0              Wt
34 F 73 + Stomach 6.0 Exon 11 V559D
37 F 57 + Stomach 6.5              Wt
38 M 54 - Small intestine 6.0 Exon 11 DEL579
40 M 68 - Small intestine 7.0 Exon 11 DEL557-558
41 F 48 + Stomach 3.0 Exon 11 DEL557-558
42 F 73 - Stomach 2.5 Exon 11 DEL555-557
43 M 50 + Stomach 4.0              Wt
45 F 37 + Small intestine 3.0 Exon 11 INS557-582
47 F 51 + Small intestine 2.5 Exon 9 INS502-503
48 F 49 + Stomach 5.0 Exon 11 INS577-582
49 M 78 + Stomach 14.0 Exon 11 DEL555-558
50 F 41 + Unknown 8.0 Exon 11 V560D
53 M 77 + Stomach 5.5 Exon 11 V559D
54 F 55 + Stomach 22.0 Exon 11 DEL555-559
55 F 82 + Small intestine 3.5 Exon 11 DEL553-554
56 F 55 + Small intestine 5.0 Exon 9 INS502-503
57 F 84 - Stomach 5.0              Wt
58 F 55 + Stomach 4.0 Exon 11 DEL555-558
59 M 60 + Stomach 2.8 Exon 11 DEL565-572
60 F 75 + Stomach 6.0 Exon 11 INS577-579
61 F 63 + Small intestine 3.0 Exon 9 INS502-503
62 M 47 + Stomach 3.0 Exon 11 DEL576
63 M 35 + Stomach 6.5 Exon 11 INS575-582
64 M 60 + Small intestine 3.2 Exon 9 S451C
65 F 59 + Stomach 14.0 Exon 11 DEL557-558
66 M 75 - Stomach 15.0 Exon 11 DEL550-558
67 M 53 + Stomach 6.0 Exon 11 DEL579
68 M 29 - Rectum 5.0              Wt

GIST, gastrointestinal stromal tumor; SCF, stem cell factor; DEL, deletion; INS, insertion; Wt, wild-type.
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of multiplication were determined by a cell count assay. 
The primary GIST cells from all three patients examined 
proliferated in response to SCF in a dose-dependent manner 
(Fig. 3A). We subsequently examined KIT activation in GIST 
cells following cultivation with or without SCF. The levels 
of KIT phosphorylation in SCF-stimulated cells were higher 
than those of unstimulated cells (Fig. 3B). These results 
suggest that SCF, as the ligand of KIT, is capable of activating 
its receptor in GIST cells. In addition, the results suggest that 
the SCF/KIT signaling pathway plays a key role in the prolif-
eration of GIST cells.

Effect of imatinib treatment on SCF expression and 
SCF-stimulated KIT activation in GIST cells. Treatment with 
imatinib has been shown to result in an increased SCF concen-
tration in the serum of GIST patients (20). To test the effect of 
imatinib treatment on SCF expression of primary GIST cells 
in vitro, FCS-starved GIST cells were treated with imatinib 

for 72 h and then analyzed by western blot analysis for SCF 
expression. The SCF signal was stronger in imatinib-treated 
compared with untreated GIST cells (Fig. 4A). These results 
suggest that imatinib is capable of increasing endogenously 
produced SCF in cultured GIST cells. We then examined 
the inhibitory effects of imatinib on KIT activation that has 
been induced by stimulation with exogenous SCF. GIST cells 
were pre-treated with or without imatinib and then stimulated 
with 100 ng/ml SCF. Following the 100 ng/ml SCF stimula-
tion, higher levels of KIT phosphorylation remained present 
in GIST cells. An increased dose of 5 µM imatinib was not 
able to inhibit KIT phosphorylation in SCF-stimulated cells 
in vitro (Fig. 4B). These results suggest that imatinib may not 
effectively inhibit KIT phosphorylation that has been induced 
by its ligand (SCF).

Discussion

In this study, we observed abundant SCF expression in GIST 
tissues, which suggested an autocrine mechanism of SCF. 
Western blot analysis verified that the SCF protein expressed 
in GISTs is predominantly present as the membrane-bound 
form, which has the ability to stably and continuously activate 
its receptor, KIT. Our data also demonstrated co-expression 
of SCF and KIT in GISTs, and SCF expression was signifi-
cantly correlated with an increased proliferative potential of 
GISTs. A previous study (21) also SCF expression in GISTs, 
as well as a larger tumor size and higher MIB-1 index in 
SCF-positive cases. The present data, together with these 
findings, suggest that SCF may be a potential marker for 
GIST proliferation.

There are two mechanisms of activation of KIT in 
malignant tumors. One is autophosphorylation of KIT due to 
gain-of-function mutations of the c-kit gene, and the other is 
ligand-dependent activation. The present study did not detect 
a correlation between SCF expression and the status of KIT 
mutation in GISTs. These data suggest that SCF-induced KIT 
activation is an independent mechanism in GISTs, regardless 
of KIT autophosphorylation. A previous study (22) demon-
strated that the fraction of activated KIT was not correlated 
with the fraction of mutant KIT in GISTs. The absence of a 
correlation may be explained by ligand-dependent SCF/KIT 
signaling in GISTs.

SCF stimulation of GIST544 cells, which express a 
heterozygous c-kit exon 9 mutation, induces stronger KIT 
phosphorylation (23). SCF treatment of GIST882 cells, which 
contain a homozygous c-kit exon 13 mutation, does not induce 
high levels of KIT phosphorylation (24). One isoform of KIT 
that contains a 4 amino acid sequence, GNNK, has been 
demonstrated to be the most abundant isoform in GISTs (25). 
Following stimulation with SCF, wild-type GNNK-negative 
KIT induced an improvement in cell survival and stronger 
proliferation (26). In the present study, we also demonstrated 
that SCF was capable of inducing GIST cell proliferation 
in vitro. Additionally, a high level of KIT phosphorylation 
in SCF-stimulated cells was observed. All GIST cells were 
verified to contain heterozygous, functional mutations of 
c-kit. Thus, this study has demonstrated that SCF may activate 
wild-type KIT in GISTs and participate in the activation of 
heterozygous KIT mutants.

Figure 3. Gastrointestinal stromal tumor (GIST) cell responses to recombi-
nant human stem cell factor (rhSCF). (A) Three representative samples of 
primary GIST cells proliferated in response to SCF in a dose-dependent 
manner. (B) The level of KIT phosphorylation in SCF-stimulated cells was 
higher than that of unstimulated cells.

Figure 4. Effect of imatinib treatment on stem cell factor (SCF) expression 
and SCF-stimulated KIT activation in GIST cells. GIST cells were treated 
with or without imatinib and SCF. (A) SCF expression increased in three 
GIST samples treated with imatinib. (B) Imatinib failed to suppress the 
SCF-mediated activation of KIT.
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Notably, the results of the present study demonstrated 
increased SCF expression levels in imatinib-treated GIST 
cells. Tumor growth is complicated and multiple signaling 
pathways are involved in the survival and proliferation of tumor 
cells. Therefore, it is possible that in GISTs, after activation 
of the mutant KIT is inhibited by imatinib, other compensa-
tory signals may become involved in maintaining tumor cell 
survival. As a result, increased SCF expression levels may be 
a response that facilitates preservation of the wild-type KIT 
signaling in GISTs. A previous study (27) demonstrated that 
mutant KIT was mainly retained within the endoplasmic reti-
culum and Golgi compartments in an immature constitutively 
phosphorylated form, whereas wild-type KIT was expressed at 
the plasma membrane in a mature non-phosphorylated form. 
Imatinib-induced inhibition of the phosphorylation of mutant 
KIT proteins resulted in the restoration of KIT expression at 
the cell surface. Our data, together with those findings, suggest 
that increased expression of SCF and KIT at the cell surface due 
to imatinib treatment results in abundant SCF/KIT signaling 
activation. Although the inhibitor imatinib blocked the ligand-
independent signaling of KIT, it simultaneously enhanced the 
ligand-dependent signaling. Negri et al (28) also demonstrated 
that the surgical samples of imatinib-treated GISTs were 
characterized by high expression levels and activation of the 
wild-type KIT receptor, together with high expression levels 
of its ligand. These findings provide a favorable compliment 
to our study in vivo.

In this study, we verified the inefficiency of imatinib for the 
inhibition of KIT phosphorylation stimulated by SCF in vitro. 
In clinical studies, it has been confirmed that GISTs with no 
KIT mutations demonstrate resistance to imatinib. A clinical 
study (29) also found that there was no clinical efficacy of 
imatinib in uveal melanomas expressing SCF/KIT without 
mutations. These results suggest that the ligand-dependent 
activation of KIT is likely to have primary resistance to 
imatinib, while the stronger ligand-independent activation of 
wild-type KIT due to imatinib treatment may contribute to the 
development of acquired resistance.

In conclusion, the expression of SCF suggests an autocrine 
mechanism in GISTs. It is likely that ligand-independent KIT 
activation due to gain-of-function mutations in the KIT gene 
is the main mechanism of GIST oncogenesis, whereas the 
ligand-dependent activating mechanism is the crucial reason 
for tumor proliferation. The activation of SCF/KIT signaling 
may be a considerable contributing factor in imatinib resis-
tance. Our study suggests that the simultaneous inhibition of 
ligand-dependent and ligand-independent activation of KIT 
may be a more effective strategy for GIST therapy.
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