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Abstract: EGFR tyrosine kinase inhibitors (TKIs) are the first-line drugs for NSCLC. But, the acquired resistance lim-
ited their efficacy, so that the patients deteriorate eventually. Therefore, it is necessary to clarify the mechanism of 
the acquired resistance and overcome it for effective NSCLC therapy. In this experimental study, a stable gefitinib 
resistant lung adenocarcinoma cell line (PC9/GR) infected with shRNA-c-kit-homo-1386 were established; c-kit 
siRNA and c-kit inhibitors were used to block c-kit signaling; the acquired resistance of PC9/GR cells and the effects 
of c-kit siRNA and c-kit inhibitors on the growth and invasion of PC9/GR cells were investigated with CCK-8 assay, 
colony formation and cell invasion assays in vitro; the tumor growth inhibition effects of c-kit inhibitors on PC9/GR 
cell generated tumors were tested in vivo; the mechanisms involved in the acquired resistance reverse, growth and 
invasion inhibition effects of c-kit siRNA and c-kit inhibitors on PC9/GR cells were evaluated with qRT-PCR, Western 
blot and immunohistochemistry staining. The proliferation, colony formation, and invasion of PC9/GR cells were 
decreased by c-kit siRNA and inhibitors in vitro significantly; c-kit inhibitors suppressed the tumor growth of PC9/GR 
cell generated tumors in vivo. In the stable shRNA-c-kit transfected PC9/GR cells, the protein expressions of c-kit 
signaling and stemness phenotype related proteins, including ALDH1A1, Oct4, Sox2 and ABCG2 were decreased, 
and EMT phenotype related protein expressions including vimentin, N-cadherin, and Slug, were downregulated and 
with upregulation of E-cadherin; c-kit inhibitors reduced stemness phenotype related protein expressions, down-
regulated EMT phenotype related protein expressions including vimentin, N-cadherin, and Slug, with upregulation 
of E-cadherin, and the stemness related protein expressions of c-kit, ALDH1A1, ABCG2 and EMT-related proteins of 
vimentin and slug were decreased in the imatinib treated tumor tissues. The findings of this study indicated that c-
kit signaling mediated the acquired gefitinib resistance, cell growth, invasion, stemness and EMT phenotype of PC9/
GR cells. Targeting c-kit signaling with c-kit siRNA and small molecule c-kit inhibitors might overcome the acquired 
gefitinib resistance, and inhibit PC9/GR cell growth in vitro and in vivo.
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Introduction

Lung cancer is one of the common malignant 
tumors and has become the main cause of 
human death from cancers [1, 2]. It is classifi- 
ed as non-small cell lung cancer (NSCLC) and 
small cell lung cancer (SCLC), according to the 
pathological characteristics. NSCLC accounts 
for more than 85% of all lung cancer cases [3]. 
NSCLC patients carrying an epidermal growth 
factor receptor (EGFR) mutation often initially 
have response to EGFR tyrosine kinase inhibi-
tor (EGFR-TKI) treatment; the therapeutic out-

comes of patients with NSCLC were improved 
greatly, compared to conventional chemothera-
py. But unfortunately, the patients treated with 
EGFR-TKIs may acquire drug resistance due to 
many factors [3, 4]. Gefitinib, one of epidermal-
growth factor receptor-tyrosine kinase inhibi-
tors (EGFR-TKIs) has been used as the front-line 
treatment for non-small cell lung cancer (NS- 
CLC) therapy, it is effective for NSCLC patients 
with EGFR sensitive mutations who can tolerate 
the side effects of chemotherapy [5-7]. Most 
patients are sensitive when they received pri-
mary EGFR-TKI treatment, and tumor regres-
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sion was obvious, but after 8-10 months of 
progression-free survival, the patients got re- 
sistant to EGFR-TKI drugs inevitably [8, 9]. This 
kind of drug resistance also occurred in the 
third-generation TKI treatment, which led to 
tumor reoccurrence. Therefore, it is very impor-
tant to clarify the mechanism of EGFR-TKI resis-
tance and explore the treatment strategy for 
EGFR-TKI resistant NSCLC patients [7]. 

Previous investigations showed that the mech-
anism of EGFR-TKI resistance might be associ-
ated with target gene mutation, bypass signal-
ing pathway activation, histological transforma-
tion [10], acquisition of stem-like properties 
and elevated expression cancer stem cell mar- 
kers [11, 12], epithelial-mesenchymal transi-
tion (EMT) [13-15] and PI3K/Akt/mTOR signal-
ing pathway activation [16]. Although these 
mechanisms seem to be responsible for ac- 
quired resistance, all mechanisms have not 
been revealed [11]. 

Among the potential mechanisms of EGFR-TKI 
resistance [9-16], cancer stem cell properties 
seem to play a substantial role [17]. Cancer 
stem cells in tumor microenvironment possess 
stemness phenotype, having potential for mul-
tiple differentiation, selfrenewal, and epithelial-
mesenchymal transition, which are responsible 
for tumor initiation, drug resistance, cancer 
relapse and metastasis [12-15, 17, 18]. Thus, 
targeting the cancer stem cells in NSCLC and 
attenuating their stemness properties and epi-
thelial-mesenchymal transition may overcome 
the drug resistance, and prevent from tumor 
growth and metastasis [17-20]. 

The c-kit gene is a proto-oncogene; its product 
is a transmembrane glycoprotein, which be- 
longs to the receptor tyrosine kinase family 
[21]. Previous studies showed that c-kit gene 
expression products and their ligands are im- 
portant regulators for the growth and develop-
ment of various human tissue cells, and are 
closely related to the occurrence of various 
solid tumors and leukemia [22, 23]. c-kit 
expression is correlated with poor prognosis, 
faster tumor growth, and early lymph node 
metastasis in NSCLC [24]. Recent investiga-
tions indicated that the proportion of lung can-
cer stem cells in EGFR/TKI-resistant cell lines 
increased significantly; SCF/c-kit expression 
was upregulated in NSCLC CSCs, which is relat-
ed to the stemness phenotype, survival of lung 

CSCs, drug resistance, recurrence and metas-
tasis of NSCLC, blocking SCF-c-kit signaling 
could improve the antitumor efficacy of chemo-
therapy of NSCLC [25, 26]. Furthermore, the 
tumor xenografts of human skin squamous cell 
carcinoma (A431) developed drug resistance 
after 25-week consecutive gefitinib therapy, 
resulting from c-kit overexpression [27]; and 
c-kit was overexpressed in afatinib resistant 
H1975 lung cancer cell clones [28]; It was sug-
gested that c-kit might be involved in EGFR-TKIs 
resistance in NSCLC therapeutics.  

In light of the research results mentioned 
above, it could be speculated that c-kit plays  
an important role in gefitinib resistance for 
NSCLC therapy. But, its exact effect and mech-
anism of activity is unknown. To confirm this 
speculation, this experimental study was per-
formed with the parent non-small cell lung can-
cer cell line PC9 (with EGFR 19 exon mutation) 
and its gefitinib resistant pattern cell line, PC9/
GR to test whether targeting c-kit could inhibit 
gefitinib resistant NSCLC cell growth in vitro 
and in vivo and to explore its potential mecha-
nism of action. 

Materials and methods 

Cell lines and cell culture 

The NSCLC cell line PC9 was were purchased 
from Shanghai Cell Bank, Chinese Academy of 
Sciences (Shanghai, China), cultured in 1640 
medium supplemented with 10% FBS, 100 U/
ml penicillin and 100 μg/ml streptomycin at 
37°C in a humidified atmosphere of 5% CO2. 
Gefitinib-resistant lung cancer PC9/GR cell  
line was generated from the parental PC9 cells 
and was kindly presented by Professor Luo 
Feng (Lung Cancer Center, Laboratory of Lung 
Cancer, West China Hospital of Sichuan Uni- 
versity). Briefly, PC9 cells were cultured in the 
medium supplemented with 2 μM gefitinib for 
six months to acquire resistance to gefitinib, 
and the drug resistance was measured through 
CCK-8 assay [29]. 

Reagents and antibodies 

Gefitinib (ZD1839), cisplatin (S1166), docetax-
el (S1148), imatinib (S2475) and anlotinib (S8- 
726) were purchased from Selleck Chemicals 
(Houston, TX, USA). Reagents were prepared 
and stored according to the manufacturer’s 
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protocols. The following primary antibodies 
were used: Rabbit mAb GAPDH (2118), c-kit 
(3074), SCF (2093), P-c-Kit (Tyr703, 3073), P- 
Erk1/2 (4370), ALDH1A1 (36671), Oct4 (2890), 
Sox2 (3579), vimentin (5741), E-cadherin (31- 
95), N-cadherin (13116), Slug (9585), and 
ABCG2 (42078) from Cell Signaling Technology 
(Danvers, MA). The secondary HRP-conjugated 
goat anti-rabbit IgG (#CW0103S) was pur-
chased from Beijing ComWin Biotech Co., Ltd 
(Beijing, China).

Cell viability assay 

The cell viability was determined by Cell Co- 
unting Kit-8 (CCK-8, Dojindo, Japan), according 
to the manufacturer’s protocols. 3000 PC9 or 
PC9/GR cells were seeded into the 96-well 
plates, After 24 h of incubation; the cells were 
exposed to various concentrations of test 
agents as indicated for 72 h. Then, the absor-
bance was measured at 450 nm was measur- 
ed by a Microplate Reader (SpectraMax 190, 
Molecular Device, USA). Cell viability was calcu-
lated as the percentage of absorbance, com-
paring treated cells with untreated cells, and 
three independent experiments were repeat- 
ed.

Colony formation assay

PC9 or PC9/GR or modified PC9/GR cells were 
inoculated into six-well plates at 300 cells per 
well, respectively, incubated for 12-14 days, 
and terminated in the presence of macroscopic 
clones. The cells were fixed in 4% paraformal-
dehyde for 15 minutes, stained with 0.1% crys-
tal violet for 10-20 min, the cell aggregates 
with ≥50 cells were scored as a colony, and the 
data was analyzed. Three independent experi-
ments were performed.

Cell invasion assay 

The cells were harvested and re-suspended in 
serum-free medium as single cell solutions. 
The filters of 24-transwell with 8 μm pores 
(Corning, Costar, USA), were pre-coated with 
matrigel (BD Biosciences, NJ, USA). 200 μl cell 
suspension containing 20,000 cells was load-
ed into the upper chambers; 500 µl medium 
with 10% FBS was added into the lower cham-
ber as a chemoattractant. After 24 h incuba-
tion at 37°C, the cells on the upside of the fil-
ters were removed using a cotton swab, and 

the cells that penetrated through the filter were 
fixed with 4% paraformaldehyde for 10 min and 
stained with 0.1% crystal violet for 10 min. 
Images were taken under an optical phase con-
trast microscope. The penetrated cells in 6 
non-overlapping random fields per well were 
counted. Three independent experiments were 
repeated.

Cell transfection 

Small interfering RNA (siRNA) targeting c-kit 
including siRNA-c-kit-homo-1386, siRNA-c-kit-
homo-365, siRNA-c-kit-homo-1684, and nega-
tive control siRNA (si-NC) were obtained from 
GenePharma (Shanghai, China). PC9/GR cells 
were seeded at a density of 1×105 cells per  
well in a 6-well microplate and incubated for 24 
h. Then siRNA-c-kit or siRNA-NC (30 nM) was 
transfected into PC9/GR cells using Lipofec- 
tamine 2000 (Invitrogen) according to the man-
ufacturer’s protocol. After 48 h of siRNA trans-
fection, transfection efficiency was evaluated 
using qRT-PCR and Western blot. The experi-
ment was performed in triplicate. 

Vector construction and transfection

The lentiviral vector of c-kit interference was 
constructed by inserting a shRNA-c-kit-homo- 
1386 CCCAGAGCCCACAATAGAT and shRNA-c-
kit-NC TTCTCCGAACGTGTCACGT fragment into 
a lentiviral shuttle vector (LV3/GFP). c-kit knock- 
down was achieved using specific shRNA-c-kit-
homo-186 targeting c-kit. The packing and puri-
fication of the lentiviral vectors were perform- 
ed by the GenePharma Company (Shanghai, 
China). The stable cells infected with the lentivi-
ral vectors were screened with 50 µg/ml puro-
mycin for 2 weeks. The transfection efficiency 
was measured using Western blot. The stale 
shRNA-c-kit-homo-1386 transfected PC9/ER 
cells were used for the further experiments. 

Quantitative real-time polymerase chain reac-
tion

Total RNA was extracted from PC9/GR and 
PC9/GR transfected with c-kit siRNA cells by 
TRIzol reagent (Life Technologies, Shanghai, 
China) according to manufacturer’s instruction. 
cDNA was synthesized using the PrimeScript 
RT kit (GeneCopoeia, Inc., USA) from 1 μg of 
RNA. The relative quantification of transcripts 
data calculation were performed using the 
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ΔΔCt method based on SYBR Green Master Mix 
(GeneCopoeia, Inc., USA) and LightCycler 480 
device (Roche Diagnostics). Expression of tar-
get genes in the transcript was normalized 
using GAPDH expression levels. No nonspecific 
products were detected. The primer sequences 
are as follows: c-kit-1386: forward, 5’-CCCAC- 
AGCCCACAAUAGAUTT-3’ and reverse, 5’-AUCU- 
AUUGUGGGCUCUGGGTT-3’; c-kit-365: forward, 
5’-GCAAAUACACGUGCACCAATTT-3’ and rever- 
se, 5’-UUGGUGCACGUGUAUUUGCTT-3’; c-kit-
1684: forward, 5’-GCUGGCAUGAUGUGCAUUA- 
TT-3’ and reverse, 5’-UAAUGCACAUCAUGCCA- 
GCTT-3’. 

Western blot 

Proteins were extracted with RIPA buffer and 
protein protease inhibitor (Beyotime Institute  
of Biotechnology, Nanjing, China) from cells. 
Protein concentration was determined using 
BCA protein assay kit (Beyotime Institute of 
Biotechnology, Nanjing, China). The different 
proteins were separated by 10-15% SDS-PAGE 
and transferred onto PVDF membranes. The 
membranes carrying proteins were blocked 
with 5% milk medium for 1 h, and then incu-
bated with specific primary antibodies over-
night at 4°C, and antibody recognition was 
detected with HRP-labeled goat anti-rabbit sec-
ondary antibody for 2 hours. The protein bands 
were visualized with chemiluminescence sys-
tem (Millipore, Billerica, MA). The densitometry 
of the western blot bands were quantified by 
Image J software, and normalized to GAPDH. 

PC9/GR cell growth inhibition test in vivo

24 five-week-old male nude mice (BALB/C-nu/
nu) were inoculated with 1×106 PC9/GR cells. 
One week later, the tumor bearing mice were 
divided into 4 groups randomly and each group 
containing 6 mice, three test group mice were 
administrated with 75 mg/kg of gefitinib, 80 
mg/kg of imatinib and 10 mg/kg of anlotinib 
i.p., 3 times weekly for 4 weeks, respectively; 
the control mice were injected with the same 
volume of normal saline; In the experimental 
process, animals were weighted, and tumor 
size were measured every two days, tumor vol-
umes were calculated using a standard formula 
(length × width2 ×0.5) [30]. At the end of experi-
ment, the mice were sacrificed by carbon diox-
ide asphyxiation. The tumor masses were dis-
sected and weighed. The tumor inhibitory rates 

were calculated using the formula: tumor inhibi-
tory rate (%) = (mean tumor weight of the con-
trol group-mean tumor weight of the treated 
group)/mean tumor weight of the control group 
×100%. All animals were maintained under 
standard conditions according to the guide- 
lines of the Institutional Animal Care and Use 
Committee of Sichuan University; the animal 
experiments were performed with an approved 
protocol by this committee (Permit Number: 
2020188A).

Immunohistochemistry staining 

The tumor tissues of the control and imatinib 
treated groups were fixed in 4% paraformalde-
hyde for 24 h, embedded with paraffin and 
sliced into 4 μm sections. The sections were 
dewaxed and hydrated. The tumor tissues were 
incubated with primary antibodies, including, 
rabbit mAb c-kit, ALDH1A1, vimentin, Slug, and 
ABCG2 overnight at 4°C, followed by incuba- 
tion with abiotinylated goat anti-rabbit second-
ary antibody and diaminobenzidine substrate. 
And then, the slides were counterstained with 
hematoxylin. Staining results were observed 
under microscope, 3 images were taken ran-
domly, and the average optical density (AOD) 
was measured with Image-pro Plus 6.0. 

Statistical analysis

All data were presented as mean ± SED, and 
analyzed with SPSS19.0, Image-pro Plus 6.0 
and GraphPad Prism 8.0. Statistical signifi-
cance was determined with two-tailed stu-
dent’s t test or 1-way analysis of variance 
(ANOVA). P values ≤ 0.05 (*) and ≤ 0.01 (**) 
were considered statistically significant for all 
tests.

Results

The biological characterization of gefitinib re-
sistant NSCLC cells (PC9/GR) is different from 
that of the parent PC9 cells

The parent PC9 cells maintained epithelial mor-
phology (Figure 1A), while PC9/GR cells exhib-
ited mesenchymal morphology (Figure 1B); 
PC9/G cells were more resistant to gefitinib 
than its parental PC9 cells, the IC50 was in- 
creased significantly; the drug resistance index 
is 40 (Figure 1C; P<0.01); PC9/GR cells were 
also less sensitive to cisplatin and docetaxel 
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Figure 1. The biological characterization of the gefitinib resistant lung adenocarcinoma cells (PC9/GR). A. The epi-
thelial morphology of lung adenocarcinoma cells (PC9). B. The mesenchymal morphology of the gefitinib resistant 
lung adenocarcinoma cells (PC9/GR). C. The sensitivities of PC9 and PC9/GR cells to gefitinib. D. The sensitivities 
of PC9 and PC9/GR cells to cisplatin. E. The sensitivities of PC9 and PC9/GR cells to docetaxel. F. The histogram 
shows the PC9 and PC9/GR cells generated colony numbers. G. Western blot analysis of the stemness related pro-
tein expressions of ALDH1A1, Oct4, Sox2 and ABCG2 in PC9 and PC9/GR cells. H. The histogram shows the signifi-
cant increase of stemness protein expressions in PC9/GR cells, compared to the parent PC9 cells. I. The PC9 cells 
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penetrated transwell membrane. J. The PC9/GR cells penetrated transwell membrane. K. The histogram shows the 
penetrated cell number of PC9 and PC9/GR cells. L. Western blot analysis of the EMT related protein expressions of 
vimentin, N-cadherin, Slug and E-cadherin in PC9 and PC9/GR cells. M. Histogram shows the significant increase of 
vimentin, N-cadherin, Slug protein expressions and decrease of E-cadherin in PC9/GR cells, compared to the parent 
PC9 cells. *P<0.05, **P<0.01. 

(Figure 1D, 1E; P<0.01) and generated more 
colonies (Figure 1F; P<0.01) compared to the 
parent PC9 cells; the expressions of stemness 
related proteins, including ALDH1A1, Oct4, 
Sox2, and drug resistance protein, ABCG2 we- 
re upregulated significantly (Figure 1G, 1H; 
P<0.01); the invasiveness of PC9/GR cells was 
increased significantly (Figure 1I-K; P<0.01), 
with upregulation of EMT related proteins, 
including vimentin, N-cadherin, and Slug, and 
downregulation of E-cadherin (Figure 1L, 1M; 
P<0.01) compared to the parent PC9 cells.

c-kit signaling activation in PC9/GR cells and 
c-kit RNA interference

c-kit, P-c-kit, SCF and P-Erk1/2 protein expres-
sions were increased in PC9/GR cells signifi-
cantly (Figure 2A-C; P<0.01), compared to the 
parent PC9 cells, which indicated that c-kit sig-
naling pathway was activated in PC9/GR cells; 
siRNA-c-kit-homo-1386, -365, and -1684 exhib-
ited down-regulations of c-kit mRNA and pro-
tein expression (Figure 2D, 2E) to varying 
degrees, while siRNA-c-kit-homo-1386 was the 
most effective one on down-regulations of c-kit 
mRNA and protein expressions (Figure 2D, 2E; 
P<0.01); therefore, C9/GR cells were transfect-
ed with siRNA-c-kit-homo-1386 (shc-kit), the 
stable shc-kit transfected cells (PC9/GR-shc-
kit) were screened. c-kit, P-c-kit, SCF and 
P-Erk1/2 protein expressions were decreased 
in the stable shc-kit transfected PC9/GR cells 
significantly, compared to the control PC9/GR 
cells (Figure 2F-H; P<0.01). 

The effects of c-kit RNA interference on the 
growth and invasion of PC9/GR cells 

The resistance to gefitinib and colony formation 
efficiency of the stable shRNA-c-kit transfected 
PC9/GR cells (PC9/GR-shc-kit) were decreased 
significantly (Figure 3A, 3B; P<0.01); and the 
expressions stemness-related proteins, ALDH- 
1A1, Oct4, Sox2 and/or drug resistance pro-
tein, ABCG2 were decreased significantly (Fig- 
ure 3C, 3D; P<0.01) compared to the control 
PC9/GR cells; the invasiveness of PC9/GR-shc-
kit cells was reduced significantly (Figure 3E-G; 

P<0.01), with down-regulation of EMT related 
proteins, including vimentin, N-cadherin, and 
Slug, and upregulation of E-cadherin (Figure 
3H, 3I; P<0.01), compared to the control PC9/
GR cells.

The effects of c-kit inhibitors (imatinib and 
anlotinib) on the growth and invasion of PC9/
GR cells

The parent PC9 is most sensitive to c-kit inhibi-
tors (imatinib and anlotinib) among the parent 
PC9, PC9/GR and PC9/GR-shc-kit cells, PC9/
GR-shc-kit cells were more sensitive than PC9/
GR cells, exhibited lower cell growth and colony 
formation efficiency (Figure 4A-D; P<0.01), and 
the expressions stemness-related proteins, 
including ALDH1A1, Oct4, Sox2 and/or drug 
resistance protein, ABCG2 were reduced sig-
nificantly (Figure 4E, 4F; P<0.01) compared  
to the control PC9/GR cells; imatinib and anlo-
tinib suppressed the invasion of PC9/GR cells 
(Figure 5A-D; P<0.01), with decreasing ex- 
pression of EMT related proteins, including 
vimentin, N-cadherin, and Slug, and increasing 
E-cadherin protein expression (Figure 5E, 5F; 
P<0.01).  

c-kit inhibitors (imatinib and anlotinib) inhib-
ited PC9/GR cell generated tumor growth in 
vivo 

In vivo experiment, gefitinib, anlotinib and ima-
tinib inhibited the growth of PC9/GR cell gener-
ated tumors (Figure 6). The mean tumor weig- 
ht of control, gefitinib, imatinib, and anlotinib 
treated groups were 1.04±0.48, 0.77±0.32, 
0.14±0.02, 0.41±0.11 g (Figure 6C, 6D), res- 
pectively; the tumor inhibitory rate of gefitinib, 
anlotinib and imatinib was 26.0% (P>0.05), 
86.5% (P<0.01), 60.6% (P<0.01), respectively. 
No significant difference of mean body weight 
increase between the control and treated ani-
mals was observed (Figure 6A). 

Immunohistochemistry staining showed that 
the stemness related protein expressions of 
c-kit, ALDH1A1, ABCG2 and EMT-related pro-
teins of vimentin and slug were lower in the 
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tumor tissues of the imatinib treated group, 
compared with those in the tumor tissues of 
control group (Figure 7).

Discussion

Lung cancer is the commonest and deadliest 
malignant tumor worldwide, non-small cell lung 
cancer (NSCLC) account for a large proportion 

of all lung cancer cases, has become the lead-
ing cause of human death from cancers [1-3].

The discovery of epidermal growth factor recep-
tor (EGFR) as a tumorignic driver and the sub- 
sequent development of EGFR tyrosine kinase 
inhibitor (EGFR-TKI) therapy represent a revolu-
tionary change in treatment for advanced 
NSCLC [31]. Gefitinib is the front-line drug for 

Figure 2. c-kit signaling activation in PC9/GR cells and c-kit RNA interference. A. Western blot analysis and the 
histogram show the c-kit protein expression was increased in PC9/GR cells, compared to the parent PC9 cells. B. 
Western blot analysis of c-kit signaling related protein expressions of P-c-kit, SCF and P-Erk1/2 in PC9 and PC9/GR 
cells. C. The histogram shows the significant increase of P-c-kit, SCF and P-Erk1/2 protein expressions in PC9/GR 
cells, compared to the parent PC9 cells. D. The histogram shows the relative c-kit mRNA expressions after interfer-
ence with siRNA-c-kit-homo-1386, -365, and -1684 in PC9/GR cells. E. Western blot analysis and the histogram 
show the relative c-kit protein expressions after interference with siRNA-c-kit-homo-1386, -365, and -1684 in PC9/
GR cells. F. Western blot analysis and the histogram show the c-kit protein expression was decreased in PC9/GR-
shc-kit cells. G. Western blot analysis of c-kit signaling related protein expressions of P-c-kit, SCF and P-Erk1/2 in 
PC9/GR and PC9/GR-shc-kit cells. H. The histogram shows the significant increase of P-c-kit, SCF and P-Erk1/2 in 
PC9/GR-shc-kit cells cells, compared to the control PC9/GR cells. *P<0.05, **P<0.01.
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Figure 3. c-kit RNA interference inhibited the growth and invasion of PC9/GR cells and its mechanisms of action. A. 
PC9/GR-shc-kit cells were more sensitive to gefitinib than PC9/GR cells. B. The histogram shows the control PC9/
GR and PC9/GR-shc-kit cells generated colony numbers. C. Western blot analysis of the stemness related protein 
expressions of ALDH1A1, Oct4, Sox2 and ABCG2 in the control PC9/GR and PC9/GR-shc-kit cells. D. The histogram 
shows the significant decrease of stemness protein expressions in PC9/GR-shc-kit cells, compared to the control 
PC9/GR cells. E. The PC9/GR cells penetrated transwell membrane. F. The PC9/GR-shc-kit cells penetrated tran-
swell membrane. G. The histogram shows the penetrated cell number of the control PC9/GR and PC9/GR-shc-kit 
cells. H. Western blot analysis of the EMT related protein expressions of vimentin, N-cadherin, Slug and E-cadherin 



Targeting c-kit inhibits gefitinib resistant NSCLC cell growth and invasion

4259 Am J Cancer Res 2020;10(12):4251-4265

NSCLC therapeutics, but their response is lim-
ited by the acquired resistance [7, 8, 31]. Even 
though, the new generations of EGFR-tyrosine 
kinase inhibitors (EGFR-TKI) were used for the 
treatment of NSCLC patients harboring EGFR 

mutations, TKI resistance often occurs as a 
result of additional EGFR mutations [32] and 
many other factors [3, 4]. The acquired resis-
tance significantly limited the efficacy of EGFR-
TKIs, the current chemotherapeutic strategies 

Figure 4. c-kit inhibitors (imatinib and anlotinib) inhibited the growth of PC9/GR cells and their mechanisms of ac-
tion. A. Imatinib inhibited the growth of the parent PC9, the control PC9/GR and PC9/GR-shc-kit cells in vitro (*, 
PC9/GRvs. PC9/GR; #, PC9/GR-shc-kit vs. PC9/GR). B. The histogram shows the imatinib treated PC9/GR cells 
generated colony numbers. C. Anlotinib inhibited the growth of the parent PC9, the control PC9/GR and PC9/GR-
shc-kit cells in vitro (*, PC9/GRvs. PC9/GR; #, PC9/GR-shc-kit vs. PC9/GR). D. The histogram shows the anlotinib 
treated PC9/GR cells generated colony numbers. E. Western blot analysis of the stemness related protein expres-
sions of ALDH1A1, Oct4, Sox2 and ABCG2 in imatinib and anlotinib treated PC9/GR cells. F. The histogram shows 
the significant decrease of stemness protein expressions in imatinib and anlotinib treated PC9/GR cells, compared 
to the control PC9/GR cells.

in the control PC9/GR and PC9/GR-shc-kit cells. I. The histogram shows the significant decrease of vimentin, N-
cadherin, Slug protein expressions and increase of E-cadherin in PC9/GR-shc-kit cells, compared to the control 
PC9/GR cells. *P<0.05, **P<0.01.



Targeting c-kit inhibits gefitinib resistant NSCLC cell growth and invasion

4260 Am J Cancer Res 2020;10(12):4251-4265

for NSCLCs and survival of NSCLC patients. 
Therefore, it is necessary to overcome this re- 
sistance for effective NSCLC therapy. However, 
the mechanisms of the acquired resistance to 
EGFR-TKIs are still unclear [11, 31].

In the present experimental study, gefitinib 
resistant lung adenocarcinoma cells (PC9/GR) 
were resistant to gefitinib, cisplatin and do- 
cetaxel with higher proliferative potential and 
drug resistance protein (ABCG2) expression, 
compared to the parent PC9 cells; PC9/GR 
cells displayed phenotypes of stemness and 
epithelial-mesenchymal transition (EMT) (Fig- 
ure 1A). These features suggested that tem-
ness and EMT might be responsible for the 
acquired resistance of PC9/GR cells [33-37]. 
Moreover, c-kit protein expression was upregu-

lated (Figure 2A), and c-kit signaling was acti-
vated in PC9/GR cells (Figure 2B, 2C). It is sug-
gested that c-kit signaling might be involved in 
the acquired resistance of PC9/GR cells.

The c-kit gene is a key proto-oncogene; its 
expression is associated with the prognosis, 
tumor growth, and metastasis in NSCLC [24]. 
Recent investigations indicated that the lung 
cancer stem cell proportion in EGFR/TKI-re- 
sistant cell lines has increased significantly; 
c-kit expression was upregulated in NSCLC 
CSCs [25, 26], gefitinib treated tumor xeno-
grafts of human skin squamous cell carcinoma 
(A431) [27], afatinib resistant H1975 lung can-
cer cell clones [28], and gefitinib treated head 
and neck squamous cell carcinoma cells [38]. 
These findings indicated that c-kit might be 

Figure 5. c-kit inhibitors (imatinib and anlotinib) inhibited the invasion of PC9/GR cells and their mechanisms of 
action. A. Imatinib inhibited the invasion of PC9/GR cells. B. The histogram shows the penetrated cell number of 
the imatinib treated PC9/GR cells. C. Anlotinib inhibited the invasion of PC9/GR cells. D. The histogram shows the 
penetrated cell number of the anlotinib treated PC9/GR cells. E. Western blot analysis of the EMT related protein 
expressions of vimentin, N-cadherin, Slug and E-cadherin in the imatinib and anlotinib treated PC9/GR. F. The his-
togram shows the significant decrease of vimentin, N-cadherin, Slug protein expressions and increase of E-cadherin 
in the imatinib and anlotinib treated PC9/GR cells.
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involved in the stemness phenotype, survival  
of lung CSCs, drug resistance, recurrence and 
metastasis of NSCLC, targeting c-kit signaling 
could improve the antitumor efficacy of chemo-
therapy of NSCLC [25, 26]. 

To confirm whether targeting c-kit signaling 
could inhibit PC9/GR cell growth in vitro and in 
vivo, PC9/GR cells were treated with c-kit siRNA 
and c-kit inhibitors, imatinib and anlotinib.

In this experimental study, c-kit mRNA and pro-
tein and c-kit signaling related protein expres-
sions were decreased in the stable shRNA-c-kit 
transfected PC9/GR cells (Figure 2D-H), shR-
NA-c-kit reduced the acquired resistance to 
gefitinib, cell proliferation, colony formation, 
invasion of PC9/GR cells significantly; the stem-
ness and EMT phenotypes of the stable shRNA-
c-kit transfected PC9/GR cells were abated, 
compared to the control PC9/GR cells (Figure 
3). These findings suggested that c-kit siRNA 
could reverse the acquired resistance to gefi-
tinib of PC9/GR cells and suppress their growth 
in vitro through attenuating their stemness and 
EMT phenotypes.

c-kit inhibitors, imatinib and anlotinib also 
exhibited higher growth and colony formation 

inhibition effects on the stable shRNA-c-kit 
transfected PC9/GR cells than the control  
PC9/GR cells (Figure 4A-D); the stemness and 
EMT phenotypes of PC9/GR cells were also 
attenuated by imatinib and anlotinib treatment 
(Figures 4E, 4F, 5); both imatinib and anlotinib 
treatment inhibited PC9/GR cell generated 
tumor growth in vivo (Figure 6); with downregu-
lation of protein expressions of c-kit, ALDH1A1, 
ABCG2 and EMT-related proteins of vimentin 
and slug in the imatinib treated tumor tissues 
(Figure 7).

Imatinib and anlotinib are c-kit inhibitors [39-
42]. Imatinib has chemoprevention effect on 
experimental lung carcinogenesis by activating 
the intrinsic or mitochondrial pathway of apop-
tosis [43], primary cultures of CD117 highly 
expressed NSCLC tumors were sensitive to 
imatinib [44]; anlotinib has efficacy and safety 
for advanced lung cancer therapy [42], it can 
overcome the acquired resistance to gefitinib  
in NSCLC without EGFR T790M mutation (HC- 
C827/GR cells) via FGFR1 signaling, and sup-
press the growth of HCC827 GR cells in vitro 
and in vivo [44]. But, it is unknown whether 
imatinib and anlotinib could reverse the 
acquired gefitinib resistance of PC9/GR cells 

Figure 6. c-kit inhibitors (imatinib and anlotinib) inhibited PC9/GR cell generated tumor growth. A. The mean body 
weight of each group mice. B. Tumor growth of each group mice. C. Tumor masses of each group mice. D. The histo-
gram shows the mean tumor weight of each group. *P<0.05, **P<0.01.
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with T790M mutation and inhibit their growth 
in vitro and in vivo [38-45]. 

Herein, c-kit inhibitors, imatinib and anlotinib 
inhibited the acquired resistance to gefitinib, 
cell proliferation, colony formation, invasion of 

the acquired resistance to EGFR-TKIs. Targeting 
c-kit signaling with c-kit siRNA and small mole-
cule c-kit inhibitors to reverse the acquired 
drug resistance might be a novel strategy for 
EGFR-TKI resistant NSCLC therapy (Figure 8), 
which needs to be investigated further.

Figure 7. Immunohistochemistry staining the tumor tissues of the control 
and the imatinib treated group. A. Immunohistochemistry staining c-kit, AL-
DH1A1, ABCG2 and EMT-related proteins of vimentin and slug in the tumor 
tissues of the control and the imatinib treated group. B. The histogram shows 
that the stemness related protein expressions of c-kit, ALDH1A1, ABCG2 and 
EMT-related proteins of vimentin and slug in the tumor tissues of the imatinib 
treated group were lower than those in the tumor tissues of the control group. 

PC9/GR cells significantly in 
vitro, and reduced the stem-
ness and EMT phenotypes of 
PC9/GR cells (Figures 4, 5); 
furthermore, imatinib and an- 
lotinib exhibited significant hi- 
gher growth inhibition effects 
on PC9/GR cell generated tu- 
mors, with reduced expres-
sions of stemness related 
proteins of c-kit, ALDH1A1, 
ABCG2 and EMT-related pro-
teins of vimentin and slug in 
the imatinib treated tumor tis-
sues. These results showed 
that imatinib and anlotinib 
could overcome the acquired 
resistance to gefitinib of PC9/
GR cells and inhibit their gro- 
wth in vitro and in vivo through 
attenuating their stemness 
and EMT phenotypes.

According to the findings in 
this experimental investiga-
tion, it could be believed that 
c-kit was overexpressed and 
c-kit signaling was activated 
in gefitinib resistant PC9/GR 
cells, which endow PC9/GR 
cells with the acquired resis-
tance to EGFR-TKIs and/or 
other chemotherapeutic dru- 
gs, stemness and EMT phe- 
notypes. Therefore, c-kit sig-
naling, stemness and EMT 
phenotypes might be involved 
in the acquired resistance to 
EGFR-TKIs in NSCLC thera- 
peutics. 

In summary, c-kit signaling 
mediated the acquired gefi-
tinib resistance, cell growth, 
invasion, stemness and EMT 
phenotype of gefitinib resis-
tant PC9/GR cells. c-kit sig-
naling played pivotal role in 
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