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Abstract. Imatinib is a powerful tyrosine kinase inhibitor that 
specifically targets BCR‑ABL, c‑KIT, and PDGFR kinases, 
and is used in the treatment of chronic myelogenous leukemia, 
gastrointestinal stromal tumors, and other types of cancers. 
However, the possible anticancer effects of imatinib in gastric 
cancer have not yet been explored. The present study evalu-
ated the in vitro effects of imatinib on gastric cancer cells and 
determined the molecular mechanism underlying these effects. 
We determined that imatinib induced mitochondria‑mediated 
apoptosis of gastric cancer cells by involving endoplasmic retic-
ulum (ER) stress‑associated activation of c‑Jun NH2-terminal 
kinase (JNK). We also found that imatinib suppressed cell 
proliferation in a time‑ and dose‑dependent manner. Cell cycle 
analysis revealed that imatinib‑treated AGS cells were arrested 
in the G2/M phase of the cell cycle. Moreover, imatinib‑treated 
cells exhibited increased levels of phosphorylated JNK, and 
of the transcription factor C/EBP homologous protein, an ER 
stress‑associated apoptotic molecule. Results of cell viability 
assays revealed that treatment with a combination of imatinib 
and chemotherapy agents irinotecan or 5‑Fu synergistically 

inhibited cell growth, compared with treatment with any of 
these drugs alone. These data indicated that imatinib exerted 
cytotoxic effects on gastric cancer cells by inducing apoptosis 
mediated by reactive oxygen species generation and ER 
stress‑associated JNK activation. Furthermore, we revealed 
that imatinib induced the apoptosis of gastric cancer cells by 
inhibiting platelet‑derived growth factor receptor signaling. 
Collectively, our results strongly support the use of imatinib in 
the treatment of treating gastric cancer.

Introduction

Gastric cancer is a leading cause of cancer‑related deaths world-
wide (1). Recent studies have revealed that immune‑targeting 
therapy improves the survival of patients with gastric cancer. 
Numerous chemotherapy regimens have been clinically exam-
ined for treating gastric cancer; however, there is an urgent 
need for novel therapeutic agents for the treatment of gastric 
cancer.

Imatinib mesylate (imatinib) is a powerful tyrosine 
kinase inhibitor that specifically targets BCR‑ABL, KIT, and 
platelet‑derived growth factor receptor (PDGFR) kinases and 
is used for treating chronic myelogenous leukemia (CML), 
gastrointestinal stromal tumors (GISTs), and other types of 
cancers (2,3). However, the cellular and molecular mechanisms 
underlying the antitumor effects of imatinib are unknown.

PDGFR‑α and PDGFR‑β are transmembrane tyrosine 
kinase receptors whose ligands play critical roles in cancer 
cell migration and proliferation (4‑6). The PI3K/AKT pathway 
is an important downstream signaling pathway of PDGFR 
that plays important roles in promoting cell proliferation, 
suppressing cell motility, and inhibiting cell apoptosis. 
Increased PDGFR expression is also detected in various solid 
cancers (7).

The endoplasmic reticulum (ER) plays a major role in 
protein synthesis and maturation, lipid synthesis, calcium 
homeostasis, and protein folding (8). Misfolded and unfolded 
proteins, particularly secretory and transmembrane proteins 
produced in the ER, induce an evolutionarily conserved 
unfolded protein response (UPR), an ER stress pathway, which 
in turn induces various pathological events such as inflamma-
tion, aging, and neurodegenerative disorders. The UPR, which 
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improves folding, is a survival response triggered by cells to 
restore ER homeostasis. Chronic accumulation of unfolded 
proteins in the ER may lead to death receptor‑independent and 
mitochondria‑mediated apoptotic pathways (9‑12).

At low concentrations, intracellular oxidants function as 
signal transducers to induce growth factors, hypoxia, and other 
receptor‑ligand systems (13,14). However, at concentrations 
above threshold levels, these oxidants induce damage of lipids, 
proteins, RNA, and DNA, thus triggering cell death through 
apoptosis and/or necrosis (15‑17). Reactive oxygen species 
(ROS) such as oxygen ions and peroxides are chemically reac-
tive molecules containing oxygen that are formed as natural 
by‑products of normal oxygen metabolism and play important 
roles in cell signaling and homeostasis (18). Biological func-
tions of ROS and their potential roles in cancer development 
and disease progression have been investigated over the past 
several decades. ROS mediate cancer cell apoptosis induced 
by various anticancer agents and other stimuli (19). However, 
various studies have also shown that anticancer agents increase 
apoptosis of malignant cells by decreasing ROS production (20).

However, the role of ROS, and mechanisms underlying 
their antitumorigenic function in solid tumors, particularly 
gastric cancer, are unknown. In the present study, we evaluated 
whether imatinib exerted antitumorigenic effects on gastric 
cancer cells by inducing apoptosis. Our results indicated that 
IRE1α‑c‑Jun NH2‑terminal kinase (JNK)‑ and C/EBP homol-
ogous protein (CHOP)‑associated ER stress was involved in 
imatinib‑induced apoptosis of gastric cancer cells, suggesting 
that imatinib is a potential chemotherapeutic agent for treating 
gastric cancer.

Materials and methods

Reagents and antibodies. Imatinib was purchased from 
Novartis International AG (Basel, Switzerland). JNK inhibitor 
SP600125 was obtained from EMD/Merck KGaA (Darmstadt, 
Germany). Rabbit antibodies against PARP (1:1,000 dilution; 
cat. no. 9542), caspase‑3 (1:1,000 dilution; cat. no. 9662), 
Bid (1:1,000 dilution; cat. no. 2002), Bim (1:1,000 dilution; 
cat. no. 2819), Puma (1:1,000 dilution; cat. no. 4976), Noxa 
(1:1,000 dilution; cat. no. 14766), p‑JNK (1:1,000 dilu-
tion; cat. no. 9251), JNK (1:1,000 dilution; cat. no. 9252), 
PDGFR‑α (1:1,000 dilution; cat. no. 3164), PDGFR‑β 
(1:1,000 dilution; cat. no. 3169), p‑PDGFR‑α (1:1,000 dilution; 
cat. no. 4547), p‑ PDGFR‑β (1:1,000 dilution; cat. no. 3161), 
AKT (1:1,000 dilution; cat. no. 9272), p‑AKT (1:1,000 dilu-
tion; cat. no. 4060), 4EBP1 (1:1,000 dilution; cat. no. 9644), 
p‑4EBP1 (1:1,000 dilution; cat. no. 2855), p70 S6 kinase 
(1:1,000 dilution; cat. no. 2708), p‑p70 S6 kinase (Ser371) 
(1:1,000 dilution; cat. no. 9208), p‑p70 S6 kinase (Thr 389) 
(1:1,000 dilution; cat. no. 9205), mTOR (1:1,000 dilution; 
cat. no. 2983), p38 MAPK (1:1,000 dilution; cat. no. 9212), 
p‑p38 MAPK (1:1,000 dilution; cat. no. 9211), p44/42 
MAPK (ERK1/2) (137F5) (1:1,000 dilution; cat. no. 4695), 
p‑p44/42 MAPK (Erk1/2) (Thr202/Tyr204) (1:1,000 dilution; 
cat. no. 4370), eIF2α (D7D3) (1:1,000 dilution; cat. no. 5324), 
p‑eIF2α (Ser51) (1:1,000 dilution; cat. no. 3597) and GRP94 
(1:1,000 dilution; cat. no. 2104) and IRE1α (1:1,000 dilution; 
cat. no. 3294) were obtained from Cell Signaling Technology, 
Inc. (Beverly, MA, USA). Rabbit antibody against p‑IRE1 α 

(1:1,000 dilution; cat. no. ab48187) were obtained from Abcam 
(Cambridge, UK). Mouse antibodies against BCL2‑associated 
X protein (Bax) ATF6 (1:1,000 dilution; cat. no. sc‑20067), 
Bcl‑2 (1:1,000 dilution; cat. no. sc‑509), Survivin 
(1:1,000 dilution; cat. no. sc‑17779) and CHOP (GADD 153) 
(1:1,000 dilution; cat. no. sc‑7351) were purchased from Santa 
Cruz Biotechnology, Inc. (Dallas, TX, USA). Mouse antibodies 
against ATF6 (1:1,000 dilution; cat. no. NBP1‑40256) were 
obtained from Novus Biologicals, LLC (Littleton, CO, USA). 
Anti‑actin (1:2,000 dilution; cat. no. A2228) and DCFH‑DA 
(cat. no. D6883) were purchased from Sigma‑Aldrich; 
Merck KGaA (Darmstadt, Germany).

Cell culture. Human gastric cancer cell line AGS was 
obtained from the American Type Culture Collection (ATCC; 
Manassas, VA, USA), and SNU‑638 and MKN45 cell lines 
were purchased from the Korean Cell Line Bank (Seoul, 
Korea). CHOP-/- and corresponding wild‑type MEF cell lines 
were provided by Dr Randal J. Kaufman (Sanford Burnham 
Medical Research Institute, CA, USA). Gastric cancer cells 
were cultured in RPMI‑1640 medium (Gibco; Thermo Fisher 
Scientific, Inc., Waltham, MA, USA) supplemented with 10% 
fetal bovine serum (FBS) and 1% antibiotic‑antimycotic 
solution (Gibco; Thermo Fisher Scientific, Inc.) at 37˚C in a 
humidified atmosphere of 5% CO2.

Cell viability assay. Cell growth rate and viability were 
determined by performing 3‑(4,5‑dimethylthiazol‑2‑ly)‑2,5‑ 
diphenyl tetrazolium bromide (MTT)‑based colorimetric 
assays (Sigma‑Aldrich; Merck KGaA). Cells were grown in 
96‑well plates containing medium supplemented with 10% 
fetal bovine serum at a density of 1x104 cells/well. The medium 
in each well contained different concentrations of imatinib. 
After 48 h, 50 µl MTT solution was added to each well, and the 
cells were incubated at 37˚C for 4 h. Next, the supernatant was 
aspirated, and the dye was solubilized using 200 µl dimethyl 
sulfoxide (DMSO). Cell viability was determined according to 
the manufacturer's instructions by measuring the absorbance 
in individual wells at 595 nm using a microplate reader.

Cell cycle and apoptosis analyses. Cell cycle was analyzed 
by performing propidium iodide (PI) staining. Adherent cells 
were harvested by treatment with trypsin and were fixed with 
5 mM EDTA and 85% ethanol. Fixed cells were incubated 
with 50 µg/ml PI and 20 µg/ml RNase at 37˚C for 30 min and 
were analyzed by performing flow cytometry. Apoptotic cells 
were stained using an Annexin V‑fluorescein isothiocyanate 
(FITC) kit (Beckman Coulter, Inc., Brea, CA, USA), according 
to the manufacturer's instructions, and were then analyzed.

Western blot analysis. Cells harvested 48 h after imatinib treat-
ment were centrifuged at 14,000 x g and 4˚C for 5 min and were 
washed twice with phosphate‑buffered saline (PBS). Next, the 
cells were lysed in 30 µl ice‑cold RIPA buffer and were centri-
fuged again at 14,000 x g and 4˚C for 30 min. The obtained 
pellet was stored at ‑70˚C for further analysis. Protein concen-
trations were determined using the Bradford method (Bio‑Rad 
Laboratories, Inc., Hercules, CA, USA). Lysates corresponding 
to equal protein amounts were boiled in sample buffer for 
5 min. Next, the samples were resolved by sodium dodecyl 
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sulfate‑polyacrylamide gel electrophoresis (SDS‑PAGE) on 10 
or 12% gels, with 50 µg total protein loaded in each lane of 
the gel. The resolved proteins were transferred onto a 0.45‑µm 
nitrocellulose membranes. The membranes were blocked with 
5% non‑fat dry milk in Tris‑buffered saline with Tween‑20 
(TBST) buffer for 2 h to prevent non‑specific binding, and was 
then washed three times with TBST for 10 min each. Next, 
the membrane was incubated with specific primary antibodies, 
followed by incubation at 4˚C overnight with horseradish 
peroxidase‑conjugated secondary antibody and then incubated 
with anti‑mouse (1:2,500 dilution; cat. no. 170‑6516; Bio‑Rad 
Laboratories) or anti‑rabbit (1:2,500 dilution; cat. no. 7074; 
Cell Signaling Technology, Inc.) specific polyclonal secondary 
antibodies for 2 h at 4˚C. Then, the membrane was washed 
three times with TBST for 10 min each. Signals were detected 
by exposure to X‑ray film using an EZ‑Western Lumi Pico kit 
(DoGEN, Seoul, Korea; cat. no. DG‑WP‑250).

ROS generation. ROS generation was assessed in cells 
treated with imatinib for 30 or 60 min. Intracellular ROS 
levels were determined using 2',7'‑dichlorodihydrofluorescein 

diacetate (DCFH‑DA), which oxidizes within cells to fluores-
cent dichlorofluorescein. Control and imatinib‑treated cells 
were incubated with 100 µM DCFH‑DA for 30 min at 37˚C.

Next, the cells were fixed in 3.7% paraformaldehyde 
for 10 min at room temperature. Subsequently, the cells 
were co‑stained with 2 µM 4',6‑diamidino‑2‑phenylindole 
(Molecular Probes; Thermo Fisher Scientific, Inc.) at 
37˚C. After washing three times with PBS, the cells were 
mounted using VECTASHIELD mounting medium (Vector 
Laboratories, Inc., Burlingame, CA, USA), and immunofluo-
rescence was detected using a confocal microscope (Carl Zeiss 
AG, Oberkochen, Germany). Then, MEF of MEF CHOP-/- cells 
were stained with 100 µM DCFH‑DA for 30 min at 37˚C. The 
cells were then transferred to FACS tubes and analyzed using 
the FL1 channel on a FACScan cytometer (BD Biosciences, 
Franklin Lakes, NJ, USA).

Statistical analysis. Statistical analysis was performed 
using GraphPad InStat 5 software (GraphPad Software, Inc., 
San Diego, CA, USA). Statistical significance was determined 
by one‑way analysis of variance (ANOVA) followed by 

Figure 1. Imatinib decreases the viability of gastric cancer cells. (A) AGS, MKN45, and SNU638 cells were treated with various concentrations of imatinib for 
48 h, and cell viability was assessed by performing MTT assays. Data are expressed as the means ± SD of three independent experiments. (B) AGS, MKN45, 
and SNU638 cells were stained with PI after incubation with the indicated concentration of imatinib for 48 h, and the number of cells in the sub‑G1, G1, 
S, and G2‑M phases was analyzed by performing flow cytometry. Each bar corresponds to the mean percentage of cells in each cell cycle phase from three 
independent experiments. *P<0.05 and **P<0.01 compared with the control cells.



KIM et al:  Imatinib‑INDUCED APOPTOSIS IS MEDIATED BY ER STRESS‑ASSOCIATED JNK ACTIVATION 1619

Bonferroni post hoc test for multiple comparisons or Student's 
t‑test. For all tests, P<0.05 or P<0.01 were considered to indi-
cate statistically significant differences.

Results

Imatinib decreases the viability of gastric cancer cells. To 
investigate the antitumor activity of imatinib against gastric 
cancer cells (AGS, MKN45 and SNU638 cells), the cells were 
incubated at different concentrations of imatinib for 48 h and 
their viability was determined by performing MTT assays. 
Results of the MTT assays revealed that imatinib treatment 
significantly decreased cell viability in a dose‑dependent 
manner. Statistically significant cytotoxic effects were 
observed after treatment with >50 µM imatinib (Fig. 1A). Next, 
we determined the effect of imatinib on cell cycle progression. 

For this, the cells were treated with various concentrations of 
imatinib, and cell cycle progression was assessed after 48 h 
by performing flow cytometry with PI staining. Imatinib 
treatment for 48 h significantly increased the percentage of 
cells in the sub‑G1 and G2/M phases of the cell cycle, in a 
dose‑dependent manner. These data indicated that imatinib 
treatment arrested gastric cancer cells in the sub‑G1 phase of 
the cell cycle (Fig. 1B), and also indicated that imatinib exerted 
anti‑proliferative effects on gastric cancer cells.

Imatinib induces apoptosis of gastric cancer cells. We 
performed Annexin V/PI double staining to evaluate whether 
imatinib induced apoptosis of the three gastric cancer cell 
lines. Results of Annexin V/PI double staining revealed that 
the percentage of Annexin V/PI‑positive cells significantly 
increased, indicating that imatinib treatment increased the 

Figure 2. Imatinib induces the apoptosis of gastric cancer cells. (A) AGS, MKN45, and SNU638 cells were stained with Annexin V‑FITC and PI after incubation 
with the indicated concentrations of imatinib for 48 h, and the number of apoptotic cells was analyzed by performing flow cytometry. Statistical analysis of the 
results of flow cytometry. Annexin V/PI‑positive cells were defined as apoptotic cells. Results are expressed as the means ± standard error of three individual 
experiments. *P<0.05 and **P<0.01 compared with the control cells. (B‑D) AGS, MKN45, and SNU638 cells were treated with the indicated concentrations of 
imatinib for 48 h. Levels of cleaved caspase‑3, cleaved caspase‑9, cleaved PARP, Bax, and Bcl‑2 were determined by performing immunoblotting. β-actin was 
used as an internal standard. FITC, fluorescein isothiocyanate; PI, propidium iodide; Bax, BCL2‑associated X protein; PARP, poly(ADP‑ribose) polymerase.
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early apoptosis of gastric cancer cells (Fig. 2A). Next, we 
performed western blot analysis to confirm imatinib‑induced 
apoptosis of gastric cancer cells, and to identify the under-
lying mechanism. Imatinib treatment for 48 h increased 
poly(ADP‑ribose) polymerase (PARP) cleavage, and cleaved 
caspase‑3 and ‑9 expression in AGS cells (Fig. 2B). Bcl‑2 is 
an anti‑apoptotic protein, and Bax is a pro‑apoptotic protein. 
We observed that Bax and Bcl‑2 levels were unaffected 
in imatinib‑treated AGS cells. Pro‑apoptotic Bcl‑2 family 
proteins (Noxa and Bid) were induced in imatinib‑treated 
cells. Similar results were obtained for imatinib‑treated 
MKN45 and SNU638 gastric cancer cells (Fig. 2C and D). 
These results indicated that imatinib treatment induced apop-
tosis of gastric cancer cells.

Imatinib decreases PDGFR signaling in gastric cancer cells. 
Imatinib is a powerful tyrosine kinase inhibitor that specifi-
cally targets BCR‑ABL, KIT, and PDGFR kinases, and is used 
for treating CML, GISTs, and other types of cancers (3,21‑24). 
In the present study, c‑KIT and BCR‑ABL expression was not 
detected in the three gastric cancer cell lines (data not shown). 
Next, we examined the effects of imatinib on PDGFR signaling 
in AGS cells and found that imatinib efficiently suppressed 
PDGFR‑induced downstream signaling (Fig. 3A). Imatinib 
inhibited the phosphorylation of PDGFR‑α, PDGFR‑β, 
AKT and p70S6K (Ser371). Notably, the phosphorylation of 
PDGFR‑β decreased more markedly than that of PDGFR‑α in 
imatinib‑treated cells. However, no significant changes were 
observed in total protein levels in imatinib‑treated cells.

Figure 3. Imatinib induces apoptosis by phosphorylating JNK in gastric cancer cells. (A) AGS cells were treated with the indicated concentrations of imatinib 
for 48 h. Expression levels of proteins associated with the PDGFR pathway were assessed by performing immunoblotting with the corresponding antibodies. 
β‑actin was used as an internal standard. (B) AGS cells were treated with the indicated concentrations of imatinib for 48 h, and the levels of JNK, p‑JNK, p38, 
p‑p38, ERK, p‑ERK and β‑actin were assessed by performing immunoblotting with the corresponding antibodies. (C) Blocking of the JNK pathway effectively 
suppressed imatinib‑induced apoptosis of AGS cells. *P<0.05 compared to the vehicle. (D) AGS cells were pretreated with 20 µM JNK inhibitor (SP600125) 
for 1 h, followed by treatment with 50 µM imatinib for 48 h. Levels of cleaved PARP, JNK and p‑JNK were determined by performing immunoblotting. β-actin 
was used as an internal standard. JNK, c‑Jun NH2‑terminal kinase; PDGFR, platelet‑derived growth factor receptor.
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Imatinib induces apoptosis by phosphorylating JNK in 
gastric cancer cells. Various cellular stresses and stimuli 
induce mitogen‑activated protein kinase (MAPK) signaling 
that contributes to apoptotic induction (25). To determine the 
effect of imatinib on the expression and activity of molecules 
involved in MAPK signaling, we treated AGS cells with 
30, 50 and 100 µM imatinib for 48 h and performed western blot 
analysis. Imatinib treatment increased JNK phosphorylation in a 
dose‑dependent manner, without affecting total JNK levels, but 

did not affect p38 and ERK phosphorylation (Fig. 3B). To verify 
the involvement of JNK in imatinib‑induced apoptosis, the 
cells were co‑treated with a JNK pathway inhibitor (SP600125) 
and imatinib (50 µM). Treatment of gastric cancer cells with 
SP600125 significantly decreased their imatinib‑induced apop-
tosis due to JNK inhibition (Fig. 3C). Moreover, treatment with 
SP600125 completely abolished imatinib‑induced PARP acti-
vation (Fig. 3D). These results indicated that imatinib‑induced 
apoptosis was mediated by the JNK‑MAPK pathway.

Figure 4. Imatinib‑induced apoptosis is mediated by the ER stress pathway. (A‑C) AGS and SNU638 cells were treated with the indicated concentrations of 
imatinib for 48 h (A and B) or with 50 µM imatinib for the indicated time periods (C). Levels of ER stress pathway‑associated proteins were assessed by performing 
immunoblotting with the corresponding antibodies (D). AGS cells were treated with 50 µM imatinib for 30 or 60 min, stained with the FITC probe DCFH‑DA 
(10 µM) for 30 min at 37˚C, and were visualized under a confocal microscope. (E) Wild‑type and CHOP-/- MEFs were treated with 50 µM imatinib for 24 h, and 
levels of cleaved PARP and CHOP were determined by performing immunoblotting. β‑actin was used as an internal standard. (F) ROS generation of wild‑type 
and CHOP-/- MEFs was detected using DCFDA staining 1 h after the indicated treatments. Graphs represent the means ± SEM. *P<0.05 compared with treatment 
of imatinib in MEF WT cells. (G) AGS cells were pretreated with 20 µM JNK inhibitor (SP600125) for 1 h, followed by treatment with 50 µM imatinib for 48 h. 
Levels of cleaved CHOP, JNK, and p‑JNK were determined by immunoblotting. β‑actin was used as an internal standard. ER, endoplasmic reticulum; fluorescein 
isothiocyanate; PARP, poly(ADP‑ribose) polymerase; CHOP, C/EBP‑homologous protein; ROS, reactive oxygen species; JNK, c‑Jun NH2‑terminal kinase.
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Imatinib‑induced apoptosis of gastric cancer cells is medi‑
ated by ER stress induction and ROS generation. AGS and 
SNU638 gastric cancer cells were used to investigate mecha-
nisms underlying imatinib‑induced apoptosis. Recent research 
has indicated that ER stress plays a crucial role in the regula-
tion of apoptosis. To confirm that ER stress was involved in 
imatinib‑induced apoptosis, we examined the expression of 
ER stress‑associated proteins, namely, activating transcription 

factor 6 (ATF6), glucose‑regulated protein 94 (GRP‑74), eIF2α, 
p‑eIF2α, IRE1α, p-IRE1α, and CHOP in imatinib‑treated 
AGS and SNU638 cells. Notably, imatinib induced the 
expression of GRP94, p‑eIF2α, p-IRE1 α and CHOP in a 
concentration‑ and time‑dependent manner in both AGS and 
SNU638 cells (Fig. 4A‑C), indicating that imatinib‑induced 
apoptosis was mediated by the ER stress pathway. A recent 
study indicated that several anticancer agents induced 

Figure 5. Effects of combination treatment with imatinib and chemotherapy agents on the growth of gastric cancer cells. (A and C) MTT assays were performed 
to determine the effects of treatment with imatinib or irinotecan alone, or in combination, on the growth of AGS cells. AGS cells were treated with various 
concentrations of imatinib and irinotecan for 48 h. Data are expressed as the percentage of apoptotic cells compared with that in control cells. *P<0.05 and 
**P<0.01, indicate significant difference from values obtained for co‑treatment group as compared to the other groups. (D) Cells were stained with Annexin V 
and PI, and flow cytometry was performed. Data are expressed as the means ± SD of three independent experiments. (B and E) AGS cells were treated with 
various concentrations of imatinib and 5‑Fu for 48 h. (F and G) MTT assays were performed to determine the effects of treatment with imatinib or irinotecan 
alone, or in combination, on the growth of MKN45 and SNU638 cells. Cells were treated with various concentrations of imatinib and irinotecan for 48 h. Each 
point represents the mean ± SD of at least three independent experiments. (H and I) MKN45 and SNU638 cells were treated with various concentrations of 
imatinib and 5‑Fu for 48 h. MTT, 3‑(4,5‑dimethylthiazol‑2‑ly)‑2,5‑diphenyl tetrazolium bromide; PI, propidium iodide.
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oxidative stress by promoting ROS generation, thus inducing 
cytotoxicity and apoptosis in cancer cells (19). To investigate 
the potential role of ROS in imatinib‑induced apoptosis, 
we determined ROS production in imatinib‑treated gastric 
cancer cells using DCFH‑DA. Imatinib‑treated cells produced 
significant fluorescence signals. In addition, imatinib induced 
ROS production in a time‑dependent manner (Fig. 4D). 
CHOP-/- MEFs were resistant to the effects of PARP‑1 
cleavage compared with wild‑type CHOP MEFs (Fig. 4E). 
Imatinib reduced the elevated ROS levels in CHOP-/- MEFs, 
providing evidence that imatinib reduced endogenous ROS 
levels in a CHOP‑dependent manner (Fig. 4F). To examine 
the relationship between JNK and ER‑stress activation during 
imatinib exposure, AGS cells were pretreated with an inhibitor 
of JNK (SP600125), then treated with imatinib. Pretreatment 
with SP600125 significantly decreased imatinib‑induced 
CHOP (Fig. 4G). These results collectively indicated that 
imatinib‑induced apoptosis of gastric cancer cells was medi-
ated by ROS generation and ER stress.

Imatinib and chemotherapy agents synergistically decrease 
growth of gastric cancer cells. We examined the effect of 
combination treatment with imatinib and chemotherapy 
agents on the viability of gastric cancer cells. Treatment 
with imatinib or irinotecan alone resulted in limited 
suppression of the viability of gastric cancer cells (<15%) 

at 24 h (Fig. 5A and C). In contrast, combination treatment 
with a fixed concentration of irinotecan and varying concen-
trations of imatinib significantly decreased the viability of 
gastric cancer cells. We used 50 µM imatinib for performing 
subsequent experiments since this concentration of imatinib 
significantly reduced cell viability during combination 
treatment with irinotecan, with only a slight decrease in the 
percentage of viable cells. Next, we examined whether the 
combined effect of irinotecan and imatinib treatment on the 
viability of gastric cancer cells was mediated by apoptotic 
induction. Co‑treatment of gastric cancer cells with irino-
tecan and imatinib significantly increased the percentage of 
apoptotic cells, whereas treatment with irinotecan or imatinib 
alone only slightly increased the percentage of apoptotic 
cells (Fig. 5D) compared with that among untreated cells. 
Next, we evaluated the effect of combination treatment with 
0.5‑2 µM 5‑Fu and 30‑50 µM imatinib on the viability of AGS 
cells by performing MTT assays. Combination treatment with 
50 µM imatinib and 2 µM 5‑Fu significantly inhibited the 
growth of AGS cells compared with treatment with imatinib 
or 5‑Fu alone (Fig. 5B and E). Similarly, imatinib also 
increased irinotecan or 5‑Fu‑mediated inhibition of MKN45 
and SNU638 cell growth (Fig. 5F‑I). These findings indicated 
that combined treatment with imatinib and chemotherapy 
agents (irinotecan or 5‑Fu) effectively induced the apoptosis 
of gastric cancer cells.

Figure 6. Schematic diagram of the mechanisms underlying imatinib‑induced apoptosis via ER stress in gastric cancer cells.
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Discussion

This is the first study, to the best of our knowledge, to show 
that imatinib induces the apoptosis of gastric cancer cells 
through the JNK/ROS/ER stress pathway (Fig. 6). It is impor-
tant to determine mechanisms underlying imatinib‑induced 
death of gastric cancer cells. Imatinib is a tyrosine kinase 
inhibitor with activity against the BCR‑ABL fusion oncopro-
tein, PDGFR, and c‑KIT in GISTs, prostate cancer, malignant 
gliomas, and ovarian cancer (26‑29). In the present study, 
c‑KIT and BCR‑ABL were not expressed in the gastric cancer 
cell lines (data not shown). Mireskandari et al reported that 
expression of c‑KIT in gastric cancer appears to be a very 
unlikely event (30). Imatinib was revealed to induce apoptosis 
in, and may modulate the metastasis of, gastric cancer cells 
by upregulating KAI1 expression (31). Biswas et al reported 
that imatinib induced programmed cell death in retinal 
ganglion cells by inhibiting PDGFR‑mediated PI3K/AKT 
signaling (32).

Another study suggested that the effect of imatinib on 
the migration of medulloblastoma cells was not mediated by 
early induction of apoptosis (33). A recent study indicated 
that treatment with low and high concentrations of imatinib 
induced cell growth arrest and apoptosis, respectively, 
in glioblastoma cells. Consistently, results of the present 
study revealed that imatinib induced apoptosis at relatively 
high concentrations (20‑100 µM), and inhibited cell metas-
tasis at lower concentrations (1‑10 µM) (data not shown). 
However, the mechanism underlying imatinib‑induced cell 
death is not completely understood. To clearly determine 
the mechanism underlying imatinib‑induced apoptosis, we 
identified the possible involvement of a MAPK subfamily 
protein, since accumulating evidence suggests important 
regulatory roles of MAPKs in different physiological and 
pathological processes (34). It was observed that imatinib 
treatment activated JNK in the late stage, but did not activate 
ERK. Imatinib‑induced activation of JNK/MAPK in the 
present study indicated that these proteins perform distinct 
physiological functions in determining the fate of gastric 
cancer cells. Similarly, Chang et al reported that treatment 
with high‑dose imatinib induced JNK phosphorylation by 
elevating ROS production in melanoma cells (34). A study 
by Yu et al revealed that treatment with 5 mM STI571 inter-
rupted cytoprotective 42/44 MAPK activation response in 
human myeloid leukemia cells (35). These results indicated 
that iron chelators activate different target MAPKs in 
different cell types.

ER stress is suggested to be a significant contributor to cell 
death. JNK activation plays a significant role in UPR (36,37). 
Induction of the UPR in the ER, which causes ER stress, 
induces several pathological and physiological alterations such 
as glucose depletion, hypoxia, and oxidative stress. Han et al 
reported that imatinib decreased JNK activation and ER stress 
in the liver of a diabetic mouse model (38). However, imatinib 
induced ER stress in gastric cancer cells. Moreover, we found 
that imatinib induced the apoptosis of gastric cancer cells by 
modulating ER stress. This is the first study to report that 
imatinib induced significant apoptosis of gastric cancer cells, 
which is mediated by ER stress. Imatinib was also revealed 
to trigger ER stress in CML cells expressing BCR‑ABL (39). 

In contrast, Zhang et al reported that imatinib did not induce 
ER stress in Ph1‑positive leukemia cells (40). These results 
indicated that imatinib induced ER stress in a cell‑specific 
manner. IRE1α‑mediated JNK activation in the ER induced 
apoptosis. Notably, we found that imatinib‑induced apoptosis 
of gastric cancer cells was mediated by the JNK/ROS/ER 
stress pathway.

Generally, for patients with gastric cancer, therapy 
is combined with cytotoxic chemotherapy and targeted 
therapy (41). Therefore, it is very important to find a target 
agent that has synergistic effects while reducing toxicity 
of cytotoxic agents. Clinical studies on the combination of 
imatinib, cisplatin and 5‑fluoruracil or capecitabine have been 
reported (42). In one of these clinical trials, the safety and 
tolerability of combination of imatinib plus 5‑fluoruracil was 
confirmed.

In summary, it was revealed that imatinib is a potent 
antitumor agent that induces ER stress‑mediated apoptosis of 
gastric cancer cells. We observed that imatinib induced ER 
stress by activating IRE1α, p‑JNK, and CHOP. To the best of 
our knowledge, this is the first study to determine mechanisms 
underlying imatinib‑induced apoptosis of gastric cancer 
cells. However, further studies are required to determine 
the antitumorigenic effects of imatinib in animal models. 
According to pathological features, it is necessary to further 
study the anticancer effect of imatinib in gastric cancer cells. 
Thus, our results indicated that imatinib‑induced activation 
of ER stress is a novel therapeutic strategy for treating gastric 
cancer.
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