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Abstract. Imatinib mesylate (imatinib) is the primary 
agent of choice used to treat gastrointestinal stromal tumors 
(GIST). However, drug resistance to imatinib poses a major 
obstacle to treatment efficacy. In addition, the relationship 
between imatinib resistance and glycolysis is poorly under‑
stood. Glucose transporter (GLUT)‑1 is a key component of 
glycolysis. The present study aimed to assess the potential 
relationship between components in the glycolytic pathway 
and the acquisition of imatinib resistance by GIST cells, with 
particular focus on GLUT‑1. An imatinib‑resistant GIST 
cell line was established through the gradual and continuous 
imatinib treatment of the parental human GIST cell line 
GIST‑T1. The expression of glycolysis‑related molecules 
(GLUT‑1, hexokinase 2, pyruvate kinase M2 and lactate dehy‑
drogenase) was assessed in parental and imatinib‑resistant 
cells by western blotting, reverse transcription‑quantitative 
PCR and glucose and lactate measurement kits. In addition, 
clinical information and transcriptomic data obtained from 
the gene expression omnibus database (GSE15966) were used 
to confirm the in vitro results. The potential effects of GLUT‑1 

inhibition on the expression of proteins in the glycolysis 
(GLUT‑1, hexokinase 2, pyruvate kinase M2 and lactate 
dehydrogenase) and apoptosis pathways (Bcl‑2, cleaved PARP, 
caspase‑3 and caspase‑9) in imatinib‑resistant cells were then 
investigated following gene silencing and treatment using 
the GLUT‑1 inhibitor WZB117 by western blotting. For gene 
silencing, the mature siRNAs for SLC2A1 were used for cell 
transfection. Annexin V‑FITC/PI double‑staining followed 
by flow cytometry was used to measure apoptosis whereas 
three‑dimensional culture experiments were used to create 
three‑dimensional spheroid cells where cell viability and 
spheroid diameter were measured. Although imatinib treat‑
ment downregulated GLUT‑1 expression and other glycolysis 
pathway components hexokinase 2, pyruvate kinase M2, and 
lactate dehydrogenase in parental GIST‑T1 cells even at low 
concentrations. By contrast, expression of these glycolysis 
pathway components in imatinib‑resistant cells were increased 
by imatinib treatment. WZB117 administration significantly 
downregulated AKT phosphorylation and Bcl‑2 expression 
in imatinib‑resistant cells, whereas the combined administra‑
tion of imatinib and WZB117 conferred synergistic growth 
inhibition effects in apoptosis assay. WZB117 was found to 
exert additional inhibitory effects by inducing apoptosis in 
imatinib‑resistant cells. Therefore, the present study suggests 
that GLUT‑1 is involved in the acquisition of imatinib resis‑
tance by GIST cells, which can be overcome by combined 
treatment with WZB117 and imatinib.

Introduction

Gastrointestinal stromal tumors (GIST) is the most common 
mesenchymal tumor of the digestive tract (1). The incidence of 
GIST is between 10 and 15 cases per 1 million worldwide (2). 
Imatinib mesylate (imatinib) is the primary agent of choice 
used for GIST treatment, which inhibits the expression of the 
tyrosine kinase receptor gene (KIT) (3). Imatinib is typically 
administered to patients with unresectable primary GIST or 
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metastasized recurrent GIST (3). However, drug resistance 
to imatinib poses a major concern reducing the efficacy of 
GIST treatment. Generally, resistance to imatinib develops 
after a median of 18‑24 months of treatment (4,5). Therefore, 
characterization of the mechanism underlying the acquisition 
of imatinib resistance in patients with GIST is essential for 
developing novel treatment strategies.

Cancer cells metabolize glucose through aerobic glycolysis 
in abundant levels of oxygen (6). Although the quantity of ATP 
produced using mitochondrial oxidative phosphorylation by 
tumor cells is lower compared with that produced by healthy 
cells, they proliferate rapidly by using the pentose phosphate 
pathway for nucleic acid synthesis (7,8). Cancer cells typically 
exhibit increased rates of glucose uptake and glycolysis (9). 
This key feature of cancer cells is called the Warburg 
effect (10,11). In terms of this phenomenon, a number of 
studies have reported an association between cancer‑specific 
energy metabolism and cancer progression in non‑small cell 
lung cancer, breast ductal carcinoma and brain tumor (11‑13). 
In addition, several studies have reported that the Warburg 
effect can facilitate to chemotherapeutic resistance (14,15).

The rate of glycolysis in cancer cells depends on the 
presence of key glycolytic components, including glucose 
transporters (GLUT) (16). GLUT is the first rate‑limiting factor 
in the glucose metabolic pathway (17). GLUT‑1 is primarily 
responsible for basal glucose uptake and the maintenance of 
basal glucose metabolism, where it serves as a key modulator of 
intracellular ATP production (18,19). High GLUT‑1 expression 
has been previously associated with high tumor aggressive‑
ness and high rates of tumorigenesis in GIST, non‑small cell 
lung cancer, breast ductal carcinoma and gastric adenocarci‑
noma (13,20,21). Furthermore, high GLUT‑1 expression has 
been linked to chemotherapeutic resistance in colon cancer 
and in head and neck cancer cell lines (22,23). Although 
a numerous studies have reported an association between 
imatinib resistance and increased rates of glycolysis (24‑28), 
the mechanism of action and role of GLUT‑1 underlying this 
entire process in GIST remains unclear.

Evasion of apoptosis is a key characteristic feature of cancer 
cells (29). Specifically, disequilibrium between the activi‑
ties of pro‑and anti‑apoptotic Bcl‑2 proteins can determine 
cancer cell survival (30). Overexpression of anti‑apoptotic 
Bcl‑2 proteins has been frequently associated with recurrence, 
poorer prognosis and resistance to various cancer thera‑
pies (31). Furthermore, silencing GLUT‑1 expression has been 
reported to induce apoptosis and inhibit cell proliferation in 
breast cancer cells (30).

Therefore, the present study aimed to investigate the 
relationship between the expression of components in the 
glycolytic pathway and imatinib resistance in GIST cells, 
with emphasis on GLUT‑1. The aim of the present study was 
to explore a potential treatment strategy for overcoming drug 
resistance in imatinib‑resistant GIST cells.

Materials and methods

Cell culture and cell viability assessment. The human 
gastrointestinal stromal tumor cell line GIST‑T1 (cat. 
no. PMC‑GIST01C) showing a negative result for mycoplasma 
contamination was purchased from Cosmo Bio Co., Ltd., who 

performed cell line authentication and characterization. The 
GIST‑T1 cell line has a 57‑nucleotide in‑frame deletion in 
the KIT exon, which leads to the production of KIT proteins 
without the valine 570 and tyrosine 578 residues (32). The 
GIST‑T1 cells were cultured in DMEM supplemented with 
10% (v/v) FBS and glutamine without penicillin/streptomycin 
(HyClone; Cytiva) supplementation at 37˚C in a humidified 
atmosphere containing 5% CO2.

Cell viability. The GLUT‑1 inhibitor WZB117 was obtained 
from Selleck Chemicals. A total of 5x103 cells/well were 
seeded into 96‑well plates. DMSO (control), imatinib (2, 3.25, 
4, 6.5, 8, 10, 13, 20, 26, 50, 52, 100, 200 and 500 nM) and/or 
WZB117 (2.5, 5, 10, 20, 40 and 80 µM) were administered 
either alone or in combination, respectively. The treatment of 
cells was at 37˚C in a humidified atmosphere containing 5% 
CO2 for 72 h. The number of viable cells was determined by 
using the MTT assay (Sigma‑Aldrich; Merck KGaA) assay 
to calculate the half‑maximal inhibitory concentration (IC50) 
of imatinib and WZB117 either alone or in combination (33). 
The formazan crystals were dissolved using DMSO. The 
wavelengths used for the measurements in each well were 
550 and 670 nm. The OD value of the control was set at 100 
and the percentage of viable cells was calculated relative to 
the control. The IC50 values were calculated according to the 
equation in the Boltzman sigmoidal concentration response 
curve using nonlinear regression fitting models (Graph Pad 
Prism Version 8; GraphPad Software, Inc.). The combination 
index (CI), an indicator of drug‑drug interactions in combina‑
tion chemotherapy based on the median‑effect principle of 
the mass‑action law (34), was calculated using the CompuSyn 
software Version 1.0 (https://www.combosyn.com/index.
html). The fraction of growth inhibition was calculated from 
the MTT assay data, where each corresponding concentration 
was entered into CompuSyn. CI values at 50% growth inhibi‑
tion by drug combination treatment (CI50), which are the most 
reliable CI values, were then calculated using CompuSyn 
according to previous reports (35,36). CI values <1, 1, and 
>1 indicate synergistic, additive and antagonistic effects, 
respectively.

Induction of imatinib‑resistance. GIST‑T1 cells were treated 
with 1 nM imatinib (Gleevec®; Adooq Bioscience) to generate 
imatinib‑resistant GIST cells. After treatment the cells were 
cultured at 37˚C in a humidified atmosphere containing 5% 
CO2. The cells were passaged to 70‑80% confluency. The 
concentration of imatinib was kept constant until the cells start 
to proliferate. The concentration was then gradually increased 
from 1 to 100 nM over a period of ~10 months, which was 
repeated to obtain the imatinib‑resistant GIST‑T1 cell line 
(GIST‑T1/IM‑R). GIST‑T1/IM‑R cells obtained were cultured 
in the continuous presence of 100 nM imatinib before use. 
After the establishment of GIST‑T1/IM‑R, Sanger sequencing 
(Genewiz, Inc.) was performed to confirm mutations in KIT 
(exons 8, 9, 11, 13, 14, 17 and 18) and in platelet‑derived growth 
factor receptor α (PDGFRA) (exons 12, 14 and 18).

Western blotting. A total of 5x104 cells/well were seeded into 
6‑well plates. After each treatment with different concentra‑
tions of DMSO (control), imatinib (0, 6.5, 13 and 500 nM), gene 
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silencing or WZB117 (10 µM) either alone or in combination 
for 72 h at 37˚C, whole cells were homogenized in a chilled 
RIPA assay buffer containing 25 mmol/l Tris‑HCl (pH 7.6), 
1% NP‑40, 0.1% deoxycholic acid, 0.1% SDS, and 150 mmol/l 
NaCl (Thermo Fisher Scientific, Inc.) with protease inhibitor 
cocktail 1 (cat. no. 25955‑24; Nacalai Tesque, Inc.), protease 
inhibitor cocktail 2 (cat. no. P5726; Sigma‑Aldrich; Merck 
KGaA), and protease inhibitor cocktail 3 (cat. no. P0044; 
Sigma‑Aldrich; Merck KGaA) and incubated for 15 min on ice. 
After centrifugation at 13,697 x g for 20 min at 4˚C, the super‑
natants containing whole‑cell protein samples were collected. 
Protein content was measured using a DC Protein Assay Kit 
(Bio‑Rad Laboratories, Inc.). The protein lysate (7 µg) was 
separated by SDS‑PAGE on 10‑15% gels (FujiFilm Wako 
Pure Chemical Corporation) and then transferred onto PVDF 
membranes. After blocking the nonspecific binding sites with 
5% non‑fat milk in phosphate‑PBS containing 0.1% Tween 20 
(PBS‑T) or PVDF blocking reagent for Can Get Signal (Toyobo 
Life Science) for 1 h at room temperature, the membranes 
were incubated overnight at 4˚C with primary antibodies, 
which were diluted in the Can Get Signal Immunoreaction 
Enhancer Solution (Toyobo Life Science). The next day, the 
membranes were washed with PBS‑T and incubated with a 
secondary antibody for 1 h before being washed with PBS‑T 
at room temperature. The protein bands were visualized using 
Immobilon Forte Western HRP Substrate (EMD Millipore). 
The detection and quantification of bands were performed 
using Fusion‑FX7 (Vilber Lourmat) (37,38).

The following primary antibodies were used: Anti‑c‑Kit 
(YR145; 1:1,000 dilution; cat. no. ab32363; Abcam), anti‑phos‑
phorylated (p‑) c‑Kit (pY703; 1:1,000 dilution; cat. no. ab62154; 
Abcam), anti‑glucose transporter GLUT1 (1:5,000 dilu‑
tion; cat. no. ab115730; Abcam), anti‑lactate dehydrogenase 
(LDHA; 1:5,000 dilution; cat. no. ab52488; Abcam), anti‑Bcl‑2 
(1:2,000 dilution; cat. no. ab182858; Abcam), anti‑AKT 
(1:1,000 dilution; cat. no. 4691; Cell Signaling Technology, 
Inc.), anti‑p‑AKT (Ser473; 1:2,000 dilution; cat. no. 4060; Cell 
Signaling Technology, Inc.), anti‑ERK1/2 (1:1,000 dilution; 
cat. no. 4695; Cell Signaling Technology, Inc.), anti‑p‑ERK1/2 
(1:2,000 dilution; cat. no. 4370; Cell Signaling Technology, 
Inc.), anti‑pyruvate kinase M2 (PKM2; 1:1,000 dilution; cat. 
no. 3198; Cell Signaling Technology, Inc.), anti‑p‑PKM2 
(1:1,000 dilution; cat. no. 3827; Cell Signaling Technology, 
Inc.), anti‑cleaved caspase‑3 (1:1,000 dilution; cat. no. 9661; 
Cell Signaling Technology, Inc.), anti‑cleaved caspase‑9 
(1:1,000 dilution; cat. no. 9505; Cell Signaling Technology, 
Inc.), anti‑cleaved poly (ADP‑ribose) polymerase (PARP; 
1:1,000 dilution; cat. no. 5625; Cell Signaling Technology, 
Inc.), anti‑GAPDH (1:1,000 dilution; cat. no. 2118; Cell 
Signaling Technology, Inc.) and anti‑hexokinase 2 (HK2; 
1:2,000 dilution; cat. no. 22029‑1‑AP; ProteinTech Group, 
Inc.). HRP‑conjugated horse anti‑rabbit IgG (1:10,000 dilution; 
cat. no. 7074S; Cell Signaling Technology, Inc.) was used as a 
secondary antibody.

Reverse transcription‑quantitative PCR (RT‑qPCR). 
According to the manufacturer's protocols, total RNA was 
extracted using NucleoSpin miRNA (cat. no. U0971B; Takara 
Bio, Inc.). Reverse transcription was performed on the RNA 
using the One Step PrimeScript RT‑PCR Kit (cat. no. RR064A; 

Takara Bio, Inc.) and the Applied Biosystems 7500 Real‑Time 
PCR System (Thermo Fisher Scientific, Inc.). The reaction 
conditions were 37˚C (15 min), 85˚C (5 sec) and then the 
reaction was stopped at 4˚C. Predesigned TaqMan fluorogenic 
probes and primer sets for the solute carrier family 2 member 
1 (SLC2A1; Hs00892681 m1), HK2 (Hs00606086 m1), LDHA 
(Hs01378790 g1) and GAPDH (Hs03929097 g1) were purchased 
from Applied Biosystems (Thermo Fisher Scientific, Inc.). A 
dual‑labeled fluorescent (fluorescein amidite and minor groove 
binder) probe and a primer set for PKM2 (PrimePCR™ Probe 
Assay: PKM2, Human; qHsaCIP0040657) were purchased 
from Bio‑Rad Laboratories, Inc. THUNDERBIRD™ Probe 
qPCR Mix (cat. no. QPS‑101) were purchased from Toyobo 
Life Science. The thermocycling conditions were 95˚C (20 sec) 
followed by 40 cycles 95˚C (3 sec) and 60˚C (30 sec). Relative 
quantification was normalized to GAPDH expression using 
the 2‑∆∆Cq method (39).

Measurement of glucose and lactate concentrations. A total 
of 5x103 cells/well were seeded into 96‑well plates. After each 
treatment with different concentrations of imatinib (0, 6.5 and 
13 nM) for 72 h at 37˚C, the culture medium was collected 
and cell viability and glucose and lactate concentrations were 
measured using the CellTiter‑Glo 3D Cell Viability Assay (cat. 
no. G9681; Promega Corporation), Glucose Uptake‑Glo Assay 
(cat. no. J1341; Promega Corporation) and the Lactate‑Glo 
Assay (cat. no. J5021; Promega Corporation), respectively. All 
procedures were performed according to the manufacturer's 
protocols of each kit. Absorbance was measured using the 
GloMax Multi plus Detection System (Promega Corporation) 
to calculate the relative concentrations of lactate and glucose.

Gene expression omnibus (GEO) database. Clinical 
information and previously published transcriptomics 
data were obtained from the GEO database. The data 
reported by Rink et al (40) (GSE15966; 18‑paired 
human GIST tissues samples) (https://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=GSE15966) were used to determine 
the effect of imatinib administration on the expression of the 
genes of interest. This gene expression profiling was performed 
using oligonucleotide microarrays on tumor samples obtained 
before and after imatinib therapy. The inclusion criteria are 
that the dataset that it contains the response data of imatinib 
therapy as well as expression data. There were no specific 
exclusion criteria. The non‑responder group (tumor shrink 
rate ≤0) and the responder group (tumor shrinkage rate >0) 
were designated (40). These data were analyzed using the 
publicly available software R (version 4.0.1; https://stat.ethz.
ch/pipermail/r‑announce/2020/000655.html) to generate a 
boxplot and statistical significance of the association between 
the groups was evaluated using paired t‑test.

Gene silencing or inhibition experiments. WZB117 is a small 
compound that inhibits GLUT‑1‑mediated sugar transport by 
binding reversibly at the exofacial sugar‑binding site (41). The 
mature siRNAs for SLC2A1 [HSS109812 (siR‑SLC2A1 #1; 
sense, 5'‑GCC CAU GUA UGU GGG UGA AGU GUC A‑3' and 
antisense, 5'‑UGA CAC UUC ACC CAC AUA CAU GGG C‑3') 
and HSS109811 (siR‑SLC2A1 #2; sense, 5'‑GGC GGA AUU 
CAA UGC UGA UGA UGA A‑3' and antisense: 5'‑UUC AUC 
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AUC AGC AUU GAA UUC CGC C‑3') Human Stealth Select 
RNAi; Invitrogen; Thermo Fisher Scientific, Inc.] were used 
for the transfection of the cells.

A total of 5x104 cells/well were seeded into 6‑well 
plates 1 day before each treatment. The cells were treated 
with imatinib (13 nM) and WZB117 (10 µM) either alone 
or in combination for 72 h at 37˚C. The inhibition level 
was assessed from 0 to 72 h of treatment. DMSO was used 
to control for non‑specific effects during the inhibition 
experiments. For gene silencing, a total of 5x104 cells/well 
were seeded into 6‑well plates. At 6 h after seeding, trans‑
fection was performed using Lipofectamine RNAiMAX 
(Invitrogen; Thermo Fisher Scientific, Inc.). Silencer negative 
control siRNA (cat. no. 4390843; Invitrogen; Thermo Fisher 
Scientific, Inc.) was used as a control for nonspecific effects. 
In total, six experimental groups were defined based on 
the treatment of cells with the following for 72 h: i) DMSO 
(control); ii) imatinib (13 nM); iii) siR‑SLC2A1 #1 (10 nM) 
alone; iv) siR‑SLC2A1 #2 (10 nM) alone; v) siR‑SLC2A1 
#1 in combination with imatinib; and vi) siR‑SLC2A1 #2 in 
combination with imatinib. The cells were assessed 72 h after 
transfection. Silencer negative control siRNA was adminis‑
tered as a negative control for i) and ii).

Apoptosis assay. Cells were seeded into cell culture flasks and 
treated with the indicated reagents for 72 h and then harvested 
for Annexin V‑FITC/PI staining on 1x106 cells using the 
Annexin V‑FITC Early Apoptosis Detection Kit (cat. no. 6592; 
Cell Signaling Technology, Inc.). To 1x106 cells, 1 µl Annexin 
V‑FITC and 12.5 µl PI were added and the cells were stained 
for 10 min on ice. The double‑stained cells were then analyzed 
using BD FACSAria II (BD Biosciences). Data were analyzed 
using the CellQuest™ software (BD Biosciences). In total, 
≥10,000 cells were analyzed for each sample using the FlowJo 
software (FlowJo LLC).

Three‑dimensional culture experiment. Cells were seeded 
into a 96‑well plate (EZ‑BindShunt® II; AGC Techno Glass 
Co., Ltd.) at a concentration of 0.3x104 cells/well 48 h before 
each experiment. Imatinib (13 or 26 nM) and WZB117 
(10 µM) were administered either alone or in combination. At 
72 h after administration, the three‑dimensional cell viability 
was assessed using a CellTiter‑Glo 3D Cell Viability Assay 
(Promega Corporation) according to the manufacturer's 
protocols and measured using the GloMax Multi Detection 
System (Promega Corporation). Two‑dimensional images of 
three‑dimensional GIST‑T1/IM‑R cell spheroids were taken 
using light microscopy (BZ‑X700; Keyence Corporation) 
at x40 magnification (37). The diameter of the spheroid 
was measured by BZ‑X Analyzer software (version 1.4.0.1; 
Keyence Corporation).

Statistical analysis. Each experiment was performed ≥ 
three times. Statistical significance between two groups 
was determined using the two‑sided unpaired t‑test. The 
publicly available software R (version 4.0.1; https://stat.ethz.
ch/pipermail/r‑announce/2020/000655.html) was used to plot 
the data obtained from the analysis of the glycolysis‑related 
genes in GSE15966. Statistical significance among ≥ three 
groups was determined using one‑way analysis of variance 
and Tukey's post hoc test were used for statistical analysis. The 
values are presented as the mean ± standard deviation. P<0.05 
was considered to indicate a statistically significant difference.

Results

Effects of imatinib on GIST‑T1 and GIST‑T1/IM‑R cells. 
The IC50 of imatinib in GIST‑T1 and GIST‑T1/IM‑R cells 
was calculated to be 6.50 and 127.1 nM, respectively, 
suggesting that imatinib resistance in GIST‑T1/IM‑R cells 
was >19‑fold higher compared with that in GIST‑T1 cells 

Figure 1. Establishment of the GIST‑T1/IM‑R cell line. (A) The IC50 of imatinib in GIST‑T1 and GIST‑T1/IM‑R cells as determined using the MTT 72 h after 
imatinib treatment. Treatment with imatinib (20 to 100 nM) significantly inhibited cell viability in GIST‑T1 cells compared with that in GIST‑T1/IM‑R cells 
at the same doses. ***P<0.001 vs. GIST‑T1. (B) Western blot analysis for determining the effect of imatinib on the phosphorylation of KIT, AKT and ERK, 
components in the tyrosine kinase receptor cascade in parental and imatinib‑resistant GIST‑T1 cells at 72 h after treatment. Imatinib (0, 6.5, 13 and 500 nM) 
was administered to parental cells and imatinib‑resistant GIST‑T1 cells. IM‑R, imatinib‑resistant. 
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(Fig. 1A). Sequencing analysis revealed that GIST‑T1/IM‑R 
cells harbored a secondary PDGFRA mutation on exon 12 
(c.1701A>G) in addition to a deletion in KIT exon 11 (Fig. S1). 

Therefore, for the standard dosing concentrations of imatinib 
in the present study, 6.5 nM was set (IC50 of the parental 
GIST‑T1 cells), whilst 13 nM was also set (double the IC50). In 

Figure 2. Imatinib treatment suppresses glycolysis in GIST‑T1 cells but enhances glycolysis in GIST‑T1/IM‑R cells. (A) mRNA expression of glycolysis‑related 
genes SLC2A1, HK2, PKM2 and LDHA in parental and imatinib‑resistant GIST‑T1 cells at 72 h after treatment as detected using reverse transcription‑quan‑
titative PCR. The values are shown with the control (non‑administration group) normalized to 1.0. (B) Western blot analysis of the expression and/or 
phosphorylation of glycolysis‑related proteins HK2, PKM2 and LDHA in parental and imatinib‑resistant GIST‑T1 cells at 72 h after treatment. Imatinib (0, 6.5 
and 13 nM) was administered to parental cells and imatinib‑resistant cells. (C) Glucose and lactate assays in parental and imatinib‑resistant GIST‑T1 cells at 
72 h after treatment. (D) The effect of imatinib on the expression of glycolysis‑related genes HK2, PKM2 and LDHA according to the GSE15966 dataset. Their 
expression in responder (13 paired human GIST tissue samples) and non‑responder (5 paired human GIST tissue samples) samples were compared. The black 
line inside the boxplots indicate the median value and the span of the rectangle presents the inter‑quartile ranges. *P<0.05; **P<0.01 and ***P<0.001. GIST‑T1, 
parental cells; GIST‑T1/IM‑R, imatinib‑resistant GIST‑T1 cells; SLC2A1, solute carrier family 2 member 1; HK2, hexokinase 2; p‑, phosphorylated; PKM2, 
pyruvate kinase M2; LDHA, lactate dehydrogenase; GLUT‑1, glucose transporter 1; Pre, Pre‑treatment samples; Post, Post‑treatment samples. 
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addition, 500 nM was identified to be at the upper limit of the 
imatinib dosage, which reduced cell viability of GIST‑T1/IM‑R 
cells by ~80%. The effect of imatinib administration on the 
activity of components in the KIT cascade in GIST‑T1 and 
GIST‑T1/IM‑R cells was subsequently examined. The phos‑
phorylation of KIT, AKT and ERK 1/2 remained unchanged 
after imatinib administration even at 13 nM in both cell lines 
tested (Figs. 1B and S2). Treatment with 500 nM imatinib 
significantly decreased the phosphorylation of KIT, AKT and 
ERK1/2 in both GIST‑T1 and GIST‑T1/IM‑R cells compared 
with that in untreated controls cells (Figs. 1B and S2). Imatinib 
administration reduced GIST‑T1 cell viability even at low 
concentrations without affecting the phosphorylation of KIT, 
AKT and ERK1/2. Therefore, other mechanisms independent 
of KIT phosphorylation may have mediated this suppression of 
viability after low‑dose imatinib administration.

Effect of imatinib administration on the glycolysis 
pathway in GIST‑T1 and GIST‑T1/IM‑R cells. The effect of 

imatinib administration on the expression of glycolysis‑related 
genes GLUT‑1, HK2, PKM2 and LDHA in both GIST‑T1 
and GIST‑T1/IM‑R cells was next examined. Administration 
of 13 nM imatinib, a concentration that did not affect KIT 
expression or phosphorylation, decreased the mRNA expres‑
sion of SLC2A1, HK2, PKM2 and LDHA in parental GIST‑T1 
cells, but instead increased their expression in GIST‑T1/IM‑R 
cells (Fig. 2A). GLUT‑1 levels in GIST‑T1 cells was decreased 
in a dose‑dependent manner after treatment with a low doses 
imatinib (6.5 or 13 nM), whereas those in GIST‑T1/IM‑R cells 
were increased in a dose‑dependent manner (Figs. 2B and S3). 
The expression and/or phosphorylation profile of glycol‑
ysis‑related proteins PKM2 and LDHA in both cell lines were 
similar to that of GLUT‑1 expression (Figs. 2B and S3). Results 
from glucose and lactate assays showed that both glucose 
uptake and lactate production were decreased in GIST‑T1 
cells after imatinib treatment but were instead increased 
in GIST‑T1/IM‑R cells (Fig. 2C). Furthermore, the effects 
of imatinib administration on GLUT‑1, HK2 and LDHA 

Figure 3. Effects of combined SLC2A1 silencing and imatinib administration on GIST‑T1/IM‑R cells. (A) mRNA expression of SLC2A1 at 72 h after transfec‑
tion with siR‑SLC2A1 (10 nM). The values are shown with control siRNA normalized to 1.0. ***P<0.001 vs. C. (B) Western blot analysis of GLUT‑1 expression 
at 72 h after treatment with imatinib (13 nM) and/or transfection with siR‑SLC2A1 (10 nM) in GIST‑T1/IM‑R cells. (C) GIST‑T1/IM‑R cell viability 72 h 
after imatinib (13 µM) treatment and/or siR‑SLC2A1 (10 nM) transfection. (D) Protein expression levels of glycolysis components HK2, PKM2 and LDHA 
in GIST‑T1/IM‑R cells as measured by western blotting. The experimental conditions were the same as those in (B). **P<0.01 and ***P<0.001. GIST‑T1/IM‑R, 
imatinib‑resistant GIST‑T1 cells; C, control siRNA; #1; siR, small interfering RNA; n.s., not significant SLC2A1; solute carrier family 2 member 1; siR‑SLC2A1 
#1, #2; siR‑SLC2A1 #2; HK2, hexokinase 2; p‑, phosphorylated; PKM2, pyruvate kinase M2; LDHA, lactate dehydrogenase; GLUT‑1, glucose transporter 1. 
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expression in human GIST tissues obtained before and after 
imatinib therapy were measured by utilizing the GSE19566 
dataset. In total, 18 paired samples were categorized into the 
following two groups: Non‑responder group (tumor shrink rate, 
≤0) and the responder group (tumor shrink rate, >0). Although 
the expression of GLUT‑1 was significantly downregulated 
after imatinib treatment in the responder group, it did not 
change significantly in the non‑responder group (Fig. 2D). 
These results suggest that alterations in GLUT‑1 expression 
contributed to imatinib resistance in GIST‑T1 cells.

Effect of SLC2A1 gene silencing on imatinib‑resistant 
GIST cells. To determine the effects of imatinib treatment on 

GLUT‑1 expression in imatinib‑resistant cells, SLC2A1 expres‑
sion was knocked down in GIST‑T1/IM‑R cells. Transfection 
with siR‑SLC2A1 downregulated the expression of SLC2A1 and 
GLUT‑1 (Fig. 3A and B). In addition, significant reduction in cell 
viability was observed in GIST‑T1/IM‑R cells transfected with 
siR‑SLC2A1 and/or treated with imatinib compared with that 
in control (Fig. 3C). Furthermore, combined transfection with 
siR‑SLC2A1 and treatment with imatinib induced significant 
reductions in cell viability in GIST‑T1/IM‑R cells compared 
with that in cells treated with imatinib alone or transfected 
with siR‑SLC2A1 alone (Fig. 3C). However, HK2, p‑PKM2 
and LDHA protein levels did not show significant changes 
in any of the siR‑SLC2A1‑transfected groups compared to 

Figure 4. Effects of combined treatment of the GLUT‑1 inhibitor WZB117 and imatinib. (A) Dose‑response curves of GIST‑IM‑R cells treated with imatinib 
and/or WZB117 for 72 h. Cell viability was measured using MTT assay. (B) Cell viability response to combination therapy with imatinib (13 nM) and WZB117 
(10 µM) 72 h after treatment. Protein expression levels of glycolysis‑related components GLUT‑1, HK2, PKM2 and LDHA (C) at various time points (0‑72 h) 
after treatment with WZB117 (10 µM), or (D) at 6 h after treatment with imatinib (13 nM) and/or WZB117 (10 µM) in GIST‑T1/IM‑R cells. ***P<0.001. 
GIST‑T1/IM‑R, imatinib‑resistant GIST‑T1 cells; n.s., not significant; CI50, combination index at 50% growth inhibition; GLUT‑1, glucose transporter; HK2, 
hexokinase 2; p‑, phosphorylated; PKM2, pyruvate kinase M2; LDHA, lactate dehydrogenase. 
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control or imatinib (13 nM) alone (Figs. 3D and S4). These 
findings suggest that in GIST‑T1/IM‑R cells, transfection with 
siR‑SLC2A1 and imatinib treatment significantly reduced cell 
viability but did not affect the expression of glycolysis‑related 
proteins, implying that other mechanisms may have contrib‑
uted to the reduced cell viability.

Effect of the GLUT‑1 inhibitor WZB117 on GIST‑T1/IM‑R cell 
viability and glycolysis. The effect of the GULT‑1 inhibitor 
WZB117 on GIST‑T1/IM‑R cells was next assessed. The IC50 of 
WZB117 was calculated to be 15.8 µM in GIST‑T1/IM‑R cells 
(Fig. S5). Based on this result, 10 µM was set as the standard 
administration concentration of WZB117, whereas 13 nM was 
set as the standard administration concentration of imatinib. 
GIST‑T1/IM‑R cells were treated with imatinib (0‑104 nM) 
and/or WZB117 (0‑80 µM) at a molar rate of 13:10,000 before 
cell viability was assessed. The CI50 value was calculated to be 
0.708 (CI value, <1) for both imatinib and WZB117, indicating 
a synergistic inhibitory effect on GIST‑T1/IM‑R cell viability 
(Fig. 4A). Considerable reduction in cell viability was also 
observed after combination treatment with 13 nM imatinib and 
10 µM WZB117 in GIST‑T1/IM‑R cells compared with that in 

control or imatinib (13 nM) alone (Fig. 4B). Changes in the 
expression of glycolysis‑related proteins in WZB117‑treated 
GIST‑T1/IM‑R cells was next measured. GLUT‑1 protein 
expression was reduced to the greatest extent at 6 h after 
WZB117 treatment, but the protein levels of p‑PKM2 and 
LDHA at 6 h after WZB117 treatment remained unchanged 
(Figs. 4C and S6A). The protein expression level of HK2 was 
significantly increased at 48 and 72 h after WZB treatment 
compared with that in the control group (Figs. 4C and S6A). 
Similarly, the protein expression of GLUT‑1 was significantly 
downregulated in GIST‑T1/IM‑R cells treated with both 
imatinib and WZB117 compared to control or imatinib alone, 
but those of the other glycolysis‑related proteins remained 
unchanged (Figs. 4D and S6B). These findings also suggest 
that in GIST‑T1/IM‑R cells, although GLUT‑1 suppression 
contributed to the reduction of cell viability, factors other than 
glycolysis were associated with this effect.

Effect of treatment of imatinib, siR‑SLC2A1 transfection 
and/or WZB117 treatment on apoptosis in GIST‑T1/IM‑R 
cells. The effects of imatinib treatment and/or siR‑SLC2A1 
transfection on apoptosis in GIST‑T1/IM‑R cells were first 

Figure 5. Comparison of effects mediated by SLC2A1 knockdown and imatinib treatment in GIST‑T1/IM‑R cells. (A) Western blot analysis of cell growth/survival 
signaling and apoptosis‑related proteins at 72 h after treatment with imatinib (13 nM) or transfection with siR‑SLC2A1 (10 nM) in GIST‑T1/IM‑R cells. 
(B) Population of apoptotic cells double‑stained with propidium iodide and FITC‑labeled Annexin V using flow cytometry. The cells were treated with 
imatinib (13 nM) and/or transfected with siR‑SLC2A1 (10 nM) for 72 h. ***P<0.001 vs. control. siR, small interfering RNA; SLC2A1, solute carrier family 2 
member 1; GIST‑T1/IM‑R, imatinib‑resistant GIST‑T1 cells; casp, caspase; PARP, poly (ADP ribose) polymerase; Combination #1, siR‑SLC2A1 #1 + imatinib; 
Combination #2, siR‑SLC2A1 #2 + imatinib; n.s. not significant. 
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investigated. Both treatment with imatinib and siR‑SLC2A1 
transfection significantly decreased AKT phosphorylation in 
GIST‑T1/IM‑R cells compared to control or imatinib alone. 
However, the expression of Bcl‑2, an apoptosis suppressor, 
remained unchanged in GIST‑T1/IM‑R cells (Figs. 5A and S7). 
Treatment with both imatinib and siR‑SLC2A1 transfection 

increased the expression of cleaved PARP and caspase‑9 
compared with that in the imatinib alone group. However, no 
significant changes were observed in the expression levels of 
cleaved PARP, caspase‑3 and caspase‑9 in siR‑SLC2A1‑trans‑
fected cells treated with or without imatinib (Figs. 5A and S7). 
Annexin V‑FITC/PI staining showed that siR‑SLC2A1 

Figure 6. Comparison of the effects exerted by treatment with the GLUT‑1 inhibitor WZB117 and imatinib in GIST‑T1/IM‑R cells. (A) Western blot analysis of 
cell growth/survival signaling and apoptosis‑related proteins at 6, 12 and 72 h after treatment with imatinib (13 nM) and WZB117 (10 µM) in GIST‑T1/IM‑R 
cells. (B) The population of apoptotic cells double‑stained with PI and FITC‑labeled Annexin V using flow cytometry. The cells were treated with imatinib 
(13 nM) and/or WZB117 (10 µM) for 72 h. (C‑E) Spheroid formation at 72 h after treatment of GIST/IM‑R cells with imatinib (13 or 26 nM) and/or WZB117 
(10 µM). (C) Representative photographs of colonies after the respective treatment. (D) The spheroid diameters are quantified. (E) Cell viability was quantified. 
*P<0.05; **P<0.01 and ***P<0.001. GLUT‑1, glucose transporter 1; GIST‑T1/IM‑R, imatinib‑resistant cells; PARP, poly (ADP ribose) polymerase; casp, caspase; 
n.s., not significant. 
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transfection exerted no significant effects on the apoptosis in 
GIST‑T1/IM‑R cells when combined with imatinib treatment 
(Fig. 5B). The phosphorylation of AKT (6 h after treatment) and 
Bcl‑2 (12 h after treatment) in GIST‑T1/IM‑R cells were both 
decreased after combined treatment with WZB117 and imatinib 
compared to control or imatinib alone (Figs. 6A and S8). 
By contrast, the protein levels of cleaved PARP, caspase‑3 
and caspase‑9 were increased in the WZB117 and imatinib 
combined group compared with those in the control or 
imatinib groups alone (Figs. 6A and S8). Annexin V‑FITC/PI 
staining revealed the induction of apoptosis after the combined 
treatment of GIST‑T1/IM‑R cells with WZB117 and imatinib 
compared to control or imatinib alone (Fig. 6B). These find‑
ings suggest that the combination of siR‑SLC2A1 transfection 
or WZB117 treatment and imatinib suppressed not only the 
expression of GLUT‑1 protein, but also the phosphorylation of 
AKT in GIST‑T1/IM‑R cells. In addition, combined treatment 
with WZB117 and imatinib resulted in significant increases in 
apoptosis. This result may have been caused by reductions in 
Bcl‑2 protein expression.

Effect of combination treatment with imatinib and WZB117 
on proliferation of GIST‑T1/IM‑R cell spheroids. The effect 
of combined imatinib and WZB117 treatment on the prolif‑
eration of GIST‑T1/IM‑R cells was next examined. WZB117 
treatment‑induced disaggregation of the edges of colonies, 
where treatment with WZB117 alone or in combination with 
26 nM imatinib significantly suppressed spheroid diameter 
and cell viability compared with those in the control group 
(Fig. 6). Treatment with WZB117 and 26 nM imatinib in 
combination significantly suppressed spheroid diameter 
and cell viability compared with those in WZB117 alone 
(Fig. 6C‑E). This suggest that this combined treatment was 
effective in inhibiting the proliferation of imatinib‑resistant 
GIST cells.

These results suggest that GLUT‑1 is involved in the acqui‑
sition of imatinib resistance, where combined administration 
of the GLUT‑1 inhibitor WZB117 and imatinib may reverse 
this imatinib resistance in GIST‑T1/IM‑R cells (Fig. 7).

Discussion

The present study revealed that GLUT‑1, a key glycolytic 
molecule, is involved in the acquisition of imatinib resistance 
by GIST cells. In addition, combined treatment with the 
GLUT‑1 inhibitor WZB117 and imatinib mediated synergistic 
inhibitory effects by inducing apoptosis in imatinib‑resistant 
GIST cells.

Imatinib resistance in GIST cells poses an additional 
obstacle due to limited availability of antitumor agents 
for unresectable GIST treatment (42‑45). Recent studies 
have reported that imatinib‑resistant GIST cells exhibit 
high glycolysis rates (24,25), which may contribute to 
imatinib resistance. However, it was previously reported 
that imatinib‑resistant GIST cells exhibited higher oxida‑
tive phosphorylation and higher glycolytic rates compared 
with those in imatinib‑sensitive GIST cells (24). However, 
the exact mechanism underlying the acquisition of imatinib 
resistance remains unclear, where a diverse range of meta‑
bolic modifications may be involved (24,25,46). In addition, 
it has been reported that the PI3K/AKT/mTOR pathway can 
be partially activated after secondary imatinib resistance in 
GIST (27). The possible involvement of GLUT‑1 in the acqui‑
sition of imatinib resistance in BCR‑ABL‑positive leukemia 
cells has also been reported, where combining imatinib with 
Bcl‑2 antisense oligonucleotides has been shown to signifi‑
cantly increase apoptosis in imatinib‑resistant cells (26,28). 
However, the function of GLUT‑1 in the acquisition of 
imatinib resistance in GIST cells remains unclear.

Although imatinib can inhibit KIT, downregulates AKT 
expression and causes the transient dephosphorylation of 
ERK1/2, the imatinib concentrations required for inhibiting 
KIT phosphorylation have not been found to correlate well with 
the proliferation of GIST cells (47). The present study showed 
that administration of imatinib at the IC50 dose of did not 
inhibit KIT, AKT or ERK1/2 phosphorylation in both parental 
GIST and GIST‑T1/IM‑R cells. Although the administration 
of low‑dose imatinib did not inhibit KIT phosphorylation, 
significant suppression of the expression of components in 

Figure 7. Schematic model from the present study. Low‑dose imatinib treatment suppressed glycolysis in the parental gastrointestinal stromal tumor GIST‑T1 
cells, whereas glycolysis was enhanced in imatinib‑resistant GIST‑TI cells. The glycolytic pathway may serve a pivotal role in the survival of GIST‑T1 cells. 
Alterations in the glycolytic pathway contributes to imatinib resistance. In addition, GLUT‑1 inhibitor WZB117 treatment overcame imatinib resistance by 
inducing intrinsic apoptosis in imatinib‑resistant GIST cells. Data from the present study also suggest that WZB117 administration causes growth inhibition 
in imatinib‑resistant GIST cells by suppressing p‑AKT and Bcl‑2. GLUT‑1, glucose transporter 1.
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the glycolysis pathway, glucose uptake and lactate produc‑
tion were all observed in parental GIST‑T1 cells. These 
results suggest that glycolysis may be an important pathway 
for energy production in GIST cells. In addition, low‑dose 
imatinib administration to GIST‑T1/IM‑R cells resulted 
in increased glycolytic pathway activation. Therefore, the 
glycolysis pathway may be essential for GIST cells acquiring 
imatinib resistance and for cell survival.

The present study next examined the effects of GLUT‑1 
inhibition by gene silencing or WZB117 administration on 
the expression of glycolysis components. WZB117 is a small 
compound that inhibits GLUT‑1‑mediated sugar transport by 
binding reversibly at the exofacial sugar‑binding site and has 
been reported to inhibit cell proliferation in a number of cancer 
cell lines, including such as non‑small cell lung cancer, colon 
cancer and KRAS‑mutant cancer (13,41,48,49). In the present 
study, the protein expression of GLUT‑1 in GIST‑T1/IM‑R 
cells was suppressed at its greatest extent at 6 h after WZB117 
administration, which increased again over time. Therefore, 
combination treatment of imatinib with WZB117 6 h after 
administration was performed. A previous report showed 
that the protein expression of GLUT‑1 was temporarily 
decreased after WZB117 administration but increased again 
over time (13), suggesting that WZB117 administration does 
not permanently inhibit GLUT‑1 activity. Inhibition of glucose 
transport by WZB117 likely reduced the supply of glucose 
into GIST‑T1/IM‑R cells, thereby necessitating an increase 
in glucose import and an upregulation of GLUT‑1 protein 
expression. Although expression of the GLUT‑1 protein was 
increased again, cell viability was reduced at 72 h after admin‑
istration. Therefore, suppression of GLUT‑1 protein expression 
by WZB117 may be involved in the survival of GIST‑T1/IM‑R 
cells, albeit transiently. Although WZB117 administration 
reduced cell viability even when administered alone, the 
CI50 value, which measures the nature of drug‑drug interac‑
tion in combination chemotherapy (34‑36,50), showed that 
WZB117 was more effective in combination with imatinib. 
In siR‑SLC2A1‑transfected and WZB117‑treated cells, 
administration of a low dose of imatinib considerably reduced 
cell viability. However, the expression of all proteins in the 
glycolysis pathway apart from GLUT‑1 remained unchanged. 
These results suggest that a robust compensatory mechanism 
is operational when GLUT‑1 is inhibited, since the glycolytic 
pathway is crucial for tumor cell function (51).

The effect of GLUT‑1 inhibition on the AKT and ERK 
signaling pathways and apoptosis was next investigated in 
imatinib‑resistant GIST‑T1/IM‑R cells. Combined admin‑
istration of GULT‑1 inhibition and imatinib suppressed 
AKT phosphorylation, which may have in turn inhibited 
GIST‑T1/IM‑R cell proliferation. However, transfection with 
siR‑SLC2A1 and WZB117 treatment conferred different 
effects on the induction of apoptosis. SLC2A1 silencing did 
not significantly increase the apoptotic rate, whereas WZB117 
treatment resulted in a considerable increase in apoptosis, 
especially when administered in combination with imatinib. 
Although SLC2A1 knockdown has been reported to induce 
apoptosis and inhibit cell proliferation in breast cancer cells, 
this phenomenon has not been observed in GIST cells (30). 
A previous report showed that Bcl‑2 expression was down‑
regulated by WZB117 treatment in breast cancer cells (35). 

In the present study, unlike SLC2A1 knockdown, WZB117 
administration suppressed the expression of Bcl‑2, GLUT‑1 
and the phosphorylation of AKT in GIST‑T1/IM‑R cells. 
Furthermore, the WZB117 dose (10 µM) used was lower than 
its IC50 in GIST‑T1/IM‑R cells (15.8 µM) or that used in a 
previous study for breast cancer cells (60 µM) (35). Therefore, 
the results obtained in the present study are unlikely the result 
of an off‑target effect mediated by WZB117. Bcl‑2 downregu‑
lation may be a key mechanism for the induction of apoptosis 
in GIST cells treated with imatinib and a GLUT‑1 inhibitor in 
combination.

The relationship between GLUT‑1 and AKT is highly 
complex. Previous studies have reported that GLUT‑1 
downregulation by suppressing AKT phosphorylation can 
inhibit pancreatic cancer and hepatocellular carcinoma 
growth (52,53). By contrast, SLC2A1 silencing has been shown 
to inhibit cell proliferation by promoting apoptosis in colorectal 
cancer cells by inactivating the TGF‑β/PI3K/AKT/mTOR 
signaling pathway (54). Therefore, a possible interaction 
between GLUT‑1 and AKT may exist, such that the suppres‑
sion of one can suppress the other, where GLUT‑1 inhibition 
may inhibit AKT phosphorylation in GIST cells. However, 
the possible underlying mechanism is not precisely under‑
stood at present and further investigation of these pathways 
is required. WZB117 administration was found to inhibit cell 
proliferation more efficiently compared with that mediated by 
SLC2A1 silencing, which was likely due to WZB117 inducing 
apoptosis by simultaneously suppressing Bcl‑2 expression in 
GIST‑T1/IM‑R cells.

The present study has a number of limitations. Only one 
cell line was used. The GIST‑T1/IM‑R cells established in the 
present study had a PDGFRA mutation on exon 12. PDGFRA 
is one of the two PDGFR subunits, which transduces 
signals through numerous downstream pathways, including 
PI3K/AKT, Src kinase, phospholipase C/protein kinase C and 
Ras/Raf/MEK/ERK, all of which have been documented to 
serve important roles in tumorigenesis (55,56). The activation 
of PDGFR may in turn activate the ERK pathway and lead 
to increased GLUT‑1 expression (57). In the present study, a 
mutation in PDGFRA may have been involved in promoting 
GLUT‑1 synthesis after imatinib treatment, thereby leading 
to increased cell survival. However, further experiments are 
required to clarify the relationship between this mutation and 
glycolysis.

To validate the in vitro results in the present study, addi‑
tional experiments were performed using human sample 
data obtained from the GEO database. GLUT‑1 expression 
was found to be significantly suppressed in the responder 
group compared with that in the non‑responder group after 
imatinib treatment, though the number of sample speci‑
mens used was not high (18 pairs). Although this result is 
in line with the present finding that GLUT‑1 expression is 
involved in the acquisition of imatinib resistance, HK2 
expression was significantly suppressed after imatinib treat‑
ment in the non‑responder group. It may be the complex 
metabolic morphology in the actual clinical GIST specimen. 
Therefore, further investigation involving the accumulation 
of non‑responder clinical samples to imatinib is required. In 
addition, the possible side effects of WZB117 administra‑
tion was not validated in vivo in the present study, although 
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they were attempted by transplanting GIST‑T1/IM‑R cells 
into mice. However, transplantation proved to be difficult. 
Therefore, a three‑dimensional model examination of the 
GIST‑T1/IM‑R cells was performed instead. In this model, 
administration of 26 nM imatinib and 10 µM WZB117 
exerted a synergistic effect, possibly due to the lower effi‑
ciency of imatinib treatment in three‑dimensional conditions 
than that in two‑dimensional conditions (38). Further valida‑
tion of these phenomena is required. In addition to the in vivo 
validation of the possible therapeutic effects of WZB117, it is 
important to identify the optimal drug delivery system and 
any side effects of WZB117. Data obtained in this preclinical 
study should be used to guide the planning of clinical trials 
involving patients with imatinib‑resistant GIST.

In the present study, a key role of GLUT‑1 in the acqui‑
sition of imatinib resistance by GIST cells was revealed. 
Furthermore, combined treatment with the GLUT‑1 
inhibitor WZB117 and imatinib was shown to overcome this 
resistance.
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