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Abstract. In the present study, imatinib mesylate (IM) was 
used to induce resistance in the gastrointestinal stromal tumour 
(GIST) cell line, GIST-T1, to establish a stable resistant cell 
line. The growth characteristics and expression profile of the 
established cell line were compared with those of the parental 
cell line. Additionally, the resistance mechanism of the gastro-
intestinal stromal tumours was preliminarily investigated. 
The GIST-T1 cells were cultured in vitro, and the drug was 
administered in the logarithmic phase of cell growth using 
intermittent dosing with increasing concentrations to obtain 
a drug‑resistant cell line by repeated induction. Differences 
in the biological behaviours of the parental cells and 
drug-resistant cells were examined, and changes in the expres-
sion profiles were compared in the two cell lines. The results 
showed that the IM-resistant GIST-T1 cell line (GIST-T1 IR) 
was successfully established. Analysis of the biological behav-
iours of the two cell lines revealed that the average doubling 
times of the parental cells and drug‑resistant cells were 26.59 
and 33.63 h, respectively. The results of a scratch migration 
assay revealed that the migration ability was enhanced in the 
GIST‑T1 IR cells. The results of CCK‑8 detection indicated 
that the half maximal inhibitory concentration values of the 
two types of cells were 10.5 and 42.0 µM, respectively, which 
represented an increase of ~4‑fold in the GIST‑T1 IR cells. 

Flow cytometric cell cycle analysis indicated that the numbers 
of cells in the G0/G1, S and G2 phases increased following the 
induction treatment. Taken together, an IM-resistant GIST 
T1 cell line was successfully established, which opens novel 
avenues for individualized tumour chemotherapy.

Introduction

Imatinib mesylate (IM) is a targeted drug, which is specific for 
the treatment of gastrointestinal stromal tumours (GISTs) and 
is the standard first‑line treatment for patients with unresect-
able primary GISTs or metastasized recurrent GISTs (1). IM 
can competitively inhibit the binding of ATP by binding to 
the ATP‑binding site of the tyrosine kinase receptor, which 
inhibits a variety of tyrosine kinases, inhibits signal transduc-
tion, suppresses tumour growth, and can treat disease (2,3).

Although numerous patients have benefitted from IM, 
certain patients are primarily resistant to IM, and the majority 
of patients exhibit drug resistance within 18‑24 months, which 
leads to disease progression and patients even succumbing 
to mortality (4). To date, the mechanism underlying this 
resistance remains to be elucidated (5‑9). The occurrence of 
drug resistance is the main reason for the failure of GIST 
treatment; therefore, investigations of the resistance mecha-
nisms are currently a focus of investigations on GISTs. In the 
present study, the GIST-T1 cell line was used to establish a 
GIST-T1-resistant cell line (GIST-T1 IR) by intermittent dosing 
with increasing IM concentrations.

Materials and methods

Cell culture. GIST-T1 cells (IFO 50075; Human Science 
Research Resource Bank, Osaka, Japan) were cultured in 
RPMI 1640 (Gibco; Thermo Fisher Scientific, Inc., Waltham, 
MA, USA) medium containing 15% foetal bovine serum 
(TransGene Biotech, Beijing, China) and incubated at 37˚C 
with 5% CO2.

Induction of drug‑resistant cells. To intermittently dose the 
cells with increasing IM concentrations, drug-containing 
medium was applied to the cells in the logarithmic growth 
phase. Following culturing for 48 h, the medium was replaced 
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with drug‑free medium. The cells were then passaged until 
confluent. The administration of the specific IM concentration 
was continued until the cells grew normally. Subsequently, 
the concentration was increased and the above process was 
repeated to obtain a drug-resistant cell line through repeated 
induction. The CCK‑8 assay results (Dojindo Molecular 
Technologies, Inc., Kumamoto, Japan) revealed that the half 
maximal inhibitory concentration (IC50) was 10 µM. The drug 
administration for induction was initiated at a concentration of 
2.5x104 of the IC50 (25 µM) followed by 37.5 µM and a gradual 
increase to 50 µM.

Cellular morphological observation. Hematoxylin and eosin 
(H&E) staining at 25˚C for 3 min, was performed on slides 
containing adherent cells for the morphological observation 
of the cells and to observe changes in the nuclei stained by 
Hematoxylin under an inverted microscope.

Determination of the cell growth curve and calculation of 
the doubling time. The two types of cells were digested with 
trypsin solution when they reached a confluence of 90% under 
a microscope and seeded into 24-well plates at a concentration 
of 5x104 cells/ml. The living cells were counted every 24 h 
for 5 days consecutively, and the results of three wells were 
averaged. The growth curve was prepared with the results of 
the daily cell counting. The majority of the cell proliferation 
was ‘two division’. All data were fit into an exponential fitting 
model in SSPS 20.0 software (IBM SPSS, Armonk, NY, USA), 
according to the following formula: Y=aebtln2, where Y is the 
number of cells, t is the time of continuous culture, and a and 
b are curve constants. The cell doubling cycle was calculated 
using the following equation: T=t x lg2/lg (Nt/N0), where T 
is the population doubling time, t is the time of continuous 
culture, Nt is the final number of cells, and N0 is the initial 
number of cells. All time was measured in hours.

Cell scratch assay. The GIST-T1 and GIST-T1 IR cells were 
digested with trypsin for passage when they reached a conflu-
ence of 80‑90% to obtain 70% confluence at 12 h. An even 
scratch was introduced onto the bottom of the culture plate, 
which was followed by two PBS washes. The media were then 
replaced with complete medium containing 2% FBS and the 
drug at a concentration of 0 or 25 µM.

Determination of the cell cycle. The GIST-T1 and GIST-T1 IR 
cells in the logarithmic growth phase were digested with trypsin 
and centrifuged at 3,800 x g and 4˚C for 3 min. Ice‑cold 75% 
ethanol was added, followed by incubation at 4˚C overnight 
for fixation. Following centrifugation at 3,800 x g and 4˚C for 
3 min, the supernatant was discarded. Following washing twice 
and resuspension in PBS, propidium iodide (PI) and RNase 
were added, and the cells were incubated at 4˚C in the dark for 
30 min. Subsequently, the sample was centrifuged at 3,800 x g 
and 4˚C for 3 min and the supernatant was discarded. Following 
washing once with PBS, the sample was transferred into a flow 
cytometry tube for detection on the instrument.

Determination of the IC50 for the two cell lines with the CCK‑8 
assay and calculation of the resistance index (RI). The GIST-T1 
and GIST-T1 IR cells in the logarithmic growth phase were 

digested with trypsin and resuspended following centrifuga-
tion. The cell density was adjusted to 5,000 cells/100 µl. A 
100‑µl cell suspension was added to each well. When the cells 
were adherent, the GIST-T1 cell medium was replaced with 
fresh medium containing 2.5, 10, 15, 20, 25, 30, 40 or 50 µM 
IM. The GIST‑TI IR cell medium was replaced with fresh 
medium containing 5, 25, 30, 35, 40, 50, 62.5 or 75 µM IM. 
Six duplicate wells were set up for each concentration, and all 
experiments included a drug‑free control and a blank control. 
Following culture for 48 h under the same conditions, 10 µl of 
the CCK‑8 reagent was added to each well. The absorbance 
was measured following incubation for 1 h. The IC50 values 
were calculated using Graph Pad Prism 6 software (GraphPad 
Software, Inc., La Jolla, CA, USA). The dose response (vari-
able slope) model in GraphPad Prism 6 software was used to 
fit the cell inhibition rate curve. The equation was as follows: 

Y=Bottom + (Top‑Bottom)/(1 + 10 ^((LogIC50-X)*HillSlope))

IC50 is the concentration of agonist, which results in 
a response halfway between Bottom and Top. HillSlope 
describes the steepness of the family of curves. Top and 
Bottom are plateaus in the units of the Y axis.

Statistical analysis. All data were statistically analyzed using 
SPSS 20.0 software (IBM Corps., Chicago, IL, USA) and 
GraphPad Prism 6.0 (GraphPad Software, Inc.). The results 
are presented as the mean ± standard deviation. Comparison 
of different groups was performed by one‑way analysis of 
variance, followed by Tukey's post‑hoc test for multiple 
comparisons. The dose response (variable slope) model in 
GraphPad Prism 6 software was used to fit the cell inhibition 
rate curve and the exponential fitting model in SSPS 20.0 
software was used to fit the cell growth curve. P<0.05 was 
considered to indicate a statistically significant difference.

Results

Establishment of the IM‑resistant GIST‑T1 IR cell line. 
The GIST-T1 cells were continuously cultured with media 
containing various concentrations of IM for 48 h. The cells 
were observed and recorded at 24 and 48 h. Based on the 
above preliminary experiment and considering a variety of 
factors, treatment with 25 µM IM for 48 h was selected as 
the starting condition for the experiment. Following repeated 
treatments with stepwise increases in the drug concentration 
over 6 months, an IM‑resistant GIST‑T1 IR cell line was 
successfully induced. No significant change in RI was found 
following continuous cultured of the cells in the drug‑free 
medium for 1 month. In addition, GIST‑T1 IR cells thawed 
following cryopreservation remained drug‑resistant without a 
statistically significant change in IC50 value, which suggested 
that the resistance of the GIST‑T1 IR cells was stable. Therefore, 
these cells can be used as a model for studies investigating 
drug resistance.

Following induction with IM at 25 and 37.5 µM concentra-
tions, the concentration was gradually increased to 50 µM. 
When the cells became stable, an appropriate concentration 
gradient of the drug was determined in a preliminary experi-
ment. The IC50 concentrations of the parental cells and the 
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resistant cells were repeatedly detected to determine the drug 
resistance of the cells. As shown in Fig. 1A and B, the mean 
IC50 of the parental cells was 10.5±0.12 µM (R2=0.9596, 
P<0.05), and the RI of the resistant cells was 42.0±0.32 µM, 
(R2=0.9056, P<0.05). The RI was ~4.0, and, in the range of 
1‑5, the resistance of the cells was in the low range. The R2 
values of the curve of cell inhibition rate close to 1, indicating 
that the above models simulated the cell inhibition curve well.

Differences in the biological behaviours of the GIST‑T1 and 
GIST‑T1 IR cells. Slides containing adherent parental and 
resistant cells were observed under an inverted microscope 
following H&E staining. The results, as shown in Fig. 2A 
and B, indicated that the GIST-T1 cells were elongated, 
spindle-shaped, mononuclear or binuclear, and had a relatively 
large volume. The GIST-T1 IR cells had a smaller volume 
with darkly stained nuclei, were predominantly binuclear, 
triple-nuclear or multiple-nuclear, and had large nuclei.

The cell growth curves are shown in Fig. 3. The average 
proliferation times calculated by consecutive counting 
based on the equation for the GIST‑T1 and GIST‑T1 IR cells 
were 26.59±1.34 h (R2=0.9280, P<0.05) and 33.63±2.82 h 
(R2=0.9883, P<0.05), respectively, and this difference repre-
sented a significant extension of ~7.04 h for the GIST‑T1 IR 
cells (P<0.05). The R2 values of the two cell growth curves 
indicated that the above models simulated the cell growth 
well. The two cell types did not exhibit a significant differ-
ence over 1‑2 days. Cell proliferation was in a relatively static 

stage. Subsequently, the difference in the cell proliferation rate 
gradually increased and was marked within 3‑5 days. After 
5 days, the average total numbers of cells observed to be 
actively proliferating were 1.1x106 for the GIST‑T1 cells and 
only 6x105 for the resistant cells. Additionally, the resistant 
cells were found to be more dependent on the highly nutritious 
medium, compared with the untreated cells in this experiment. 
A graph of the cells in the different phases of the cell cycle is 
shown in Fig. 4. The distributions of the GIST‑T1 and GIST‑T1 
IR cells in the different phases of the cell cycle were 16.46 and 
20.72% in the S phase, 33.45 and 39.88% in the G0/G1 phase, 
and 28.48 and 19.01% in the G2/M phase, respectively. The 
GIST‑T1 IR distribution was increased by ~4.26% in the S 
phase and ~6.43% in the G0/G1 phase, and was decreased by 
~9.47% in the G2/M phase. The differences were considered 
significant at P<0.05.

The effects of 2% FBS medium and a drug concentration 
of 25 µM on the parental and resistant cells were investigated 
using the scratch assay. The results of the scratch assay are 
shown in Fig. 5. The GIST-T1 cells and GIST-T1 IR cells 
migrated towards the centre in the absence of the drug. The 
migration ability of the GIST‑T1 cells was greater than that of 
the GIST-T1 IR cells under the same conditions in the absence 
of drug treatment. When the drug was added at the concentra-
tion of 25 µM, no significant migration of the GIST‑T1 cells 
was observed, which demonstrated significant inhibition. By 
contrast, the GIST-T1 IR cells migrated and did not exhibit 
a significant difference, compared with the cells in the group 

Figure 1. GIST‑T1 and GIST‑T1 IR cells. (A) GIST‑T1 cell density was adjusted to 5, 000 cells/100 µl, and the cells were cultured in 2.5, 10, 15, 20, 25, 30, 40 
and 50 µM IM. (B) GIST‑TI IR cell medium contained 5, 25, 30, 35, 40, 50, 62.5 and 75 µM IM, and the cells were cultured at the same cell density. GIST, 
gastrointestinal stromal tumour; IM, imatinib mesylate; IR, IM-resistant.

Figure 2. GIST‑T1 and GIST‑T1 IR hematoxylin and eosin staining (x400 magnification). (A) GIST‑T1 cells were elongated, spindle‑shaped, mononuclear or 
binuclear, and had a relatively large volume. (B) GIST-T1 IR cells had a smaller volume, darkly stained nuclei, were predominantly binuclear, triple-nuclear or 
multiple-nuclear, and had large nuclei. IR, imatinib mesylate-resistant; IC50, half maximal inhibitory concentration.
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with no drug. Therefore, IM significantly inhibited the migra-
tion of the GIST‑T1 cells, compared with the cells under the 
same condition with no drug, whereas its effect on the GIST‑T1 
IR cells was weaker.

Discussion

The main methods used to establish drug-resistant cells 
include the large dose impact method, drug concentration 
increasing method, and large dose impact with concentration 
increasing method (5). In the present study, the drug concen-
tration increasing method was applied to induce the GIST-T1 
cell line. Compared with a study on GIST-882 cell line induc-
tion, the GIST‑T1 line is difficult to induce due to its attribute 
of an IM‑sensitive subtype (6). The method used to induce 
tumour cell resistance in the present study was in line with the 
process of acquired resistance of tumour cells, and can more 
accurately simulate the biological changes following tumour 
resistance. The drug-resistant cell lines were subjected to DNA 
and RNA sequencing, with no new gene mutations found on 
DNA sequencing. The results of RNA‑sequencing showed that 
a number of drug‑related genes were abnormally expressed. 
Similar studies have found the gene expression profiles change 
in IM‑resistant cell line, including the upregulation of genes 
associated with tumor‑related genes MYC and Frizzled class 
receptor 10, which may be involved in tumorigenesis (7). The 
expression of Erb‑B2 receptor tyrosine kinase 4 was found 
to be the most marked, which was similar to KIT and was 
activated as an alternative pathway following IM treatment, 
resulting in tumor resistance to IM (7,8). In addition, the 
expression of a large number of genes associated with drug 
metabolism have been found, including aldehyde oxidase 1, 
cytochrome P450 family 3 (CYP3)A4, CYP3A5 and UDP 
glucuronosyltransferase family 1A1, which are also involved 
in the metabolism of IM, leading to functional resistance. The 
majority of the downregulated genes belong predominantly to 
cell junction communication, tumor inhibition and comple-
ment defense (8). Examinations on the function of these drug 
resistance‑associated genes are ongoing, therefore, data are 
not available in the present study.

Primary IM resistance is the wild‑type GIST, which is 
without mutations in the c‑kit gene. Even in the KIT mutant 
type of GIST, the different mutant reaction sites to IM are 
not the same. A clinical study identified that the effective 
rate of exon 11 mutation subtype GIST was 87.3% and exon 
9 mutation subtype was 47.8%, while the exon 13 and exon 
17 mutation subtypes were invalid for the treatment with 
IM as IM could not effectively block the activation of muta-
tions in the intracellular segment of KIT due to mutations 
of exon 13 and 17 (9). The exon 13 and exon 17 mutation 
subtype GIST are IM sensitive in vitro, it is possible that the 
metabolism of IM in vivo affects the IM affinity of exon 13 
and exon 17 mutation subtypes GIST. However, their clinical 
efficacy remains to be elucidated and resistance mechanisms 
need to be further studied. The present clinical study found 
that not all wild‑type KIT and GISTs were resistant to IM, 
although certain types showed positive results. The present 
study found a mutation in the PDGFRA gene in these 
patients. The PDGFRA gene mutations were mainly located 
in exon 12 and exon 18; for the exon 12 mutation, it was 

experimentally confirmed that the subtype was IM‑sensitive 
in vitro. In clinical studies, it has also been shown that the 
drug of this subtype has certain curative effects; exon 18 
mutations of D842V mutant strains resistant to IM subtype 
in the presence of other mutant strains are susceptible to the 
drug. The mechanism of secondary resistance to IM remains 
to be fully elucidated, although no gene overlapping with 
primary drug resistance has been found in gene detection of 
secondary drug-resistant cell lines (10). This suggests that 
the primary drug resistance mechanism of GIST is different 
from secondary acquired resistance, and it is necessary to 
confirm the above difference using in vitro drug resistance 
assessments. The construction of in vitro drug resistance 
model is critical.

IM as a first‑line target drug use to treat GIST and is 
the most widely recognized drug for the treatment of solid 
tumours. Resistance is common following IM treatment for 
GIST and is currently a major problem for GIST treatment. 
Studies have demonstrated that ~50% of patients with GIST 
who are susceptible to IM experience secondary resistance 
to IM treatment after 2‑2.5 years, which seriously affects the 
prognoses of the patients (11,12). The mechanism of IM resis-
tance has become one of the focuses of current investigations 
in tumour molecular biology. The in vitro establishment of a 
drug‑resistant tumour cell line is an effective method in cancer 
research and has been generally applied for the investigation 

Figure 3. GIST-T1 and GIST-T1 IR cell growth curves. The GIST-T1 and 
GIST‑T1 IR cells were seeded into 24‑well plates at a concentration of 
5x104 cells/ml and counted every 24 h for 5 days consecutively. IR, imatinib 
mesylate-resistant.

Figure 4. GIST-T1 and GIST-T1 IR cell cycle. The GIST-T1 and GIST-T1 IR 
cell cycles were measured by flow cytometry. IR, imatinib mesylate‑resistant.
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of drug resistance in China and other countries. This method 
has the advantages of a relatively simple experimental proce-
dure, readily controllable conditions and relatively low costs. 
Therefore, the induction of an IM‑resistant GIST‑T1 cell line 
is a simple, direct and effective approach for the investigation 
of GIST resistance and its reversal.

The present study used GIST-T1 cells as the study subject. 
An IM-resistant GIST-T1 cell line, termed GIST-T1 IR, was 
successfully established via repeated induction with gradu-
ally increasing doses over 6 months. The comparison of the 
biological characteristics of the GIST‑T1 and GIST‑T1 IR cells 
revealed that the growth of the cells with induced resistance 
was marginally slower, the nucleus-to-cytoplasm ratio was 
increased, and the cells were predominantly multinucleated 
with more cellular particulate matter when their tolerance to 
IM was increased. The changes in the cell cycle detected using 
flow cytometry revealed that more GIST‑T1 IR cells were in 
the S and G0/G1 phases, and fewer cells were in the G2/M phase, 
compared with the GIST-T1 cells. These results indicated that 
the mitosis of the drug‑resistant cells was reduced, and the rate 
of DNA synthesis was reduced. Therefore, more cells were 
retained in the G0 phase to reduce energy consumption due 
to reproduction. Subsequently, this saved energy was utilized 
for resistance to the drug. The migration assay revealed that 
the resistant cells continuously migrated in the presence of the 
drug, and exhibited an enhanced ability to migrate with an 
increased degree of malignancy.

A change to the morphologies of resistant cells is one of the 
indicators of resistance. The comparison of the GIST‑T1 cells 
and the drug-resistant GIST-T1 IR cells in the present study 
revealed that the drug-resistant cells were smaller and less 
smooth, with an irregular cell contour and ill‑defined boundary. 
The number of nuclei was increased with the abnormal 
morphology, in addition to and increased nuclear-cytoplasmic 
ratio and mitotic appearance. The growth curve of the cells 
revealed that the cell proliferation rate was reduced and their 
proliferation was significantly weaker, compared with that of 
the untreated cells. The cell doubling time was 33.63 h, which 
was significantly longer than the 26.59 h observed for the 
parental cells.

In the present study, the G0/G1 ratio of the GIST‑T1 IR 
cells was increased by ~6.43%, compared with that of the 
GIST-T1 cells (G0 is the resting phase of the cells). One 
explanation is that substantial energy was consumed for drug 

resistance; therefore, the energy supply available for the other 
life activities of the cells was reduced, and the syntheses of 
proteins and DNA required for mitosis was reduced, which 
resulted in the retention of cells in the resting phase. However, 
the regulation of cell cycle proteins may be important in the 
changes in the cell cycle during the process of resistance. This 
finding is consistent with the results of other studies that have 
investigated the cell cycle in drug-resistant cell lines (13,14). 
The number of cells in the S phase was increased by ~4.26%, 
whereas the number of cells in the G2/M phases was decreased 
by ~9.47%. The increase in the number of cells in the S phase 
suggested an increase in DNA synthesis, whereas the decrease 
in the number of cells in the G2/M phases indicated a reduc-
tion of cells in the mitotic stage and that cell division may be 
arrested in the G2 phase.

The results of the scratch assay revealed that the drug‑resis-
tant cells continued to migrate in the presence of the drug with 
an enhanced migration capacity and an increased degree of 
malignancy. When the effectiveness of IM on GIST is weak-
ened, and the patient becomes resistant to the drug, subsequent 
metastasis of GIST to the liver, abdomen and other organs 
may occur. According to the results of the present study, IM 
can significantly inhibit the migration of tumour cells with no 
drug resistance, which can suppress tumour metastasis (15). 
However, the capacity of IM to inhibit metastasis was weakened 
in the GIST‑T1 IR cells, and the metastasis of tumour cells still 
occurred at certain IM concentrations. Based on these results, 
it was hypothesized that the migration capacity of the tumour 
cells was regained in the presence of the drug following the 
development of drug resistance, which may be one important 
reason for metastasis in patients (16). One possible explanation 
for the lower strength of this migration compared with that 
in the parental cells is that the energy and components in the 
drug-resistant cells were redistributed to retain its resistance 
capacity. Therefore, components, including proteins, required 
for migration were decreased, which resulted in weaker migra-
tion ability, compared with the ability prior to the development 
of drug resistance (17). Further investigations are required to 
elucidate the specific mechanism.

Zhen et al (18) investigated the susceptibilities of two 
different cell lines (GIST‑T1 and GIST‑882) to IM and found 
a marked difference (18). The proliferation of GIST‑T1 
cells was inhibited by IM at the concentration of 0.1 µM, 
whereas the proliferation of GIST‑882 cells was not inhibited 

Figure 5. GIST‑T1 and GIST‑T1 IR cell scratch assay. The GIST‑T1 and GIST‑T1 IR cells were treated with IM at a concentration of 0 (‑) or 25 (+) µM. 
Migration was observed following incubation for 24 h. IM, imatinib mesylate; IR, IM‑resistant; T1, non‑resistant.
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until the IM concentration reached 1.0 µM. In the study of 
Nakatani et al (19), The GIST-T1 cells were more sensitive 
to IM, and the induction of their resistance was lower with a 
lower level of induction. These findings were consistent with 
the results of the present study. The mutations found in exon 11 
of GIST‑T1 were the same as those detected in the majority of 
clinical patients with stromal tumours, which reflects a good 
IM response and significant clinical effect. However, mild or 
serious drug resistance is elicited by extending the period of 
drug treatment, which is also consistent with the clinical situ-
ation.

In conclusion, an IM-resistant GIST cell model (GIST-T1 
IR) was successfully established in the present study based 
on the clinical characteristics of the chemotherapeutic 
drug. The GIST‑T1 cells acquired resistance to IM, but 
also showed changes in cell morphology, proliferation, 
migration and cell cycle, suggesting there is a complex 
mechanism in the process of tumour resistance. Therefore, 
the construction of drug‑resistant cell lines can provide a 
solid foundation for further investigations of the mechanism 
of acquired resistance and provide a reliable example of 
targeting drug-induced resistance. The model exhibited the 
basic biological properties of resistant cells, and provides 
an elementary experimental model for further investigations 
of IM resistance mechanisms and the screening of effective 
drugs for the treatment of GIST.
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