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Abstract
Background Imatinib mesylate (IM) is highly effective in the treatment of gastrointestinal stromal tumors (GISTs). However, 
the most of GISTs patients develop secondary drug resistance after 1–3 years of IM treatment. The aim of this study was to 
explore the IM-resistance mechanism via the multi-scope combined with plasma concentration of IM, genetic polymorphisms 
and plasma sensitive metabolites.
Methods This study included a total of 40 GISTs patients who had been regularly treated and not treated with IM. The plasma 
samples were divided into three experiments, containing therapeutic drug monitoring (TDM), OCT1 genetic polymorphisms 
and non-targeted metabolomics. According to the data of above three experiments, the IM-resistant cell line, GIST-T1/IMR 
cells, was constructed for verification the IM-resistance mechanism.
Results The results of non-targeted metabolomics analysis suggested that the sphingophospholipid metabolic pathway includ-
ing the SPK1/S1P axis was inferred in IM-insensitive patients with GISTs. A GIST cell line (GIST-T1) was immediately 
induced as an IM resistance cell model (GIST-T1/IMR) and we found that blocking the signal pathway of SPK1/S1P in the 
GIST-T1/IMR could sensitize treatment of IM and reverse the IM-resistance.
Conclusions Our findings suggest that IM secondary resistance is associated with the elevation of S1P, and blockage the 
signaling pathway of SPK1/S1P warrants evaluation as a potential therapeutic strategy in IM-resistant GISTs.
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Graphical abstract
The design of this study from blood management, group information collection, IM plasma concentration with different 
elements, identification of sphingolipid metabolism and lastly verification the function of SPK1/S1P in the IM-resistance 
GISTs cells.
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S1P  Sphingosine-1-phosphate
Sm  Sphingomyelin
SPK1  Sphingosine kinase-1

Background

Gastrointestinal stromal tumors (GISTs) are the most com-
mon mesenchymal tumors of the gastrointestinal tract and 
have the potential for malignant behaviors of recurrence 
and metastasis [1]. Surgical resection is the main treatment 
for GISTs [2], whereas oral targeted small-molecule drugs 
are mainly used for adjuvant therapy of GISTs with high 
recurrence and metastasis rates [3]. IM is a first-generation 
tyrosinase inhibitor (TKI) with remarkable success as an 
oral small-molecule targeted drug for first-line treatment of 
completely resected and high-risk GISTs as well as unre-
sectable, relapsed and metastatic or advanced GISTs [4]. 
However, nearly 85% of GISTs patients develop secondary 
drug resistance after 1–3 years of IM treatment [5]. Thus 
far, mechanism analysis of IM resistance is very important, 
which has mainly focused on the following three aspects. 
(i) Acquired drug resistance caused by secondary muta-
tions of receptor tyrosine kinase (KIT) or platelet-derived 
growth factor receptor (PDGFRA). As IM acts as an inhibi-
tor targeting KIT and PDGFRA receptors, mutations in these 
two types of receptors would directly determine sensitiv-
ity to IM therapy [6, 7]. (ii) Some enzymes highly related 
with drug metabolism caused IM resistance. Because IM is 
mainly metabolized in the liver, with an oral bioavailability 
of 98%, polymorphisms in genes encoding liver metabo-
lism enzymes, such as cytochrome P450 (CYP450) [8], and 
drug transport enzymes, such as P-glycoprotein ABCB1 [9], 
breast cancer resistance protein ABCG2 [10], organic cat-
ion transporter 1 (OCT1; SLC22A1) [11] and organic anion 
transporter protein 1 (OATP1; SLCO1A2) [12] can affect 
the IM concentration in serum. In general, secondary resist-
ance to IM is related to a continuously insufficient serum 
concentration [4]. (iii) IM resistance may be attributed to 
activation of alternative survival pathways [13]. Herein, it 
is urgent and indispensable to realize the mechanism of IM 
resistance to ameliorate the long-term using of IM in clinic.

As an oral small-molecule targeted drug, IM exhibits 
huge intra-individual (approximately 75%) and inter-indi-
vidual (60%) differences [14], and according to the National 
Comprehensive Cancer Network on the Diagnosis and 
Treatment of GISTs (NCCN, 2021 edition), determining 
the plasma drug concentration of IM after administration 
is of great clinical significance for patients with metastatic, 
relapsed and unresected GISTs [15]. At present, worldwide 
consensus is that a minimum concentration of IM should be 
above 1100 ng/mL [16]. When the concentration of IM in 
serum meets this standard, it is considered to be in effective 

treatment. Meanwhile, as reported by our previous study, 
metabolism-correlated gene polymorphisms have a particu-
larly significant influence on IM serum concentration [4].

Combined with research results on the mechanism of 
secondary drug resistance of IM, it has been speculated that 
the metabolic signaling pathway of IM might be related. 
Therefore, we grouped GISTs patients according to serum 
concentration of IM. After taken the same dosage of IM, the 
patients with high serum concentration of IM (> 2000 ng/
mL) and middle serum concentration of IM (1100–2000 ng/
mL) were considered as the sensitive IM treatment, while 
the patients with low serum concentration of IM (< 1100 ng/
mL) were conducted as insensitivity to IM treatment. Dur-
ing IM treatment in clinic, IM resistance would not be 
totally mimicked only by serum concentration indeed. If 
the patients were identified as IM-resistance type, they 
would be rapidly given second or third generation of TKIs 
drugs, such as sunitinib [17]or regorafenib [18]. The use of 
sunitinib after IM resistance (5.5% objective response rate, 
median PFS 9.9 months) [19]and the use of regorafenib after 
sunitinib resistance (5.5% objective response rate, median 
PFS 4.8 months) [20] had limited ability to control the 
progression of GISTs in the clinical. Further in the latest 
year, avapritinib and ripretinib were approved by the FDA 
as novel TKIs. However, avapritinib was only approved for 
GISTs with PDGFRA mutations in exon 18, which benefits 
about 5% patients with GISTs [20]. Some patients with 
PDGFRA mutations treated within the recent phase I trial 
have progressed following an initial response to avapritinib 
[21]. According to a recent phase III trial data, the median 
PFS in the ripretinib group was only 6.3 months and the 
objective response rate was 9% [22]. Herein, it is urgently 
needed to explore the IM-resistant GISTs by focusing on the 
role of IM itself on the GISTs patients. Further, it would be a 
loss of IM-resistance-related study for that lack of IM serum 
samples. The serum concentration would be the most intui-
tive detection index reflected the sensitivity of IM in vivo, 
especially in the same dosage for a long time on the GISTs 
patients. To find the resistance germination based on serum 
concentration as soon as possible, therefore, in this study, 
the potential relationship between IM-insensitive type and 
serum significant metabolites were explored for the first 
time.

Herein, we performed a non-targeted metabolomics assay, 
which is broadly applied in metabolomic research and used 
to comprehensively and systematically analyse metabolites 
of all small molecular weights (< 1500 Da) [23]. The bio-
informatic analysis would supply the potential significant 
pathway for IM treatment.

Meanwhile, gene polymorphisms of OCT1, which cor-
relates with drug transportation in the liver [24], were exam-
ined. A member of the solute transporter superfamily [25], 
the OCT1 transporter is mainly expressed in the basolateral 
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membrane of hepatocytes and plays an important role in 
drug uptake into the liver. Its main function is to transport 
drugs into hepatocytes for metabolism or to pump drugs into 
intestinal epithelial cells [26]. The gene encoding the OCT1 
transporter (SLC22A1) has significant polymorphisms [27]. 
OCT1 variants can cause partial loss of transporter func-
tion; this results in reduced or loss of transport efficiency 
and thus affects the blood concentration of IM as well as 
therapeutic efficacy, likely leading to drug resistance to IM 
caused by a continuously insufficient effective dose [28]. 
In view of this, combined with previous studies and poly-
morphism functional variability locus retrieval results, we 
selected OCT1 1759 G > A (rs 6935207), OCT1 201 C > G 
(rs 5812592), OCT1 1386 C > A (rs 622342), OCT1 1022 
C > T (rs 2282143) and OCT11222 A > G (rs 628031) and 
studied their correlation with the IM plasma concentration 
in patients with GISTs to reveal subclinical markers of who 
taking IM and carrying OCT1 SNPs. The whole design of 
this study was supplied in Fig. 1.

2. Materials and methods

Ethical considerations

This study was conducted in accordance with the principles 
of the Declaration of Helsinki, and the study protocol was 
approved by the Research Ethics Committee of the Sichuan 
Cancer Hospital (Approval No. SCCHE-02-2020-044). 
Written informed consent was obtained from all individuals 
before participating in this study.

Study participants

Plasma samples were collected from 29 GISTs patients who 
took IM regularly with the dosage of 400 mg/qd and 11 
GISTs patients who had never been taken IM from 2019 to 
2021. The inclusion criteria for the GISTs group were as 
follows: (i) male or female aged ≥ 18; (ii) histopathological 
diagnosis of GISTs; (iii) continuous regular oral administra-
tion of IM 400 mg/d for more than 1 month, good compli-
ance, no missed or less drug phenomenon. The exclusion 
criteria were as follows: (i) pregnancy or very poor men-
tal or physical condition; (ii) taking IM and other targeted 

Fig. 1  The design of this study. Schematic illustration of process of 
samples based on different analysis assays, which were contained 
PCR, TDM of IM and sensitive metabolites screening of IM treat-

ment on GISTs patients. And the cell validation of IM-insensitivity 
was highly related with SPK1/S1P pathway. Blocking of SPK1/S1P 
pathway would confer the sensitivity of IM in GISTs therapy
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drugs at the same time; (iii) organ failure or infection; (iv) 
poor compliance, with expected survival < 3 months; and (v) 
communication and cognitive impairment.

Plasma sample collection

The collection time of plasma sample was fixed to avoid 
the bad influence caused by different collection time point. 
Patients taking IM need to take the medicine regularly for 
more than 1 month to maintain a steady state of plasma 
concentration. Before blood collection, the patients were 
instructed to take IM at approximately 12:00, and blood was 
collected at approximately 10:00 the next morning. The col-
lected peripheral venous blood was placed in an anticoagula-
tion tube. At this time, the basic information of the patients 
was obtained, including name, sex, age and IM treatment. 
All samples were divided into a GISTs group (D) who had 
never been taken IM and a GISTs group (N) who took IM 
regularly. According to the results of IM plasma concentra-
tion, the GISTs group N was classified into 3 groups: an 
IM high-concentration group (A), an IM medium-concen-
tration group (B) and an IM low-concentration group (C). 
For non-targeted metabolomics analysis, 1 mL of whole 
blood was taken from each sample and stored at −80 °C; 
multiple freeze–thaw cycles were avoided. The remaining 
whole blood was centrifuged at 5000 rpm for 5 min to obtain 
plasma, which was stored at −20 °C until IM plasma con-
centration analysis.

Sample preparation and 2D‑LC‑UV instrument 
for TDM

The detail process was supplied in our previous study [29]. 
Briefly, plasma samples were injected directly to the system 
after the protein precipitation and centrifugation. Then they 
were detected by 2D-LC-UV instrument.

Pharmacogenetic analysis

Peripheral venous blood of patients was collected using a 
similar assay. Briefly, samples were added to cell lysate for 
interpretation, centrifugation and supernatant were removed. 
The precipitate was added with protease K, mixed, heated in 
water bath and then added with anhydrous ethanol, mixed 
and centrifuged. Repeated the above steps several times, 
added the eluent to the adsorption column, centrifuge and 
obtained the DNA. The five candidate SNPs [OCT1 1795 
G > A (rs 6935207), OCT1 201 C > G (rs58812592), OCT1 
1386 C > A (rs 622342), OCT1 1022 C > T (rs2282143), 
OCT11222 A > G (rs628031)] were analysed via first-gen-
eration gene sequencing. The primers used for each SNP 
were provided in Supplementary Data S1. The specific PCR 
process was as described in a previous report [30].

Sample preparation for untargeted metabolic 
profiling and operating condition

The plasma samples for untargeted metabolic profiling 
were detected by UHPLC-MS mass spectrometry with a 
1290 Infinity LC ultrahigh-performance liquid chromato-
graph supplied by Agilent. The specific information was 
supplied in the Supplementary Data S2.

Cell culture and induction of IM‑resistant cells

GIST-T1 cells, a constructed GIST cell line, were kindly 
supported by Ou’s group [31] (Zhejiang Sci-Tech Uni-
versity, Hangzhou, China), which 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. With a long term (8 months) and a 
continuously right dose impact administration of IM (from 
10 to 50 μM), the IM-resistance GIST-T1/IMR cell line 
was successfully constructed.

Cell evaluation

For cellular morphological observation, the GIST-T1 and 
GIST-T1/IMR cells were displayed in the medium for the 
morphological observation under a light microscope from 
10 to 40 amount of magnification. As indicated by pre-
vious report [32], cell growth curve and calculation of 
resistance index were carried out. Afterwards, to verify if 
SPK1 inhibitor N,N-dimethylsphingosine (DMS), could 
confer the sensitivity of IM treatment, these two cells 
were introduced onto the bottom of the 6-well culture 
plate with 5 ×  105/mL cells per well for cell scratch assay. 
After pretreatment of DMS (10 µM) for 5 h, IM (20 µM) 
was added to the cells for another 48 h. The medium was 
then replaced with complete medium containing 15% FBS. 
Cell invasion, colony formation, cell cycle and apoptosis 
analysis were also performed as usual described [33].

Western blot assay for detection of SPK1/S1P 
proteins

Western blotting analysis was performed as usually 
reported [34]. The GIST-T1 and GIST-T1/IMR cells were 
challenged with rabbit polyclonal anti-S1P (ab59870), 
anti-SPK1 (ab260073), anti-β-actin antibodies (ab8826) 
(Abcam company) and ABCC1 (DF7148) (Affin-
ity company). Proteins were visualized with enhanced 
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chemiluminescence detection reagent according to the 
manufacturer’s instructions (Pierce, Rockford, Illinois).

Data analysis

The pharmacogenetic data were analysed using SPSS 25.0 
software. The Shapiro–Wilk method was used for testing 
of normality. Data that conformed to a normal distribution 
(P > 0.05) are represented by the mean (M) ± standard devia-
tion (SD), and an independent sample t test was used for 
comparisons between the two groups. Data not conforming 
to a normal distribution (P < 0.05) are represented by the 
median and interquartile range (IQR), and the Mann–Whit-
ney U test was used for comparison between the two groups. 
The cut-off for statistical significance was set at P < 0.05 
(two-sided). Fisher’s exact probability method was employed 
to assess whether the frequency distribution of genotypes at 
each point comply with Hardy–Weinberg equilibrium.

The cellular data were statistically analysed using SPSS 
20.0 software (IBM Corps., Chicago, IL, USA) and Graph-
Pad 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.

Results

Patient characteristics and groups

This study included 29 GISTs patients who regularly took 
IM orally and 11 GISTs patients who did not take IM (Sup-
plementary data S3). The average ages of the GISTs patients 
with and without IM were 57.30 ± 8.42 and 54.12 ± 6.78, 
respectively, with no significant difference. The groups also 
have similar heights, weights and sex ratios. The GISTs 
patients were divided into 4 groups according to whether 
they received IM treatment. Specifically, the first three 
groups (A, B and C) received 400 mg/qd of IM. Group A 
showed an IM plasma concentration > 2000 ng/mL (n = 9), 
Group B included an IM plasma concentration ranging from 
2000 ng/mL to 1100 ng/mL (n = 10) and Group C con-
tained an IM plasma concentration < 1100 ng/mL (n = 10). 
Group D (n = 11) was representative of IM missed patients. 
As shown in Supplementary data S4, the difference between 
the highest and lowest IM concentration was more than 
12-fold, as reflected in the huge individual differences of 
GISTs patients under IM treatment.

Influencing factors of sex, age and surgical 
approach with mean plasma concentration of IM

According to our previous analysis [4], sex, age and opera-
tion should be important factors influencing the mean plasma 

concentration of IM. In this study, we validated those factors 
as well. First, the plasma concentration of IM was detected, 
and the Shapiro–Wilk test for normality [35], Mann–Whit-
ney U test for evaluating treatment effects of randomized 
elements [36] and independent t test for verifying statisti-
cally significant differences [37] were carried out to analyze 
related factors. The specific data between gender, age and 
surgical operation and Cmin of IM were shown in Supple-
mentary data S5–S7. As depicted in Fig. 2A–C, the Cmin of 
IM in female patients was higher than that of male patients, 
which was in accordance with reports from the United King-
dom (n = 93) [38]and Switzerland (n = 2478) [39]. Potential 
factors are mean body weight and clearance rate. Long-term 
results from the United Kingdom [38] showed that when 
the plasma concentration of IM was normalized for body 
weight, differences in mean concentrations were no longer 
apparent. Thus, the higher plasma concentrations of IM in 
females may be partially explained by the lower body weight 
compared with males. Furthermore, the clearance rate of 
females was higher than that of males in the report from 
Switzerland [39]. Overall, the plasma concentration of IM 
was higher in the female group.

Age showed no significant difference in our study, which 
was different from Gotta et al. [39], who defined “young” 
as < 30 years of age and “elderly” as people up to 70 years 
of age. The young group exhibited low IM concentrations 
compared with the elderly group (P < 0.05). However, the 
median age in our study was 57.30 ± 8.42. Specifically, 
the age of the included GISTs patients ranged from 40 to 
78 years old, with no patients younger than 30 years old. 
Further, the sample of our study was limited due to COVID-
19 [40]. As shown in Fig. 2C, the type of operation played 
an important role in the plasma concentration of IM, and 
the difference between the gastric surgery and non-gastric 
surgery groups was statistically significant. Similarly, Yoo 
et al. and Hompland et al. [41, 42]reported that Cmin was 
significantly lower in patients who had undergone major 
gastrectomy than in those who had undergone wedge gas-
tric resection or did not undergo gastric surgery. Obviously, 
decreased absorption of IM might be caused in part by the 
lack of gastric acid secretion in GISTs patients who had 
undergone major gastric resection. Gastric acid secretion is 
extremely important for IM absorption because IM tablets 
dissolve rapidly at pH 5.5 or less [43].

Correlation among mean plasma concentration 
of  IMmin with body surface area and some essential 
serum index

Linear mixed model analyses can reveal similar trends, 
though sometimes without reaching statistical significance. 
A relationship between body surface area and the plasma 
concentration of IM was demonstrated in several reports [39, 
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44]. As displayed in Fig. 2D, the body surface area exhib-
ited a negative correlation with the IM plasma concentration 
(P = 0.043). In other words, a higher dosage of IM should be 
given to patients with a smaller body surface area. It can be 
concluded from our results that a fixed dosage of IM might 
not be suitable for all of GISTs patients.

Laboratory data for ALT, creatinine (Cre), total bilirubin 
(TBil) and albumin were also taken into consideration in this 
study. As illustrated in Fig. 2 E to H, there was no signifi-
cant correlation between ALT (P = 0.747), Cre (P = 0.905), 
Tbil (P = 0.326) and albumin (P = 0.583) and the plasma 
concentration of IM. These findings for ALT was consistent 
with the report of Yoo et al. [41], though results for Cre and 

Tbil were inconsistent with this report [44]. The reason may 
be associated with at least two factors. On the one hand, the 
number of GISTs patients in the abovementioned studies 
ranged from 25 to 89; the more eligible samples there are, 
the more reliable the statistics of the data are. However, the 
samples included in those studies were not sufficient. On 
the other hand, the influence of different ethnic populations 
should not be ignored. The association of albumin with Cmin 
of IM is controversial. It has been suggested that more IM 
would be bound to albumin in patients with higher albumin, 
resulting in higher total Cmin of IM according to Yoo [41], 
with albumin exhibiting a correlation with Cmin of IM. How-
ever, the link between the albumin level and Cmin of IM did 

Fig. 2  Correlations between IM  Cmin and gender (A), primary sur-
gical operation (B) and age (C). The linear mixed model analyses 
between IM  Cmin and body surface (D) and laboratory data of ALT 

(E), creatinine (CRE) (F), total bilirubin (Tbil)(G) and albumin (H). 
P < 0.05 represents significantly difference
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not reach statistical significance [42]. The actual relation-
ship of albumin with the Cmin of IM plasma concentration 
is still unclear. Large-scale and multicenter trials of plasma 
concentrations of IM related to influencing factors need to 
be conducted, and the mechanism underlying the association 
should be explored, which would promote the rational use 
of IM in patients with GISTs.

Genotype of five OCT1 SNPs

Five SNPs (OCT1 1795 G > A (rs 6935207), OCT1 201 C > G 
(rs 58812592), OCT1 1386 C > A (rs 622342), OCT1 1022 
C > T (rs 2282143), OCT11222 A > G (rs 628031)) in 29 

patients were identified and the typing results are shown in 
Fig. 3A–E. The genotypes at OCT1 201C > G (rs 58812592) 
were all CC (wild-type). The other four candidate SNPs of 
OCT1 had mutations. The genotypic distribution of the four 
SNPs was summarized in Table 1. Only the remaining four 
SNPs were analysed by Hardy–Weinberg equilibrium, without 
showing deviation (P > 0.05). Then, the relationship between 
genotypic SNPs and IM plasma concentration was assessed 
through the Mann–Whitney U test, as shown in Table 2. The 
two allelic locus at OCT1 1386C > A (rs 622342) were statis-
tically significant (P < 0.05) with IM plasma concentrations. 
The findings of 1022 C > T (rs 2282143) and 1222 A > G 
(rs 628031) were similar to those reported by Francis [45], 

Fig. 3  The genotypic distribution of 5 SNPs on OCT1. A–E 
were displayed the locus of five OCT1, those were, OCT1 
201C > G(rs58812592), OCT1 1386 C > A(rs622342), OCT1 1022 

C > T(rs 2282143), OCT1 1222 A > G(rs 628031), OCT1 1795G > A 
(rs 693502). The red arrows indicated mutation of the allele

Table 1  Genotype distribution 
of SNPs locus via Hardy–
Weinberg equilibrium analysis

SNPs Gene type Number Genotype fre-
quency (%)

Theoretical 
value

PH–W

OCT1 1022C > T (rs2282143) CC 22 75.86 22  > 0.05
TC 7 24.14 6

OCT1 1386C > A (rs 622342) AC 5 17.24 5  > 0.05
AA 24 82.76 24

OCT1 1222 A > G (rs 628031) AA 1 3.45 1  > 0.05
AG 10 34.48 10
GG 18 62.07 18

OCT1 1795G > A (rs 6935207) GG 8 27.59 7  > 0.05
AG 13 44.83 15
AA 8 27.59 7
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who included 73 patients with IM-treated chronic myeloid 
leukaemia.

Multivariate statistical analysis of metabolites

PCA was performed as an unsupervised analysis. The advan-
tage of PCA is that it reduces the number of highly correlating 
metabolic features to a smaller set of principal components. 
This superiority enables PCA score plots to provide a visual 
description of the pattern described by the model that can be 
used for the identification of batch effects [46]. The results of 
PCA are illustrated in Fig. 4A, B, G–F. In both 2D and 3D 
plots, the IM-treated groups (A, B and C) are distinguished 
from untreated Group D, no matter in the  ESI+ or  ESI− mode. 
These results encouraged us to perform further statistical 
analysis.

The problem of insensitivity of variables with small cor-
relation, which is a deficiency of PCA, may be overcome by 
the OPLS-DA model. We evaluated the reliability and predic-
tive ability of the OPLS-DA model, and all of the parameters 
R2X, R2Y and Q2 met the standard. When Q2 was closer to 
1, the model was more suitable and reliable [47]. Simultane-
ously, Q2 > 0.5 is considered to be an effective model [48]. 
As shown in Fig. 4C–E, H–J, Q2 among the three compari-
son groups, were always more than 0.8, which indicated that 
the models were all successful and that biochemical changes 
between groups were clear. Further, there was a clear separa-
tion between the IM-treated groups (A, B and C) and Group D. 
Concurrently, the samples from these groups tended to cluster 
in a concentrated manner, with a high degree of aggregation.

Identification of potential metabolites 
and pathways

Peaks were aligned, and missing values were eliminated 
from the UHPLC/MS data. 2238 and 1020 metabolites 

in the  ESI+ and  ESI− modes were screened through pub-
licly available databases, respectively, which were demon-
strated in Supplementary data S8.

Subsequently, different metabolites were selected using a 
fold-change threshold > 2 or < 0.5, VIP ≥ 1, and Student’s t 
test threshold P < 0.05 [49, 50]. The significant metabolites 
were illustrated in Fig. 5A–C. The most abundant class of 
metabolites was lipids and lipid-like molecules, including 
d-sphingosine, 1-sphingosine phosphate, phytosphingosine 
and phosphoethanolamine. The N-desmethylimatinib was 
one of the major IM metabolites, which was also confirmed 
by this study.

The distribution and probability density of the top 20 dif-
ferential samples in above mentioned groups were inspected 
by a violin box [51]. The thin black line extending from the 
violin box represents the 95% confidence interval, the black 
bar in the middle of the violin box represents the median 
value, and the outer shape represents the distribution den-
sity of the samples. As depicted in Supplementary data 
S9–S10, the differential metabolites in groups D to A, B and 
C exhibited different distribution patterns, which indicated 
the capacity to distinguish these metabolites in the groups 
treated or not with IM.

KEGG (http:// www. kegg. jp) is not only an encyclope-
dia of genes and genomes but also a professional tool for 
metabolites and non-metabolic pathways [52]. Pathways are 
considered significantly enriched if P < 0.05, and the impact 
number of metabolite hits in the pathway is > 1 [53]. The 
greater the number of metabolite hits in the pathway with 
a lower P value, the greater pathway match. As displayed 
in Fig. 5D–F, the signaling pathways included sphingolipid 
metabolism, drug metabolism (CYP450), butanoate and caf-
feine metabolism, among others. Sphingolipid metabolism 
had the greatest commonness among the three groups, with 
impact numbers greater than 1.75 and value of P below 0.05.

Table 2  Relationship between 
IM plasma concentration and 4 
genotypic SNPs

P values were calculated from Mann–Whitney U test
*Represents P < 0.05

SNPs Gene type Number Plasma 
concentration(ng  mL−1)

P

OCT1 1022C > T (rs 2282143) CC 22 1511.68 ± 842.38 –
TC 7 1745.69 ± 1092.90

OCT1 1386C > A (rs 622342) AC 5 1488.81 ± 1375.69 0.005*
AA 24 1584.70 ± 800.84

OCT1 1222 A > G (rs628031) AA 1 300.34 –
AG 10 1824.62 ± 1009.31
GG 18 1496.13 ± 798.24

OCT1 1795G > A (rs6935207) GG 8 1699.52 ± 890.48 –
AG 13 1861.02 ± 978.17
AA 8 960.92 ± 400.60

http://www.kegg.jp
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In recent years, sphingolipid metabolism has been shown 
to play an important role in the proliferation, migration, 
inflammatory response and activation of various tumor cells 
[54]. Especially the sphingophospholipid metabolism, which 
belongs to sphingolipid metabolism, produces a variety of 
metabolites, such as ceramide (CER), sphingosine (SP), 
sphingosine-1-phosphate (S1P) and sphingomyelin (Sm) 
[55]. These above-mentioned molecules involved in the 
regulation of tumor proliferation, invasion and angiogenesis 
[55]. Studies have confirmed that CER and SP inhibit cell 
growth and promote apoptosis [56]; their further metabolite 
S1P inhibits apoptosis and promotes cell proliferation [57]. 
Therefore, the dynamic balance of CER/S1P determines 
whether tumor cells undergo apoptosis or proliferation. 
Sphingosine kinase-1 (SPK1) generates S1P by phospho-
rylating SP, a product of CER, and SPK1 is a key enzyme 
for S1P synthesis and CER/S1P homeostasis regulation [58]. 
Studies have shown that overexpression of SPK1 promotes 
expression of the PI3K/Akt signaling pathway in triple-
negative breast cancer, thus enhancing the proliferation 
and metastasis of triple-negative breast cancer cells, which 
would be a potential mechanism of tumor drug resistance 
[59]. The combination of SPK1 and bortezomib can reverse 
the sensitivity of IM-resistant chronic myelogenous leukae-
mia (K562) cells by down-regulating Mcl-1 expression [60]. 
Herein, we speculated that the SPK1/S1P pathway would be 
involved in modulating IM-resistance GIST therapy. In the 
following study, we made IM-induced resistant GIST cells 
to verify the inner mechanism, which never been reported 
in the treatment of GISTs.

Establishment of the IM‑resistant GIST‑T1/IMR cell 
line

As reported by Ou’s group [31], the GIST-T1 cells were 
imatinib-sensitive GIST cells, which could be recommended 
to simulate the treatment of IM in the first clinical therapy 
effect. Herein, over 8 months, the IM-induced resistant 
GIST-T1/IMR cell line was successfully constructed. As 
supplied in the Supplementary data S11, the  IC50 value of 
GIST-T1/IMR cells was 39.24 uM, while the value of GIST-
T1 cells was 7.862 uM. The drug resistance index (RI) was 

nearly 5, suggesting that GIST-T1/IMR cells belonged to 
drug resistance cell line after long-term induction of IM 
[61]. DMS, belongs to one of effective sphingosine kinase 
inhibitors and verified high inhibitory activity on SPK1 
compared to SPK2 [62]. To verify the role of SPK1/S1P 
in the IM-resistance GISTs cell line, we pretreated DMS to 
GIST-T1/IMR and GIST-T1 cells, respectively, to explore 
the change of  IC50 from IM. The values in the DMS pretreat-
ment group were decreased dramatically when compared to 
IM treatment only, which supplied in the Supplementary 
data S12. This phenomenon suggested IM related drug 
resistance was highly related with SPK1/S1P pathway.

GIST-T1  cells, a fiber cell form,  were adherent 
to growth [63], which were displayed as fusiform or irreg-
ular triangle, and surrounded by length of spike usually. 
Increasing gradually with IM dose and exposure time, the 
GIST-T1 cells were illustrated as shrinkage of cell volume, 
increase of intercellular space, intracellular black granules 
and vacuoles. Further the boundary of cells was not clear, 
as depicted in Fig. 6A.

As displayed in Fig. 6B, E, scratch test results showed that 
GIST-T1 and GIST-T1/IMR cells had similar scratch heal-
ing rate at 24 h (P > 0.05). When cells treated with IM, the 
migration rate of GIST-T1/IMR was significantly higher than 
GIST-T1 (P < 0.01), suggesting GIST-T1/IMR had a certain 
tolerance ability to IM comparison with GIST-T1 cells. In 
addition, the scratch healing rate in the pretreatment with 
DMS groups significantly decreased compared with only IM 
treatment (P < 0.01), which illustrated that DMS could affect 
the lateral migration of GISTs cells. Meanwhile, longitudi-
nal migration ability of cells was verified via the number of 
cells passing through uncoated Matrigel. In Fig. 6C, F, the 
longitudinal migration capacity of GIST-T1 and GIST-T1/
IMR cells was similar (P > 0.05). After exposure to 20 μM of 
IM for 48 h, the longitudinal migration capacity of both two 
cell lines decreased significantly (P < 0.01). Further, GIST-
T1/IMR cells also exhibited higher longitudinal migration 
capacity than GIST-T1 cells (P < 0.01). Moreover, DMS 
could further block the ability of longitudinal migration of 
both two cell lines.

The invasiveness of cells within 48 h was detected by 
transwell chamber assay. The numbers of GIST-T1/IMR 
cells was lower than GIST-T1 cells (P < 0.01). Similarly 
significant differences were observed after IM intervention 
groups on both the GIST-T1 and GIST-T1/IMR cell line, 
when compared to control group. After DMS pretreatment 
and then IM treatment, the number of transmembrane cells 
was further reduced dramatically (Fig. 6D, G).

The colony formation ability of single cells in each group 
was tested by plate colony formation experiment. GIST-T1 
and GIST-T1/IMR cells have similar colony formation ability. 
After IM intervention, the number of colony formation was 
significantly less than the control group (P < 0.01). Colony 

Fig. 4  Multivariate statistical analysis of metabolites. A, B 2D and 
3D of PCA score plots of model groups (A, B and C) compared to 
group D in the mode of  ESI+. The X axis represents the first principal 
component, the Y axis represents the second principal component and 
the Z axis represents the third principal component. The black mix 
represents the quality control (QC) sample during the detection pro-
cess. C–E. OPLS-DA score plots of model groups (A, B and C) com-
pared to group D, respectively, in the mode of  ESI+. F, G. 2D and 3D 
of PCA score plots of model groups (A, B and C) compared to group 
D in the mode of  ESI−. H, I. OPLS-DA score plots of model groups 
(A, B and C) compared to group D, respectively, in the mode of  ESI−

◂
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formation ability was further reduced after DMS pretreat-
ment, when compared with IM intervention’s group (P < 0.01) 
(Fig. 6H, I).

The mechanism of SPK1/S1P pathway 
in IM‑resistance

The inner function of SPK1/S1P axis on the GIST-T1 and 
GIST-T1/IMR cells were conducted in the cell cycle, cell 

Fig. 5  Identification of potential metabolites and pathways. A–C 
The heat maps of the 20 differential metabolites from control group 
compared to treated group. D–F KEGG enrichment pathway impact 
analysis obtained from differential metabolites in group D compari-

son with group A to C. The color and size of each circle is based on 
p values (green: higher p values and red: lower pvalues) and pathway 
impact values (the larger the circle the higher the impact score) calcu-
lated from the topological analysis, respectively
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Fig. 6  Establishment of the IM-resistant GIST-T1/IMR cell line. 
A Cell morphology under microscope between GIST-T1 and GIST-
T1/IMR cell line. B, E. Picture of lateral cell migration and scratch 
healing rate between GIST-T1 and GIST-T1IR cell line. C, F Picture 

of longitudinal migration and migration rate between GIST-T1 and 
GIST-T1/IMR cell line. D, G Picture of cell transwell invasion and 
number of transmembrane cells. H and I. Picture of colony formation 
and formation rate
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Fig. 7  The mechanism of SPK1/S1P pathway in IM-resistance cells. 
A, B The cell cycle of GIST-T1 and GIST-T1/IMR after the treat-
ment of IM and DMS with IM. C–E. The cell apoptosis rate of GIST-

T1 and GIST-T1/IMR after the treatment of IM and DMS with IM, 
respectively. F–I. S1P, SPK1 and ABCC1 protein expression via 
western blot assay
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apoptosis and protein expression studies.
As supplied by Fig. 7A, B, when exposed to IM (P < 0.01), 

a higher proportion of G0/G1 phase and a lower proportion 
of S and G2/M were appeared. The similar outcome was also 
arised on the GIST-T1/IMR cells. These findings suggested 
that IM could increase the proportion of G0/G1 phase to affect 
the growth activity of GIST-T1 and GIST-T1/IMR cell lines, 
respectively. After DMS interfered with SPK1/S1P signal-
ing pathway, the proportion of G0/G1 phase on GIST-T1 and 
GIST-T1/IMR cells were significantly lower than that in only 
treatment with IM (P < 0.01), while the proportion of S and 
G2/M phase were increased correspondingly (Fig. 7B).

Cell apoptosis results (Fig. 7C–E) explained that the apop-
tosis rate of GIST-T1/IMR cells was similar to that of the par-
ent cells (P > 0.05). And the apoptosis rate of GIST-T1 cells 
treated with IM alone was higher than that of the control group 
(P < 0.01). Further, the apoptosis rate of IM treatment group 
in GIST-T1 was higher than that of GIST-T1/IMR (P < 0.05), 
which verified that GIST-T1/IMR cells were less disturbed by 
IM. However, after DMS interference, the apoptosis rate were 
significantly higher than those of cells without DMS treatment, 
suggesting that DMS interference with SPK1/S1P signaling 
pathway could promote cell apoptosis, especially induce apop-
tosis of drug-resistant cell lines. Combined with the results of 
cell cycle and apoptosis, it suggested that DMS interference 
with SPK1/S1P could inhibit cell proliferation and promote 
apoptosis by blocking S and G2/M phases.

The specific protein expression was also investigated, as 
exhibited in Fig. 7F–I. ABCC1 is an important member of 
the ATP binding cassette (ABC) transporter family, which is 
central to mediate multidrug resistance (MDR) in naturally 
derived anticancer agents [64]. Herein, in this study, we also 
discussed the expression and function of ABCC1 on the IM-
resistance cell line. The protein levels of S1P and ABCC1 
proteins on the GIST-T1/IMR cells were up-regulated com-
pared with those in the GIST-T1 cells, which further veri-
fied the successful construction of IM-resistant cell line. The 
protein levels of S1P, ABCC1 and SPK1 decreased after 
DMS blockage for 5 h, suggesting that interference with 
SPK1/S1P signaling pathway has the potential to reverse the 
occurrence of IM resistance.

Discussion

IM treatment for patients with GISTs is a lengthy process, 
and IM resistance is an obstacle for the further development 
of GISTs treatment. It is widely known that IM is a success-
ful orally targeted drug that is metabolized by CYP450 [65]. 
Interpatient differences in pharmacokinetic (PK) variability 
have been estimated to be approximately 60%, as revealed 
by IM steady-state trough concentrations in patients with 
GISTs [66]. Based on our previous report [4], surgery, some 

serum index and OCT1 SNP distribution have potential roles 
in disturbing the steady-state plasma concentration of IM.

One of the purposes of this study was to determine the 
key factors affecting the clinical efficacy of IM via the evalu-
ation assay of TDM. After taken same dosage of IM, the 
patients with high and middle serum concentration of IM 
were considered as the sensitive IM treatment, while the 
patients with low serum concentration of IM (< 1100 ng/
mL) were conducted as insensitivity to IM treatment. As 
above mentioned, the IM resistance would not be totally 
mimicked via serum concentration in clinic. If the patients 
were identified as IM-resistance type, they would be rap-
idly given second or third generation TKIs drugs. Herein, 
we conducted the plasma concentration as the core index to 
estimate the efficacy, which was convenience and operability 
in clinic. We found that the type of gastric surgery operation 
and body surface area were associated with IM steady-state 
concentration, in accordance with some reports [41, 42]. 
The OCT1 SNP distribution was assessed because OCT1 
is considered to be the main influx transporter involved in 
IM uptake by chronic myelogenous leukaemia cells [67]. 
Lower OCT1 activity in diagnostic chronic myeloid leukae-
mia blood mononuclear cells is associated with a poorer 
molecular response to IM [28], and a molecular response 
to IM usually correlates with its plasma concentration [28]. 
Studies have also shown that drug resistance easily occurs 
when the effective blood drug concentration is low for a long 
time [68]. Because the actual role of OCT1 in GISTs is still 
unclear, we chose 5 SNPs of OCT1 for this study, and only 
1386C > A (rs622342) showed a significant difference with 
regard to IM plasma concentration. This finding could be 
considered as preliminary for further research.

Through a series of metabolomics analyses, sphin-
golipid metabolism was selected as the most potential 
pathway in the treatment of IM. SPK1/S1P axis, the most 
important of the sphingolipid metabolism signal pathway 
involved with cancer, which could influence the direction 
of tumor progression [69]. Herein, we constructed the 
IM-resistance GIST cell line, GIST-T1/IMR, to simulate 
the IM-insensitive condition and explore the mechanism 
for IM resistance. The resistance index of GIST-T1/IMR 
constructed by IM induction was nearly 5, which met the 
criteria of resistance. The healing, migration, invasion and 
colony ability of GIST-T1/IMR cells were also stronger 
than GIST-T1 cells after treatment of IM. These data 
proved the IM-resistance cells exhibited lower sensibility 
of IM. After blockage the SPK1/S1P signal pathway with 
DMS, the migration, invasion and colony formation abil-
ity of cells in the GIST-T1 and GIST-T1/IMR groups were 
decreased, and the apoptotic rate was increased, respec-
tively. With the help of DMS interference, the GIST-T1/
IMR cells arrested in the S and G2/M phases, the sensitiv-
ity to IM was increased. The expression levels of S1P and 
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ABCC1 proteins in GIST-T1/IMR cells were significant 
higher than those in GIST-T1 cells, meanwhile the expres-
sion levels of S1P, SPK1 and ABCC1 protein in resistant 
cell lines were significantly down-regulated after DMS 
interference. Altogether, SPK1/S1P may participate the 
resistant process of GISTs to IM, indicated that inhibiting 
these signals may be benefit for IM long-term treatment.

Conclusion

IM-resistance is one of the challenges facing the treatment 
of advanced, unresectable/metastatic GISTs. In this study, 
the SNP of OCT1 1386C > A (rs 622342) is significantly 
related to the IM plasma concentration, but more samples 
are needed to confirm this result. The SPK1/S1P signaling 
pathway was first found out in the IM-treated GISTs from 
serum metabolites. Further, the role of SPK1/S1P axis was 
confirmed could confer the IM-sensitivity at the cellular 
level. Silencing SPK1/S1P signaling pathway could be a 
new promising approach to reverse IM-resistance.
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