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Background: Imatinib mesylate (IM) is a first-line treatment option for the majority of patients diagnosed
with gastrointestinal stromal tumors (GISTs). Although the clinical benefit is high, interindividual response
is variable. This study thus aimed to assess how genetic polymorphisms can affect the blood levels of IM and
treatment outcomes in patients with GIST.

Methods: A total of 31 single-nucleotide polymorphisms (SNPs) in selected cytochrome P450 (P450),
ATP-binding cassette transporter (4BC), solute carrier family (SLC), interleukin-4 receptor (IL4R), and
vascular endothelial growth factor (VEGF) genes were genotyped using an SNP mass array platform. A total
of 192 consecutive patients with GIST who received 400 mg of IM daily were enrolled into the study, with
1,485 blood samples being analyzed. According to genotypes, IM trough concentrations were tested and
compared. Progression-free survival (PFS) and overall survival (OS) were also assessed.

Results: With a mean follow-up of 75.99 months, trough concentrations of imatinib were examined at
average time points of 7.73 for each patient. Polymorphism in ABCBI rs1045642 was found to be associated
with steady-state IM trough plasma levels (P=0.008). Patients with the C genotype (CT + CC) of rs1045642
exhibited higher IM trough concentrations (1,271.09+306.69 ng/mL) compared to those with the TT
genotype (1,106.60£206.05 ng/mL). No statistically significant differences in IM plasma concentration
were observed for the other SNPs tested. None of the tested SNPs displayed a significant association with
patients’ survival in this study.

Conclusions: This is the largest cohort study evaluating the associations of SNP and imatinib blood trough
levels. The ABCBI rs1045642 genetic polymorphism may exert an effect on the pharmacokinetics of imatinib.
The presence of the C allele in ABCBI rs1045642 is predictive of a higher plasma concentration of IM.
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Introduction

Gastrointestinal stromal tumors (GISTs) originate from the
interstitial cells of Cajal and represent the most common
mesenchymal malignancy of the gastrointestinal tract (1).
Somatic mutations in the KIT or platelet-derived growth
factor receptor alpha (PDGFRA) genes resulting in
activation of the oncogenic tyrosine kinases play a crucial
role in GIST tumorigenesis (2,3). Imatinib mesylate (IM),
a multitargeted tyrosine kinase inhibitor (TKI), binds to
the adenosine triphosphate (ATP)-binding pocket of the
KIT/PDGFRA kinase domain, competitively inhibiting
substrate phosphorylation and suppressing cellular
proliferation (4). Since the advent of imatinib in 2002,
the outcome of patients with GIST has been radically
improved (5). IM has become the first-line therapy for
patients with unresectable advanced GISTs, representing a
milestone in targeted therapy for solid tumors. Therefore,
adjuvant therapy with imatinib given at dose of 400 mg/day
represent the standard treatment for patients with high risk

of relapse after resection of the primary tumor.

Highlight box

Key findings

* We conducted a comprehensive analysis of 1,485 blood samples
from 192 patients with gastrointestinal stromal tumors (GISTs).
Thirty-one single-nucleotide polymorphisms (SNPs) potentially
associated with the pharmacogenetics of imatinib were genotyped
with a SNP mass array platform. Polymorphism in ABCBI
rs1045642 was found to be significantly associated with steady-
state imatinib trough plasma levels. The imatinib concentration of
rs1045642 C carriers (CT + CC) was significantly higher than that
in patients with the T'T' genotype, suggesting that a reduced dose
of imatinib may be considered for allele C carriers of rs1045642 to
reach an optimal response with tolerable side effects.

What is known and what is new?

* Imatinib mesylate has dramatically changed the treatment
of GISTs, and several polymorphisms influencing the
pharmacokinetic of imatinib have been identified.

® The ABCBI rs1045642 genetic polymorphism may exert an effect
on the pharmacokinetics of imatinib. The presence of the C-allele
in ABCBI rs1045642 is predictive for higher trough plasma
concentrations of imatinib in patients with GIST.

What is the implication, and what should change now?
* For GIST patients with ABCBI rs1045642 allele C, a decreased
dose of imatinib might be considered to achieve high treatment

response and low side effects.
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However, clinical response varies significantly across
individuals. Previous studies have shown that imatinib
trough plasma concentrations (C,;,) can predict clinical
prognosis in patients with GISTs. Patients with IM C,;,
below 1,100 ng/mL experience a shorter time to progression
and a lower rate of clinical benefit (6,7). In addition, despite
it being a selective TKI, imatinib at a high concentration
is associated with a broad range of toxicities, ranging from
mild and amendable symptoms to rare but fatal hepatic
failure (8,9). Thus, interindividual pharmacokinetic
variations are important factors to be considered in the
personalized treatment of GISTs.

Single-nucleotide polymorphisms (SNPs) are the most
prevalent type of genetic polymorphisms and are known
to potentially alter protein function (10). SNPs in genes
involved in the pharmacokinetic pathways of imatinib
may affect its efficacy and toxicity (11). This study aimed
to investigate the relationship of genetic polymorphism,
plasma imatinib levels, and clinical outcomes in GIST. A
total of 1,485 blood samples from 192 consecutive patients
with GIST were collected. A comprehensive panel of
genetic polymorphisms related to the pharmacogenetics of
IM was selected. SNP in the metabolizing genes (CYP3A44,
CYP345, CYP2B6, POR, and NRI112) and the transporter
family genes (SLC22, SLC19, SLCO, and ABC) were
genotyped with an SNP mass array platform. Angiogenesis-
related genes (VEGFEA, VEGFR2/KDR), cytokine receptor
gene (IL4R), and epidermal growth factor receptor
gene (EGFR) were also analyzed (12-14). We present
this article in accordance with the REMARK reporting
checklist (available at https://jgo.amegroups.com/article/
view/10.21037/jgo-24-188/rc).

Methods
Study population

In this study, 192 Chinese patients with resected or
advanced GIST receiving IM as adjuvant or first line
therapy (Gleevec, Novartis Pharmaceuticals) at 400 mg
daily were retrospectively enrolled between March 2009
and November 2020. All patients had histologically proven
GISTs. Mutations of KIT and PDGFRA in the tumors were
tested. The exclusion criteria were patients with severe
comorbidities and those receiving drugs which could
induce or inhibit CYP3A4 or P-glycoprotein. Patients with
restricted oral administration were also excluded from the
study. IM was regularly taken for at least 1 month to reach a
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Table 1 Baseline characteristics of the study population (n=192)

Characteristic Value

Gender, female/male 97 (50.52)/95 (49.48)

Age (years) 57.45+11.55 [23-83]

Weight (kg) 60.07+10.19 [40-90]
Height (cm) 161.5+7.44 [145-176]
BSA (m?) 1.60+0.17 [0.89-2.05]

Tumor site, stomach/other 84 (43.75)/108 (56.25)

Maximum tumor diameter (cm) 7.66+4.29 [1.3-25]

Mitotic index
<5 91 (47.40)
5-9 37 (19.27)
>10 25 (13.02)
Missing 39 (20.31)
Primary mutation
KIT exon 11 128 (66.67)
KIT exon 9 20 (10.42)
PDGFRA 2 (1.04)
KIT/PDGFRA wild type 20 (10.42)
Unknown 22 (11.46)
Gastrectomy
Total/partial 73 (38.02)
None 119 (61.98)
Indication for IM
Adjuvant 145 (75.52)
Palliative 47 (24.48)

Data are presented as n (%) or mean + standard deviation
[range]. BSA, body surface area; IM, imatinib mesylate.

steady state. A written informed consent was obtained from
all patients before participation in the study. This study was
performed in line with the principles of the Declaration
of Helsinki (as revised in 2013) and approved by the
Medical Ethics Committee of the First Affiliated Hospital
of Chongqing Medical University (ethical approval code:
2019-162).

IM trough plasma concentration determination

Peripheral blood was collected before the morning dose of
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IM, often 22-26 hours after the previous dose. The imatinib
trough plasma concentrations (C,;,) were determined
using a high-performance liquid chromatography (HPLC)
method with UV-diode array detection (DAD), as described
previously (15). The lower limit of quantification was
50 ng/mL. For each sample, at least three independent
experiments were performed.

DNA extraction

Genomic DNA was extracted from whole blood using
a DNA isolation kit (Qiagen, Hilden, Germany). A
NanoDrop Lite Spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA) was used to measure the
concentration and purity of extracted DNA samples.

Genotyping

SNP genotyping was detected using a MassARRAY
platform (Agena Bioscience, San Diego, CA, USA) (16).
The forward, reverse, and single base extension primers are
listed in Table S1. Targeted regions were amplified using
multiplex polymerase chain reaction (PCR) as previously
described (16). In each reaction, both positive and negative
controls were included as quality control.

Statistical analysis

Statistical analyses were performed using SPSS version 21.0
(IBM, Armonk, NY, USA). A P value of 0.05 or less was
considered statistically significant. GraphPad Prism (GraphPad
Software, San Diego, CA, USA) was used to plot graphs.
Mann-Whitney tests were used to analyze statistical differences
of trough plasma concentrations between SNP genotypes, and
the Kaplan-Meier method was used to compare progression-

free survival (PFS) and overall survival (OS).

Results
Patients characteristics

The 192 patients who received IM at 400 mg daily were
analyzed, and their demographic data and baseline clinical
characteristics are summarized in 7able 1. The mean age
was 57.45 years (range, 23-83 years), and the number of
males was 95 (49.48%). The average body weight was
60.07 kg (range, 40-90 kg), and the average body surface
area (BSA) was 1.60 m’ (range, 0.85-2.05 m’). Mutational
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Table 2 Association of ABC polymorphisms with the steady-state IM
plasma trough concentrations in 192 Chinese patient with GIST

IM trough plasma

SNP_ID Gene Genotype n concentration (ng/mL)
Mean + SD P value
rs1045642 ABCB1 CcC 80  1,258.07+307.25  0.84
CT+TT 112  1,249.55+298.40
rs1045642  ABCB1 T 21 1,106.60+206.05 0.008**
CT+CC 171 1,271.09+306.69
rs2235040 ABCB1 GG 177 1,261.66+309.71  0.62
AG 15 1,237.41+£216.43
rs1128503 ABCB1 T 70  1,256.11+321.83  0.64
CT+CC 122 1,253.86+290.32
rs1128503 ABCB1 CcC 24  1,315.85+£301.08 0.28

CT+TT 168 1,247.02+301.22

rs12505410 ABCG2 GG 18 1,250.94+330.37 0.68
GT+TT 174 1,253.33+299.42

rs12505410 ABCG2 TT 78  1,292.29+332.06  0.23

GT+GG 114 1,226.29+276.72
rs2231142  ABCG2 CC 104 1,260.36+290.86  0.91

AC+AA 88  1,259.09+318.83
rs2231142  ABCG2 AA 21 1,351.50+398.42  0.31

AC+CC 171 1,248.58+288.87

rs2725250 ABCG2 AA 98  1,293.19+326.92  0.11
AG+GG 94 1,225.31+273.92

rs2725250 ABCG2 GG 12 1,220.95+316.74  0.56

AG +AA 180 1,262.35+302.94
rs2725252 ABCG2 AA 40 1,294.78+315.85  0.21
AC +CC 152 1,247.21x297.11
rs2725252  ABCG2 CC 60  1,257.39+329.60 0.67
AC + AA 132 1,256.71+288.82
rs9561765 ABCC4 GG 101 1,251.49+293.31 0.69
AG +AA 91 1,269.07+315.14
rs9561765 ABCC4 AA 13 1,247.32+270.78  0.87

AG+GG 179 1,260.61+305.81

**, P<0.01. IM, imatinib mesylate; GIST, gastrointestinal stromal

tumor; SD, standard deviation.

analysis was performed among the 170 patients. Mutations
of the KIT or PDGFRA genes were detected in 150 (78.12%)
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patients, while in 20 patients (10.42%), no KIT or PDGFRA
mutation was found. KIT mutations were detected in
148 patients (77.08%), mostly commonly in exon 11
(66.67%), followed by exon 9 (10.42%). Two patients
(1.04%) had the PDGFRA mutation, both in exon 18.
Moreover, 145 patients (75.52%) received IM as adjuvant
treatment after surgery, and the remaining 47 patients
(24.48%) received IM as palliative therapy for locally
advanced and metastatic GISTs.

IM steady-state trough plasma concentrations

A total of 1,485 blood samples were obtained from the
192 patients. The average follow-up time was 75.99 months,
and the majority (97.40%) of patients underwent
consecutive IM concentration tests at different time points,
with a mean detection number of 7.73. The mean steady-
state IM trough plasma concentration was 1,254.50 ng/mL,
ranging from 548.81 to 2,162.30 ng/mL.

Effect of genetic polymorphisms on IM plasma levels

The comparisons of IM plasma trough levels across all
genotypes are displayed in Table 2, Tables S2-54, and Figure 1.
For ATP-binding cassette subfamily B member 1 (4BCBI),
the IM trough concentration (1,271.09+306.69 ng/mL) of
rs1045642 C carriers (CT + CC) was significantly higher than
of patients with the TT genotype (1,106.60+206.05 ng/mL)
(P=0.008) (Figure 1, Table 2). In the other 30 selected SNPs,
no significant differences were observed in IM plasma levels
(Tables S2-S4). However, CYP3A44 rs2242480 CC genotype
carriers tended to have higher imatinib trough concentrations
(1,302.28+301.15 ng/mL) than did T carriers (CT + T'T;
1,224.16+301.60 ng/mL) (P=0.07) (Table S2).

Treatment outcomes

The mean PFS for the study population was 124.26 months
[95% confidence interval (CI): 113.40-135.13] and the
mean overall survival (OS) was 232.78 months (95% CI:
208.02-257.54). At the time of analysis, 43 patients (22.40%)
progressed and 18 patients (9.38%) died. None of SNPs
tested in this study showed a significant association with
PFES or OS (Figure 2A4,2B). Patients were further stratified
into adjuvant or palliative groups according to whether the
treatment administered involved resection of the primary
tumor. Patients in palliative group received surgery because
of emergency situations, like tumor rupture. There were no
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Figure 1 Comparison of imatinib trough plasma concentrations among the ABCBI rs1045642 genotypes (A, TT vs. CT + CC; B, CC ws.

CT + TT) in 192 Chinese patients with gastrointestinal stromal tumor. **, P<0.01. IM, imatinib mesylate.

GISTs with tumor rupture during surgery. No association
between GIST genotypes and clinical outcomes was
observed in the adjuvant group (Figure 2C,2D) or palliative
group (Figure 2E,2F).

Discussion

In the last 20 years, IM, which is the first small-molecule
targeted drug with a known mechanism of efficacy, has
dramatically improved the treatment of GISTs. However,
a few problems still exist that restrict the clinical use of IM.
One major challenge is the considerable interindividual
variability in pharmacokinetics. The pharmacokinetic profile
of IM depends on the proteins responsible for both the
metabolism and transport of the compound. It was previously
shown that the SNP of these variants may affect drug
pharmacokinetics and antitumor therapy outcomes (17).

In recent years, numerous advancements have been made
in this line of research, and several genetic polymorphisms
affecting pharmacokinetics of imatinib have been identified.
However, the current data are irreconcilable and not yet
sufficiently conclusive to be translated into clinical use,
which may be explained by several factors. One of these
is that pharmacogenetic research is usually conducted on
small-scale population cohorts with a limited number of
time points during therapy, which may result in a lack of
adequate statistical power and occasionally conflicting
results. Therefore, we performed a comprehensive analysis
with 1,485 blood samples from 192 patients with GIST.
To the best of our knowledge, this is largest number
of blood samples examined for a study of this kind.
Another important and often overlooked aspect is the
differences in detection methods used in SNP genotyping.
Pyrosequencing has been widely used in previous research.
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However, a multicenter study demonstrated that compared
with traditional pyrosequencing, MassARRAY, a SNP mass
array platform and a robust tool involving multiplex PCR,
has a higher accuracy for the detection of mutations (18).
In our study, MassARRAY was used to ensure our findings
were reliable and reproducible (19).

In this study, SNPs in the pharmacokinetic genes
encoding for ABCB1, ABCG2, ABCC4, SLC22A1,
SLC22A4, SLC22A5, SLCOI1B3, SLC19A1, CYP3A4,
CYP3AS, and CYP2B6 were analyzed. Several SNPs in
relevant genes including VEGFA, VEGFR2/KDR, IL4R,
and EGFR were also examined. ABCBI is also known as
multidrug resistance gene 1 (MDRI) and encodes for one of
the main cellular membrane drug transporters (20). As an
efflux pump, ABCBI, excretes a variety of endogenous and
exogenous compounds including imatinib, thus affecting
their blood concentrations (21). In this study, a significant
difference was observed in steady-state IM trough plasma
concentrations of patients with the ABCBI (rs1045642)
genotype. IM trough plasma levels in allele C carriers
(CT + CC) were significantly higher than those in TT
carriers (P=0.008), suggesting that the allele C of rs1045642
might be a significant factor for predicting the side effects
commonly caused by high drug concentrations in the blood.
Further research evaluating the functional significance of
this polymorphism is warranted.

Notably, SNPs in the tested pharmacokinetic genes
were not associated with a difference in PFS or OS,
despite previous, sometimes conflicting, reports indicating
otherwise (22-24). It is possible that most patients had
IM trough concentrations higher than the threshold
level required for clinical activity, negating any effects
that these SNPs might have had on the actual serum
concentrations above this level. Demetri et al. reported
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Figure 2 The Kaplan-Meier survival related to the ABCBI rs1045642 genotypes (T'T vs. CT + CC) in 192 Chinese patients with GIST.
(A,B) Progression-free survival and overall survival in all the patients receiving IM. (C,D) Progression-free survival and overall survival in
145 patients receiving IM as adjuvant treatment after surgery. (E,F) Progression-free survival and overall survival in 47 patients (24.48%)
receiving IM as palliative therapy for locally advanced and metastatic GIST. IM, imatinib mesylate; GIST, gastrointestinal stromal tumor.

that when the imatinib plasma trough levels were below concentration was more than 1,100 ng/mL in most (67.19%)
1,100 ng/mL in patients with GIST, the PFS would show a

significant decline (25). In our study, the IM plasma trough

of the patients. IM were generally well tolerated and no

severe adverse drug reactions were observed.
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Conclusions

This pharmacogenetic study found the SNP in ABCBI
rs1045642 to be associated with increased trough plasma
concentrations of IM in patients with GIST. A decreased
dose of IM may be considered for allele C carriers of
rs1045642 to achieve optimal response with tolerable side
effects.
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