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Abstract
Imatinib represents the standard therapy for gastrointestinal stromal tumor (GIST) patients with metastatic/unresectable
disease. Despite the excellent results achieved with its introduction, the majority of patients quite invariably experience
disease progression. The aim of this study was to understand the contribution of germline DNA polymorphisms
in discriminating between imatinib clinical response [evaluated as progression free survival (PFS)] and toxicity. In particular,
a discovery cohort (34 GIST with a KIT exon 11 primary mutation, and no toxicity) was analyzed through DMET array that
interrogates 1936 variants in 231 genes of the ADME process. We further confirmed the genotype of selected variants in an
extended cohort of 49 patients (the original cohort and 15 new cases, all with exon 11 primary mutation), identifying 6
SNPs— ABCB4 rs1202283, ABCC2 rs2273697, ABCG1 rs1541290, CYP11B1 rs7003319, CYP7B1 rs6987861, and
NQO1 rs10517—significantly associated with response to imatinib. Three SNPs, ABCB4 rs1202283, ABCC2 rs2273697,
and NQO1 rs10517, which had a significant association after adjusted multivariate analysis, were included in a genetic
prediction model. We confirmed that these SNPs could stratify the cohort of 49 patients according to the risk of developing
progression under imatinib treatment. In conclusion, we identified a genetic signature of response to imatinib therapy in
GIST patients able to stratify patients at low and high risk to progress, according to their genotype.

Introduction

Gastrointestinal stromal tumors (GIST) are rare mesenchy-
mal diseases, with an estimated incidence of around 1–1.5/
100,000 per year. Around 85–90% of GIST harbors a dri-
ver, gain-of-function mutation on KIT/PDGFRA genes
[1–4]. The identification of these mutations paved the
way to the successful treatment of GIST with tyrosine
kinase inhibitors (TKI)—imatinib (first-line, 2000), suniti-
nib (second-line, 2006), and regorafenib (third-line, 2013)
[5, 6]. To date, imatinib represents the sole approved drug
for the first-line treatment of patients with metastatic or
unresectable GIST. Imatinib achieves objective response or
prolonged stable disease in about 75–90% of the patients
[5]. However, patients who have a good response to ima-
tinib quite invariably develop disease progression.

Even though in vitro data have shown an equal sensi-
tivity to imatinib, irrespectively to mutational status, the
clinical practice has highlighted a different scenario [7, 8].
The sensitivity to imatinib is strongly correlated with the
KIT/PDGFRA tumor genotype and, in this regard, the
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example that best fits is that GIST patients with a KIT exon
11 primary mutation have a higher response rate to imatinib
compared with any other GIST patient [7–16]. Despite the
fact that patients with KIT exon 11 mutations appear to
receive the greatest benefit from imatinib therapy, never-
theless, a wide inter-individual variability among these
patients has been observed [7, 9–11]. In this context, dif-
ferences in the absorption, distribution metabolism, and
excretion (ADME) processes may be responsible for the
observed variability. Indeed, it is well known that a drug,
starting from its intake, undergoes a specific pharmacoki-
netic itinerary, determining the final intratumoral drug dis-
position, responsible for the final clinical response [17–19].
In this context, imatinib disposition might be influenced by
single-nucleotide polymorphisms (SNPs) in critical genes
coding for enzymes involved in the ADME processes.
Besides this foreword, only a few SNPs, identified through
a candidate gene approach, have been proposed as involved
in imatinib response [12, 20–24], and no studies have
investigated the relationship with imatinib-related toxicity.
A multi-gene approach through the drug-metabolizing
enzyme and transporter (DMET) genetic platform (Affy-
metrix) might represent a more complete approach to
evaluate genetic variants involved in imatinib response.
Indeed, this platform, successfully used in different cancer
populations and other diseases [25–35], permits to investi-
gate simultaneously 1936 genetic variants in 231 genes
taking part in drug metabolism and transport [36]. In this
context, we used the DMET genetic platform in GIST

patients under imatinib treatment with the aim to identify a
genetic signature predictive of clinical response and drug-
related toxicity.

Materials and methods

Patients

A total of 49 GIST patients, with metastatic or unresectable
disease, collected between 2004 and 2014, were included in
the study; all patients were of Caucasian ethnicity and
treated with imatinib 400 mg daily. In particular, 38
patients, all with a KIT exon 11 primary mutation, were
used as discovery set. Thirty-four patients were included in
the treatment outcome analysis, while four patients were
excluded due to severe imatinib-related toxicity. Subse-
quently, 15 GIST, all with a KIT exon 11 primary mutation,
were added to extend the discovery cohort to verify the
consistency of the data, and/or exclude chance findings
(Fig. 1). The study was approved by the local Ethical
Committee of the Sant’Orsola-Malpighi Hospital, Bologna;
genomic analysis was performed after written informed
consent for study participation and anonymous data pub-
lication in accordance with national legislation and the
Helsinki Declaration.

All clinical information was collected from the patients’
medical records. Tumors and patients’ characteristics are
summarized in Table 1. Progression free survival (PFS) was

Fig. 1 Flowchart describing
genetic markers selection
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calculated as the time elapsed between imatinib initiation
and disease progression, interpreted as the escalation dose
from 400 to 600 or 800 mg daily or switch to the second-
line sunitinib. None of the clinical variables reported in
Table 1 correlated with the PFS (Supplementary Table S1).
All patients were followed up until death; none of them
dropped out during surveillance.

We further evaluated the influence of genotype on toxi-
city in 38 patients of the discovery set, among which four
had to stop imatinib due to serious adverse events (AE). In
particular, the four patients experienced severe skin rash,
severe diarrhea, mucositis, anasarca, pleural and pericardial
effusion, and peripheral edema.

Genotype analysis

Germline DNA was isolated from whole blood using
QIAamp DNA Blood Mini Kit (QIAGEN, Hilden, Ger-
many) and quantified according to the manufacturer’s
instructions. The Affymetrix DMET Plus Premier Pack
(Affymetrix, CA, USA) was used to genotype DNA from 38
patients (discovery set), as described by Dumaual et al. [37].

Genotypes of all SNPs on the DMET array were
reported either as “call” or as “no call” markers and
call rates less than 95% were excluded from further analy-
sis. Selected SNPs significantly associated with PFS were
confirmed by real-time PCR using Taqman® Assay
(Applied Biosystems - Thermo Fisher Scientific Inc. brand,
Waltham, MA, USA) in 49 GIST patients, 34 from the
discovery set, and 15 new cases which did not experience
AE.

Statistical analysis

As shown in the flowchart in Fig. 1, from the initial 1936
variants, SNPs located on chromosome X were excluded;
we then excluded variants with an identical genotype in all
patients and/or with a minor allelic frequency (MAF) <
10%. Through Library R “Hardy–Weinberg” and exact test,
we tested the Hardy–Weinberg equilibrium (HWE) to fur-
ther eliminate SNPs deviating from the equilibrium
(P-value ≤ 0.05). Variants were correlated with imatinib
response and imatinib-related toxicity. Genotyping data are
available at http://www.ncbi.nlm.nih.gov/geo (accession
number GSE119558).

Results were analyzed using both the recessive (AA+
Aa vs. aa) and dominant (AA vs. Aa+ aa) models. Prin-
cipal components analysis (PCA) was performed to corro-
borate genetic uniformity of the studied population.
Univariate and multivariate analyses (adjusted for the main
demographic—age and gender—and clinical parameters—
tumor site and size, status at onset, and mitotic index) were
performed using Cox proportional hazards models, with
estimation of the hazard ratio (HR) and the corresponding
two-sided 95% confidence interval (95% CI). Finally,
multivariate models were chosen using a stepwise selection
approach of the most significant SNPs in a univariate ana-
lysis. A predictive genetic model was generated, consider-
ing all the possible combinations of protective and risk
alleles. The prognostic value and the discrimination ability
(i.e., the ability to separate patients with different prog-
noses) of the model were evaluated with Harrell’s Con-
cordance (C)-index. The C-index measures how well the
model discriminates between different responses. The C-
index (0 ≤C ≤ 1) is a probability of concordance between
predicted and observed survival, with C > 0.5 representing
good prediction ability. Survival curves of the predictive
genetic model were estimated and plotted with the Kaplan–
Meier method. The curves were compared using the Cox
model and the curve with higher number of patients was
used as reference. With regard to imatinib-related toxicity,
the analysis was performed in a total of 38 cases. The
genotype frequencies were analyzed through DMET-
Analyzer Tool, comparing patients with and without toxi-
city manifestation [38], by two-tailed Fisher’s exact test

Table 1 Patients’ and disease characteristics of the two cohorts

Discovery Extended

(DMET array) (discovery+ 15 new cases)

Cases, n 34 49

Gender, n (%)

Female 12 (35.3) 19 (38.8)

Male 22 (64.7) 30 (61.2)

Age at diagnosis, years

Median (range) 58.5 (38–82) 57.7 (36–82)

Tumor site, n (%)

Stomach 17 (50) 24 (49.0)

Small intestine 14 (41.2) 21 (42.9)

Extra GIST 1 (2.9) 1 (2.0)

Missing 2 (5.9) 3 (6.1)

Tumor size, n (%)

≤5 cm 7 (20.6) 7 (14.3)

6–10 cm 8 (23.5) 13 (26.5)

≥10 cm 16 (47.1) 24 (49.0)

Missing 3 (8.8) 5 (10.2)

Status at onset, n (%)

Localized 17 (50) 26 (53.1)

Metastatic 17 (50) 23 (46.9)

Mitotic indexa, n (%)

≤5 8 (23.5) 11 (22.4)

6–10 2 (5.9) 4 (8.2)

≥10 cm 18 (52.9) 22 (44.9)

Missing 6 (17.7) 12 (24.5)

a50 × high-power filed
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with FDR adjustment. In addition, haplotype blocks
between SNPs were inferred using the Haploview software
package and PHASE software, and their association with
PFS was evaluated using a Cox regression model. Given the
limited sample size of the study, probability values and
additional parameter estimates were not adjusted for mul-
tiplicity. Therefore, results should be interpreted as
exploratory. A power analysis for the design of future stu-
dies was also discussed. Results of potential interest were
those SNPs with P-value ≤ 0.05.

Results

From the initial 1936 variants, 1138 SNPs were excluded
due to homozygosity for the wild-type allele, 249 SNPs
showed MAF < 10%, 46 SNPs were located on chromosome
X, and 21 were not in HWE. The variants which fulfilled the
criteria were 482; from them 64 haploblocks containing 199
haplotypes were generated. With regard to PCA analysis,
according to the number of SNPs analyzed we did not
observe genetic structure differences (data not shown).

Clinical outcome according to the analyzed
polymorphisms

Single-locus analysis

The 482 SNPs were tested for association with PFS in 34
GIST patients. The analysis highlighted that 26 SNPs, in 19
different genes, showed a significant association with PFS
(Table 2). Among the 26 significant SNPs, 12 SNPs in the
recessive model and 14 in the dominant one were found
significantly associated with the PFS. In both models, SNPs
were mainly located in metabolizing genes. Given the
exploratory nature of the study and to limit false-positive
results, we extended the discovery set adding 15 new cases.
We selected 12 SNPs, among the 15 with a P-value ≤ 0.030,
for confirmation by Taqman assays. With regard to the 15
SNPs, 3 in CYP11B1 gene were in complete linkage—
rs7003319, rs1134095, and rs4736312, as a result, only
rs7003319 was selected for confirmation; CYP4Z1
rs4926802, was excluded from further analysis due to
uncertainty associated with the low call rate. Amongst the
12 remaining SNPs, only 6 maintained statistical sig-
nificance: 3 in the recessive model (ABCB4 rs1202283,
ABCC2 rs2273697, and ABCG1 rs1541290) and 3 in the
dominant model (CYP11B1 rs7003319, CYP7B1
rs6987861, and NQO1 rs10517), while 1 SNP (CYP11B1
rs5303, dominant model) reached only a borderline sig-
nificance; the details of the results are reported in Table 3.
Considering the discovery set only, we observed 100%
concordance between genotyping by DMET array and

Taqman Assays, excluding any methodological issue,
associated with the different chemistry used for genotyping.

Survival curves of the significant genetic models were
analyzed, results are shown in Fig. 2. With regard to ABCB4
(rs1202283; Fig. 2a), ABCC2 (rs2273697; Fig. 2b), and
ABCG1 (rs1541290; Fig. 2c), the presence of at least one
major allele was significantly associated with a prolonged
PFS (P= 0.0003, P= 0.031, and P= 0.016, respectively).
Similarly, the presence of at least one minor allele in
CYP7B1 (rs6987861; Fig. 2d), CYP11B1 (rs7003319;
Fig. 2e), and NQO1 (rs10517; Fig. 2f) was significantly
associated with a prolonged PFS (P= 0.045, P= 0.047,
and P= 0.011, respectively). In the multivariate stepwise
Cox regression analysis, three SNPs, ABCB4 (rs1202283),
ABCC2 (rs2273697), and NQO1 (10517), maintained the
statistical significance (rs1202283: HR= 0.25, 95%
CI 0.12–0.56, P= 0.0001; rs2273697: HR= 2.16, 95% CI
1.09–4.27, P= 0.027; and rs10517: HR= 2.56, 95% CI
1.14–5.26, P= 0.022).

Haplotype analysis

We evaluated the association of 64 haplotype blocks with
imatinib clinical outcome. Cox analysis revealed that three
haplotypes were significantly associated with PFS: block 3
on chromosome 8 (Fig. 3a), formed by four polymorphisms
of the CYP11B1 gene, and block 4 on chromosome 19
(Fig. 3b), formed by three polymorphisms of the CYP4F11
gene. In particular, carriers of the CYP11B1–TCAT haplo-
type (rs4736312, rs1134095, rs7003319, and rs5303) had a
lower risk to progress compared with the most frequent
GTGC haplotype (HR= 0.43, 95% CI 0.22–0.85, P=
0.015; Fig. 4a). On the contrary, the CYP4F11–GCT hap-
lotype (rs1060463, rs8104361, and rs3765070) was asso-
ciated with a higher risk of progression, with respect to
ACC haplotype (HR= 2.3, 95% CI 1.05–5.07; P= 0.037;
Fig. 4b).

Assessment of a predictive genetic model

The three SNPs (ABCB4 rs1202283, ABCC2 rs2273697,
and NQO1 rs10517), which maintained a significant asso-
ciation after multivariate analysis, constitute the response
predictive model. To generate the model, we grouped the
patients according to the number of protective and/or risk
alleles and the product of their HR. In particular, group 1
included patients with protective genotype for ABCB4
rs1202283 (TT or Tc) and zero or one risk genotype for
ABCC2 rs2273697 (AA or Ag) and NQO1 rs10517 (CC);
group 2 included patients with ABCB4 protective genotype
and both risk genotypes for ABCC2 rs2273697 and NQO1
rs10517, whereas group 3 consisted of GIST carriers of the
ABCB4 risk genotype (cc) and only one risk genotype for
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ABCC2 rs2273697 and NQO1 rs10517. Finally, group 4
contained patients carrying the three risk genotypes. We
applied the generated genetic model to the extended cohort
of 49 GIST patients with KIT exon 11 primary mutation,
representing a homogeneous group of patients. The result-
ing model, with a Harrell’s C= 0.714, is represented in

Fig. 5. We calculated the risk of each group to experience
progression; all the groups had a significantly higher risk to
progress compared with group 1 (group 2: HR= 2.36, 95%
CI 1.05–5.30, P= 0.037; group 3: HR= 3.19, 95% CI
1.15–9.17, P= 0.031; and group 4: HR= 25.78, 95% CI
6.86–96.77, P < 0.0001).

Table 2 Significant associations between PFS and genotype in the discovery set of GIST patients

Gene*, RefSNP Nucleotide change Location Model Frequency n (%) PFS Median in days HR (95% CI) P-value

ABCC2, rs2273697 c.1249A > G Val417Ile AA+Ag
gg

18 (52.9)
16 (47.1)

1368
761

Ref
3.27 (1.40–7.67)

0.004

ABCB4, rs1202283 c.504T > C Asn168Asn TT+ Tc
cc

30 (88.2)
4 (11.8)

1164
484

Ref
4.35 (1.40–13.5)

0.006

CBR3, rs8133052 c.11A > G Cys4Tyr AA
Ag+ gg

6 (17.6)
28 (82.4)

730
1216

Ref
0.26 (0.09–0.74)

0.006

CYP4Z1, rs4926802 c.1170T > C Ile390Ile CC
Ct+ tt

10 (41.7)
14 (58.3)

2647
761

Ref
4.94 (1.35–18.1)

0.008

SLCO3A1, rs960440 c.1753+ 4399G > C Intron GG+Gc
cc

8 (23.5)
26 (76.5)

516
1164

Ref
0.32 (0.13–0.80)

0.011

CYP7B1, rs6987861 c.122+ 1556T > C Intron TT
Tc+ cc

13 (38.2)
21 (61.8)

606
1368

Ref
0.33 (0.15–0.78)

0.012

NQO1, rs10517 c.*1119C > T 3′UTR CC
Ct+ tt

24 (70.6)
10 (29.4)

958
2647

Ref
0.33 (0.12–0.91)

0.015

GSTA5, rs4715354 c.-31+ 2057C > T Intron CC
Ct+ tt

10 (29.4)
24 (70.6)

739
1368

Ref
0.36 (0.14–0.89)

0.017

CYP11B1, rs5303 c.*694C > T 3′UTR CC
Ct+ tt

16 (47.1)
18 (52.9)

958
1649

Ref
0.35 (0.14–0.88)

0.020

CBR3, rs2835286 c.398-12A > G Intron AA+Ag
gg

10 (29.4)
24 (70.6)

2647
958

Ref
3.24 (1.10–9.60)

0.023

CYP11B1, rs7003319 a c.*1042G > A 3′UTR GG
Ga+ aa

15 (44.1)
19 (55.9)

958
1649

Ref
0.37 (0.15–0.92)

0.027

CYP11B1, rs1134095 a c.*1499C > T 3′UTR CC+ Ct
tt

19 (55.9)
15 (44.1)

1649
958

Ref
2.73 (1.08–6.67)

0.027

CYP11B1, rs4736312 a c. *1852T > G 3′UTR TT+ Tg
gg

19 (55.9)
15 (44.1)

1649
958

Ref
2.73 (1.08–6.67)

0.027

ABCG1, rs1541290 c.*1981A > G 3′UTR AA+Ag
gg

26 (76.5)
8 (23.5)

1164
606

Ref
2.70 (1.07–6.81)

0.029

SULT1E1, rs3822172 c.-9-469A > G Intron AA Ag+ gg 21 (61.8)
13 (38.2)

976
1649

Ref
0.37 (0.14–0.95)

0.030

ABCC3, rs1051640 c.4509A > G Glu1503Glu AA
Ag+ gg

25 (73.5)
9 (26.5)

878
2647

Ref
0.33 (0.11–0.97)

0.032

GSTA2, rs2180314 c.335G > C Ser112Thr GG+Gc cc 27 (79.4)
7 (20.6)

976
2647

Ref
0.24 (0.05–1.02)

0.033

ABCG1, rs1044317 c.*399A > G 3′UTR AA
Ag+ gg

5 (14.7)
29 (85.3)

761
1164

Ref
0.36 (0.13–0.99)

0.040

ABCG1, rs3788010 c.1809-252A > G Intron AA+Ag
gg

29 (85.3)
5 (14.7)

1164
761

Ref
2.80 (1.01–7.80)

0.040

FMO1, rs12954 c.*111 T > C 3′UTR TT+ Tc
cc

7 (20.6)
27 (79.4)

2647
976

Ref
3.40 (0.97–11.84)

0.040

CYP19A1, rs1062033 c.-12829C > G Intron CC
Cg+ gg

8 (23.5)
26 (76.5)

958
1368

Ref
0.38 (0.15–1.01)

0.043

ALDH3A1, rs887241 c.400G > T Ala134Ser GG+Gt
tt

24 (70.6)
10 (29.4)

958
2647

Ref
0.37 (0.14–1.03)

0.045

CYP2A7, rs3869579 c.931T > C Arg311Cys TT
Tc+ cc

12 (35.3)
22 (64.7)

2647
958

Ref
2.50 (0.98–6.32)

0.045

CYP2C18, rs2860840 c.*31 T > C 3′UTR TT
Tc+ cc

4 (11.8)
30 (88.2)

515
1163

Ref
0.34 (0.12–1.03)

0.046

NQO1, rs1800566 c.559 C > T Pro187Ser TT+ Tc
cc

11 (47.8)
22 (52.2)

535
1216

Ref
0.42 (0.17–1.03)

0.047

CYP4B1, rs2297809 c.1123 C > T Arg375Cys CC
Ct+ tt

24 (72.7)
9 (27.3)

1164
958

Ref
2.35 (0.98–5.61)

0.048

*Selected SNPs analyzed in the extended cohort are in bold
aThese three CYP11B1 SNPs are in complete linkage (https://analysistools.nci.nih.gov/LDlink/?tab= ldpair), therefore only rs7003319 was
selected for confirmation
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Imatinib-related toxicity according to genotype

To evaluate the genotype influence on imatinib-related
toxicity, we compared 34 GIST cases who did not experi-
ence AE with four patients forced to stop imatinib due to
occurrence of severe AE; significant results are summarized
in Table 4. We identified six SNPs in five genes (CYP2F1
rs305968, CHST1 rs9787901, SLC19A1 rs12659, and
rs1051266, SLC22A1 rs628031, and UGT2A1 rs11249454)
significantly associated with imatinib-related toxicity. In
particular, with regard to the polymorphisms in the
SLC19A1 (rs12659 and rs1051266), presence of at least one

major allele prevents the development of AE. On the con-
trary, patients with at least one variant allele for CHST1
rs9787901 or carriers of the SLC22A1 rs628031 major
alleles experienced toxicity.

Discussion

Imatinib represents the only gold standard therapy in
metastatic GIST treatment. About 75–80% of the patients
reach an objective response or experience a prolonged
stable disease. The main factor influencing imatinib

Table 3 Significant associations
between SNPs and PFS in the
extended cohort

Gene RefSNP Model Frequency n (%) PFS Median in days HR (95% CI) P-value

ABCB4 rs1202283 TT+ Tc
cc

39 (79.6)
10 (20.4)

1034
506

Ref
3.81 (1.76–8.24)

0.001

NQO1 rs10517 CC
Ct+ tt

35 (71.4)
14 (28.6)

765
1368

Ref
0.37 (0.16–0.80)

0.015

ABCG1 rs1541290 AA+Ag
gg

37 (75.5)
12 (24.5)

1034
606

Ref
2.38 (1.15–4.93)

0.019

ABCC2 rs2273697 AA+Ag
gg

25 (51.0)
24 (49.0)

1163
761

Ref
2.05 (1.05–3.98)

0.035

CYP7B1 rs6987861 TT
Tc+ cc

17 (34.7)
32 (65.3)

606
1034

Ref
0.50 (0.25–1.00)

0.047

CYP11B1 rs7003319 GG
Ga+ aa

19 (38.8)
30 (61.2)

878
1034

Ref
0.50 (0.25–1.01)

0.047

CYP11B1 rs5303 CC
Ct+ tt

20
29

946
1034

Ref
0.51 (0.25–1.10)

0.055

Fig. 2 Kaplan–Meier PFS estimates for ABCB4 (rs1202283, a); ABCC2 (rs2273697, b); ABCG1 (rs1541290, c); CYP7B1 (rs6987861, d);
CYP11B1 (rs7003319, e); and NQO1 (rs10517, f)
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response is the KIT/PDGFRA genotype. However, even
among the patients with a genotype favorable to imati-
nib response, as GIST with a KIT exon 11 primary muta-
tion, a wide inter-individual variability in treatment
response has been observed. This knowledge prompted us

to launch a pharmacogenetic study, as genetic variability
might be plausibly responsible for the observed clinical
outcome heterogeneity. In particular with this study, we
moved, for the first time in GIST, from testing a few SNPs
in a limited number of genes [12, 20–24] to the application
of a pharmacogenetic platform, such as the Affymetrix
DMET array. This array permits the simultaneous analysis
of a wide panel of genetic variants in genes involved in the
ADME processes. Indeed, the published literature on
pharmacogenetics in GIST used a multiple gene candidate
approach, which is focused on specific polymorphisms
but, as a downside, is likely to miss important significant
results.

Our study focused on the identification of a predictive
genetic signature of imatinib response and toxicity in GIST
patients. For this purpose, we initially selected a homo-
geneous cohort of GIST patients, with a KIT exon 11 pri-
mary mutation, under imatinib treatment, and divided them
in patients with progressive or non-progressive disease and
patients with or without imatinib-related toxicity. Overall,
after a confirmation step in an extended cohort of patients,
we identified six SNPs in six genes—ABCB4 rs1202283,
ABCC2 rs2273697, ABCG1 rs1541290, CYP11B1
rs7003319, CYP7B1 rs6987861, and NQO1 rs10517—sig-
nificantly associated with response to imatinib. Deepening
the investigation through a multivariate analysis, adjusted
for ties, the three SNPs ABCB4 rs1202283, ABCC2
rs2273697, and NQO1 rs10517 maintained their statistical
significance. To test if the three SNPs could represent
genetic biomarkers with a predictive role, we included them
in a genetic prediction model. We confirmed they were able
to stratify the cohort of patients with KIT exon 11 primary

Fig. 3 Haplotypes block 3 on chromosome 8 (a) and block 4 on chromosome 19 (b) significantly associated with PFS

Fig. 4 Kaplan–Meier PFS estimates for haplotypes block 3 (CYP11B1)
on chromosome 8 (a) and block 4 (CYP4F11) on chromosome 19 (b)
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mutations, according to the risk of developing progression
during imatinib treatment. The three SNPs have not been
previously reported as associated with imatinib treatment in
GIST, however, some of the data might be supported by
findings in chronic myeloid leukemia cells or patients,
which share with GIST the gold standard treatment (imati-
nib). With regard to ABCC2, a study has reported the
association of a haplotype with imatinib resistance in
chronic myeloid leukemia patients [39]. ABCC2 and
ABCB4 are both efflux transporters [40], and it is reason-
able to assume that SNPs in these genes may affect the
pharmacokinetics and, therefore, treatment response. With
regard to NQO1, no evidence of a correlation with imatinib
response has been so far described. A study on leukemia
cells identified NQO2 as imatinib off-target protein, while
binding to the related NQO1 was prevented by steric

hindrance [41]. Interestingly, a study on imatinib-resistant
leukemia cells showed that drug sensitivity was enhanced
through the downregulation of NRF2 and genes down-
stream, as NQO1 [42]. No other evidence, both in vitro or
in vivo, have been reported in the literature, and to the best
of our knowledge, our study provides the first evidence of a
possible involvement of this enzyme, in particular of a SNP
in its 3′UTR region, in imatinib clinical outcome. UTR
regions are involved in regulating RNA stability and
translational efficiency; therefore we speculate that the
presence of the SNP may favorably impact the PFS, redu-
cing NQO1 antioxidant activity. This is intriguing, as in
leukemia cells imatinib resistance has been associated with
resistance to oxidative stress [43, 44]. Besides this, a further
interesting point concerns the recent demonstration that
NQO1 significantly influenced the autophagy process [45].

Fig. 5 Predictive genetic model.
Kaplan–Meier PFS estimates in
49 patients grouped on the basis
of the number of protective and/
or risk alleles for ABCB4
rs1202283, ABCC2 rs2273697,
and NQO1 rs10517

Table 4 SNPs significantly
associated with imatinib-related
toxicity

Gene, RefSNP Nucleotide
change

Location Model Genotype
distribution
according to
toxicity n (%)

P-value

Yes No No adjustment FDR
adjusted

SLC19A1,
rs12659

c.696C > T Pro232Pro CC+ Ct
tt

1 (25)
3 (75)

27 (100)
0

0.0009 0.019

CHST1,
rs9787901

c.9127C > T Intron CC
Ct+ tt

0
4 (100)

25 (73.5)
9 (26.5)

0.009 0.026

CYP2F1,
rs305968

c.96G > A Pro32Pro GG+Ga
aa

2 (50)
2 (50)

34 (100)
0

0.0085 0.028

SLC19A1,
rs1051266

c.80G > A; His27Arg GG+Ga
aa

1 (25)
3 (75)

31 (93.9)
2 (6.1)

0.004 0.031

SLC22A1,
rs628031

c.1222G > A Val408Met GG
Ga+ aa

4 (100)
0

11 (32.4)
23 (67.6)

0.018 0.044

UGT2A1,
rs11249454

c.715+
13414A > G

Intron AA+Ag
gg

2 (50)
2 (50)

33 (97.1)
1 (2.9)

0.024 0.049
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Autophagy is attracting the research interest in both tumor
development and mechanisms of imatinib resistance in
GIST [46]. Overall, given the small sample size, we cannot
rule out that the significances found are a chance. However,
given their function as transporters (ABCC2 and ABCB4)
and in oxidative stress (NQO1), SNPs in their coding genes
might show a plausible role in imatinib response. In view of
these considerations, in the near future, it would be
important to verify in cellular models the implication of
ABCC2 and ABCB4 in imatinib transport and oxidative
stress as mechanisms involved in imatinib response; once
established their involvement, functional studies on these
SNPs will be desirable.

With regard to imatinib toxicity, the small number of
patients forced to discontinue the therapy due to AE pre-
cludes any definitive conclusion. Indeed, even we observed
interesting associations between SNPs in CHST1, CYP2F1,
SLC19A1, SLC22A1, and UGT2A1, the present study
should be considered as hypothesis generating. Therefore, a
follow-up validation study involving a large number of
GIST patients experiencing AE is strongly warranted.
Certainly, a robust validation of this finding could help
clinicians, leading to a better management and monitoring
of patients at risk of AE.

Despite the enthusiasm about the intriguing result, we are
aware of important limitations, including the lack of ade-
quate statistical power of the analysis, which might be
affected by the small population size. In this context, future
studies should be large enough for attaining necessary sta-
tistical power, taking into consideration the observed asso-
ciations; ideally a sample size of 130 patients should give
80% power at an alpha value of 0.0001, which will also
include provision for correction for multiple comparisons.
However, we would like to stress out that GIST is a rare
entity, with an estimated incidence of around 1–1.5/100,000
per year, which makes difficult enrolling large sample size
of patients with homogeneous characteristics. Specifically,
to minimize the confounding factors, we limited the study to
patients with a KIT exon 11 primary mutation, as these
patients are the most common GIST and the ones receiving
the greatest benefit from imatinib. This aspect represents
certainly a strength, however, we are aware that besides the
potential contribution to the clinical outcome of germline
DNA, tumor heterogeneity, which characterizes advanced
diseases, may play an additional role in the phenotypic drug
response. Consequently, it would be interesting to apply the
genetic model to an extended heterogeneous GIST popu-
lation. Overall the result is certainly interesting, as the
identification of a potential biomarker of disease progres-
sion could be advantageous in the clinical approach for a
better surveillance and follow-up of these patients. How-
ever, before its application in a real clinical setting, further

investigations in independent and larger cohort of patients
are mandatory.

In conclusion, to the best of our knowledge, this study
represents the first example of DMET array application in
GIST patients. The most eye-catching result is the estab-
lishment of a genetic model, able to stratify patients at high
and low risk to progress under imatinib, according to their
genotype. Despite the enthusiasm, in light of limitations and
strengths, this represents a hypothesis-generating study that
should prompt additional prospective validation studies.
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