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Abstract DNA repair pathways play an essential role in can-
cer susceptibility by maintaining genomic integrity. This led
us to investigate the influence of polymorphisms in the genes
coding repair pathway enzymes on gastrointestinal stromal
tumours (GIST) susceptibility, tumour characteristics and clin-
ical outcome.We investigated a panel of 20 polymorphisms in
11 genes in 81 cases and 147 controls. The XPD rs13181
wild-type allele and hOGG1 rs1052133 and XPF rs1800067
minor alleles were significantly associated with disease sus-
ceptibility. XPA rs1800975 and rs2808668 were associated
with tumour size (P = 0.018), metastatic status at onset
(P = 0.035) and mitotic index (P = 0.002). With regards to
outcome treatment, the XPD rs50872 minor allele had a sig-
nificant favourable impact on time to progression (TTP).
Similarly, the XPC rs2228000 minor allele was correlated
with a longer TTP (P = 0.03). On the contrary, the XPC
rs2228001 and hOGG1 rs1052133 minor alleles were

associated with a diminished TTP (P = 0.005 and P = 0.01,
respectively). Regarding OS, we found the presence of at least
one hOGG1 (rs1052133) minor allele that had a 60 % lower
risk to die compared to the wild-type carriers (P = 0.04).
Furthermore, the XRCC3 rs861539 variant allele is associated
with a hazard of early death compared with the wild-type
genotype (P = 0.04). To the best of our knowledge, this is
the first study on polymorphisms in DNA repair genes, be-
longing to the different pathways, extensively evaluated in
GIST patients. Through this multiple candidate gene ap-
proach, we report for the first time the significant associations
between polymorphisms in DNA repair genes, susceptibility,
clinical pathological features and clinical outcome in GIST.
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Introduction

Gastrointestinal stromal tumours (GISTs) are the most com-
mon mesenchymal tumours of the gastrointestinal tract.
Classically, more than 80 % of cases harbour activating mu-
tations in the proto-oncogene receptor tyrosine kinase (KIT)
or platelet-derived growth factor receptor, alpha polypeptide
(PDGFRA) gene. About 10 % of GIST do not present any
mutation in these receptors and are defined as KIT/PDGFRA
wild type (WT), a heterogeneous family of tumours with dis-
tinct molecular hallmarks, including defects in the succinate
dehydrogenase (SDH) complex and mutations of neurofibro-
matosis type 1 (NF1), BRAF or KRAS genes [1–4]. KIT and
PDGFRAmutations, somatic and mutually exclusive, cause a
constitutional, ligand-independent, activation of the receptor,
leading to activation of the downstream signalling cascade [5].
Primary mutations in KIT mainly affect exon 11 (65–70 %), 9
(10–20 %), 13 (1–4 %) and 17 ( 1 %), whereas in PDGFRA,
mutations are mainly found in exon 18 (6–7 %), 12 (<1 %)
and 14 (<0.5 %). The discovery of these tyrosine kinase (TK)
receptor mutations has paved the way for the introduction into
clinical practise of TK inhibitors (TKIs). The TKI imatinib
represents the gold standard therapy for GIST. Of patients,
80–90 % respond well to imatinib, with a median response
rate of 24 months, though the majority of them experience
disease progression [1–6]. Prognostic factors, including age
at diagnosis, tumour size, histologic grade and subtype, tu-
mour depth, margin status and tumour site, have long been
used to assess the risk of tumour relapse and disease-related
death [5]. However, additional features would represent a nov-
el strategy for stratifying GIST patients for tumour recurrence
risk, which, in turn, would allow treatment options tailoring to
the individual [6]. In the last decade, many evidences have
highlighted the importance of the DNA repair pathways in
the cancerogenetic process. Indeed, deficient DNA repair
may lead to deregulated cell growth, imbalance of cell cycle
control and development of many diseases, including cancer
[6]. Overall, the types of DNA lesions are multiple, different
repair systems are involved, and the concerted action of many
enzymes is required [6]. These include XPA, XPC, XPD,
XPF, XPG, RAD23B (belonging to the nucleotide excision
repair (NER) system), APE1, hOGG1, XRCC1 (members of
the base excision repair (BER) system), NBS1 and XRCC3
(participants of the homologous repair (HR) system). The
highly conserved NER pathway is the main path responsible
for the excision of a large variety of bulky DNA lesions;
sporadic mutations in NER genes across different cancer types
have been reported [7, 8]. However, to date, no NER deficien-
cies have been reported in GIST. Similarly, no BER defects
have been described in GIST; indeed, somatic mutations in
BER genes are uncommon, and no human disorders linked
with inherited BER deficiencies are known [9]. The BER path
deals with the repair of modest, non-bulky, DNA lesions

caused by oxidative base lesions or endogenous metabolic
processes [10]. Another important repair path is the HR sys-
tem, representing the main repair mode for double-strand
breaks (DSBs), arising from ionizing radiations, chemicals,
free radicals or during replication. DSBs are the most severe
lesions and bear high risk for cancer [11]. Several genetic
disorders have been associated with the lack of an effective
HR pathway, and somatic mutations in HR genes have been
linked to cancer, such as the BRCA gene mutations in ovarian
cancer [12]. Beyond these considerations, DNA repair genes
have repeatedly attracted the research interest as they are char-
acterized by functional genetic polymorphisms that have been
associated with decreased or increased enzymatic activities,
with a plausible alteration in the DNA repair machinery. The
hypothesis of altered DNA repair pathways—due to genetic
polymorphisms—could explain the association with increased
DNA damage found in vitro [13, 14] or ex vivo after
genotoxic exposure [15–17] cancer risk [18, 19], treatment
outcome [20, 21] and mutational status [22, 23]. All these
studies highlighted the importance of effective DNA repair
machinery and prompted us to analyse the frequencies of 18
genetic polymorphisms in 10 genes belonging to the different
DNA repair pathways, in GIST patients and controls. To this
purpose, we selected XPD and RAD23B polymorphisms on
the basis of the work by O’Brien and coworkers, who indicat-
ed these NER-belonging genes as potential risk variants for
GIST. Given the high complexity of the DNA repair path-
ways, we investigated additional genes involved in NER,
BER and HR paths, including XPA, XPC, XPF, XPG,
APE1, hOGG1, XRCC1, XRCC3 and NBS1. In particular,
we selected genes with a central role in the specific pathway
of belonging, and polymorphisms reported as associated with
other cancer type and clinical outcome [18–23]. We investi-
gated two additional polymorphisms in the CYP1B1 gene,
which were found to be associated with KIT exon 11 muta-
tions in GIST patients [22]. Specific aims of this study were to
test if the analysed polymorphisms (i) influence the risk of
developing GIST; (ii) are associated with specific patients’
characteristics, tumour genotype and clinical features and
(iii) influence treatment response. This last aim arises from
the importance of the DNA repair machinery in genomic sta-
bility maintenance, along with the fact that the appearance of
secondary point mutations in KITor PDGFRA genes is one of
the major mechanisms of acquired resistance in GIST patients
undergoing imatinib therapy.

Material and methods

Study population

A total of 81 unresectable/metastatic GIST patients were ret-
rospectively enrolled at the Sant’Orsola-Malpighi Hospital,
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Bologna. Clinical information was collected retrospectively
from the patients’ medical records. Patients’ characteristics
and clinical features of their tumours are summarized in
Table 1. With regards to tumour features, mitotic index was
expressed as the number of mitoses per 50 high-power field,
and the value were stratified into three subgroups (<5, 6–10
and >10 cm); KIT/PDGFRAmutational status was investigat-
ed through Sanger sequencing. Overall survival (OS) was de-
fined as the time from the first day of treatment to death from
disease. Dates of death were obtained and cross checked using

the inpatient medical records. If a patient was alive at the time
of the analysis, OS was censored at the time of the last follow-
up. For the 81 patients on standard first-line imatinib therapy,
time to progression (TTP) was calculated from the start of
imatinib therapy to the date of disease progression document-
ed by theCTscan performed approximately every 3–4months.
Data for patients who did not progress at the last follow-up,
TTP evaluation was censored at that time. In order to exclude
disease susceptibility, we also genotyped 147 controls, anon-
ymous blood donors from the Centro Trasfusionale,
Sant’Orsola-Malpighi Hospital, Bologna (Table 1). The anal-
ysis, approved by the hospital Ethics Committee, was done
after written informed consent for study participation and
anonymous data publication in accordance with national leg-
islation and the Helsinki Declaration.

Genotype analysis

We selected 20 common [minor allele frequency
(MAF) > 0.05 in Caucasian], well-studied functional vari-
ants—located in regulatory regions, causing non-
synonymous amino acid changes and/or repeatedly associated
with cancer risk, OS or treatment response. Patients with
available peripheral blood were eligible for this retrospective
study. Genomic DNA was extracted from fresh or frozen
whole blood using a DNA isolation kit from Qiagen
(QIAamp® DNA Mini Kit, Qiagen, Hilden, Germany).
Characteristics of the studied polymorphisms are described
in supplementary table S1. Genotypes were performed by
rea l - t ime PCR using Taqman® Assay (Appl ied
Biosystems—Thermo Fisher Scientific Inc. brand, Waltham,
MA, USA) as recommended by the manufacturer (Table S1).
Positive and negative controls were included in each reaction
as quality control. In addition, for internal quality control (ac-
curacy of genotyping), 90 % of the samples were repeated.
The concordance between the original and the duplicate sam-
ples for all the analysed polymorphisms was 100 %.

Statistical analysis

The distribution of genotypes was tested for departures from
the Hardy-Weinberg equilibrium using the χ2 test. The fre-
quency distributions of categorical variables were compared
using Pearson’s chi-squared and Fisher’s exact test as appropri-
ate. Survival analysis methods were used to examine the rela-
tionship between genotypes [homozygous wild-type (WT),
heterozygous and homozygous for the variant allele] and
TTP. In univariate analysis, the survival curves were estimated
and plotted with the Kaplan-Meier method. The curves were
compared with the log-rank test of equality of survivor func-
tions (statistical significance defined as P < 0.05). In multivar-
iate analysis, hazard ratios (HRs) and 95 % confidence interval
(95 % CI) were estimated by Cox proportional hazard models,

Table 1 Characteristics of the study populations

Cases (n = 81) Controls (n = 147)

Gender, n (%)

Female 37 (45.7) 57 (38.8)

Male 44 (54.3) 90 (61.2)

Age at diagnosis, years

Median (range) 56.3 (24–83) 47 (21–79)

Tumour site, n (%)

Small intestine 39 (48.1)

Stomach 32 (39.5)

Rectum 6 (7.4)

Missing 4 (5)

Tumour size, n (%)

<2 cm 2 (2.5)

2–5 cm 7 (8.6)

5–10 cm 23 (28.4)

≥10 cm 35 (43.2)

Missing 14 (17.3)

Mitotic indexa, n (%)

≤5 17 (21)

6–10 9 (11.1)

≥10 31 (38.2)

Missing 24 (29.7)

Mutational status, n (%)

KIT exon 11 44 (54.4)

KIT exon 9 8 (9.8)

PDGFRA 9 (11.2)

PDGFRA/KIT WTb 12 (14.8)

Missing 8 (9.8)

Mutational status on KIT ex 11, n (%)

KIT exon 11 codon 557–558 26 (59.1)

Other KIT exon 11 muts 17 (38.6)

Missing 1 (2.3)

Death, n (%)

No 52 (64.2)

Death GIST-related 28 (34.6)

Death no GIST-related 1 (1.2)

a 50× High-power field
b SDH-mutated GIST
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using gender and age at diagnosis, as covariates in addition to
the genotype. The proportional hazard assumption was tested
using Schoenfeld residuals. Multiple logistic regression was
used to assess the relation between individual polymorphisms
and primary resistance. Given the limited small size of the
present study, probability values and additional parameter esti-
mates were not adjusted for multiplicity. Results should be
interpreted as exploratory. Linkage disequilibrium (LD) and
haplotype blocks between markers in DNA repair genes were
analysed using Haploview software package [24]. LD was
measured using r2, and haplotype blocks were generated taking
in consideration default algorithm from Gabriel et al., Science,
2002. After that, PHASE software v 2.1 [25] was used to infer
haplotype data of significant block regions for each patient in
analysis. Only common haplotypes with a frequency ≥5 %
were used for further analysis, and the most common haplotype
was used as the reference. Statistical analysis was conducted
using Stata Intercooled version 12.0 [26].

Results

Genotype distribution in the two studied populations
Genotype frequencies of the 20 polymorphisms were in
Hardy-Weinberg equilibrium in both GIST patients and con-
trols. MAF and Hardy-Weinberg equilibrium P value are pre-
sented in supplementary Table S2. In addition, genotype distri-
butions were similar to those reported in the publicly available
database NCBI (dbSNP) for Caucasians (CEU samples; Supp.
Table S2). The results of the most significant relationships be-
tween genetic polymorphisms and GIST susceptibility are pre-
sented in Table 2. In particular, themost significant results, after
adjustment by gender and age, were found for hOGG1
(rs1052133, C>G), XPD (rs13181, A>C), XPF (rs1800067,
G>A) and XPC (rs2228000, C>T). With regards to hOGG1,
the presence of at least one G variant allele was associated with
a 2.3 higher GIST susceptibility with respect to the WT geno-
type (OR 2.32, 95 % CI 1.26–4.3; P = 0.007). Regarding the
XPD polymorphism, the presence of at least oneWTallele was
significantly more common in cases compared to controls (75.0
vs 59.9 %, respectively; OR 2.23, 95 % CI 1.15–4.2;
P = 0.017). Similarly, the presence of at least one XPF minor
allele was associated with a major GIST susceptibility com-
pared to the WT genotype (OR 2.38, 95 % CI 1.15–4.9;
P = 0.019). A borderline association was also observed for
XPC rs2228000, with the presence of at least one variant allele
associated with increased risk of GIST (OR 1.87, 95 % CI
1.02–3.4; P = 0.042). None of the other investigated polymor-
phisms had significant association with GIST susceptibility.

Mutational status and genotypes in GIST population
Mutational status of the studied population is shown in
Table 1. In the wake of the work of O’Brien and colleagues,

we tested if primary mutations in KITor PDGFRA genes were
correlated with specific genotype. In order to achieve this aim,
the 81 patients were grouped into two groups: KIT/PDGFRA
mutants and KIT/PDGFRAwt-SDH-mutated GIST. The most
significant results have been found for hOGG1 rs1052133 and
XPC rs2228000. With regards to hOGG1, having the minor
allele in homozygous, or harbouring at least one minor allele,
was correlated with a lower risk (97 and 82%, respectively) to
have a KITor PDGFRAmutation (OR 0.03, 95 % CI 0.0018–
0.65, P = 0.02 and OR 0.18, 95 % CI 0.031–0.96, P = 0.04
respectively) compared to the homozygous WT genotype.
Similarly, the presence of at least one minor XPC rs2228000
allele was associated with a higher risk to have a KIT or
PDGFRA mutation (OR 6.5, 95 % CI 1.15–36.8; P = 0.03)
compared to the XPC WT genotype. The majority of GIST
patients (54.4 %) harboured a KIT exon 11 mutation (61.9 %
involving the codons 557–558 and 36.6 % other codons).
None of the analysed polymorphisms was associated with a
specific KIT mutation.

Clinical features and genotypes in GIST population We
analysed the association of polymorphisms with tumour site,
tumour size, status at onset and mitotic index. The most

Table 2 Genotype distribution of polymorphisms in genes belonging
to the DNA repair pathway in GIST patients and controls—significant
association

Genotype n (%) P value OR (95 % CI)a

Patients Controls

XPD rs13181

AA 20 (25) 59 (40.1) 1.

AC 46 (57.5) 66 (44.9) 0.017 2.29 (1.15–4.54)

CC 14 (17.5) 22 (15) 0.139 2.01 (0.79–5.09)

AC/AA 60 (75) 88 (59.9) 0.017 2.23 (1.15–4.29)

hOGG1 rs1052133

CC 41 (50.6) 95 (64.6) 1.

CG 37 (45.7) 45 (30.6) 0.005 2.51 (1.33–4.74)

GG 3 (3.7) 7 (4.8) 0.768 1.25 (0.28–5.48)

CG/GG 40 (49.4) 52 (35.4) 0.007 2.32 (1.26–4.30)

XPC rs2228000

CC 42 (51.9) 90 (61.2) 1.

CT 34 (42) 45 (30.6) 0.032 2.01 (1.06–3.81)

TT 5 (6.1) 12 (8.2) 0.622 1.34 (0.41–4.29)

CT/TT 39 (48.1) 93 (38.8) 0.042 1.87 (1.02–3.44)

XPF rs1800067

GG 60 (74.1) 126 (85.7) 1.

GA 21 (25.9) 21 (14.3) 0.019 2.38 (1.15–4.93)

AA 0 (0) 0 (0)

GA/AA 21 (25.9) 93 (14.3) 0.019 2.38 (1.15–4.93)

a OR age and gender adjusted
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significant results are reported in Table 3. Univariate analysis
showed significant associations between XPA polymorphisms
and size, status at onset and mitotic index. With regards to
tumour size, patients were divided in four groups (≤2, 2–5,
5–10 and ≥10). The XPA variant alleles were associated with
smaller tumour size; on the contrary, the WT allele was pre-
dominant in patients (60 %) with tumour size >10 cm
(P = 0.018). The same variant alleles were also associatedwith
metastatic status at onset (P = 0.035). Similarly, the analysis
showed an excess of WT XPA genotype compared to the
presence of at least one variant allele in patients with a mitotic
index lower than 6 (76.5 vs 23.5 %; P = 0.002). Further sig-
nificant associations were found for XPC (rs2228000) and
XPF (rs3136155). An excess of carriers of XPC variant allele
was observed in patients with a mitotic index lower than 6,
compared to patients with higher mitotic index (70.6 vs
29.4 %, P = 0.022). With regards to XPF, an association with
tumour site has been observed. In particular, 74.4 % of pa-
tients with at least one XPF variant allele had a tumour local-
ized in the small intestine, while in contrast, only 25.6 % of
patients had a WT genotype (P = 0.004).

Treatment outcome of imatinib therapy and genotypes
Sixty-three patients received standard first-line imatinib
400 mg daily and were evaluated for imatinib response; the
median OS was 71.15 months (range 8.57–146.63); progres-
sion was observed in 58 cases (71.6 %), with a median TTP of
30.88 months (range 1.23–128.33); 12 had stable disease

(14.8 %), whereas in 11 patients, the status was unknown
(13.6 %). During the follow-up, 28 GIST died due to the
tumour (34.6 %) and 1 patient died due to disease-unrelated
causes. With regards to the association between selected poly-
morphisms and TTP, the most significant results are reported
in Table 4. In the multivariate analysis, the presence of at least
one minor allele in XPD rs50872 had a significant favourable
impact on TTP (HR 0.42, 95 % CI 0.20–0.84, P = 0.015).
Similarly, the presence of at least one XPC (rs2228000) minor
allele was correlated with a longer TTP (HR 0.55, 95 % CI
0.32–0.96, P = 0.03). On the contrary, the XPC rs2228001
minor allele in homozygous was associated with a diminished
TTP (HR 2.9, 95 % CI 1.38–6.1, P = 0.005). The hOGG1
(rs1052133) minor allele in homozygous was also associated
with a shorter TTP compared to the presence of at least one
WT allele (HR 17.1, 95 % CI 3.1–92.7, P = 0.01); however,
caution should be used in interpreting this result, as it is based
on two homozygous subjects only. None of the other analysed
polymorphisms correlated with the TTP. Alleles were also
correlated with TTP based on the Kaplan-Meier method. In
particular, the presence of the XPC (rs2228001) minor allele
in homozygous was associated with a reduced TTP
(P = 0.014; Fig. 1). Similarly, the hOGG1 (rs1052133) minor
allele in homozygous was associated with reduced TTP com-
pared to the presence of at least one WT allele (P < 0.0001),
though the result is based on two homozygous subjects only;
we should consider it with criticism. Regarding OS, in a mul-
tivariate analysis, we found that the presence of at least one

Table 3 Significant associations between polymorphisms and tumour features

XPA rs1800975 XPA rs2808668 XPC rs2228000 XPF rs3136155

CC CT/TT TT TC/CC CC CT/TT CC CT/TT

Tumour site

Stomach 10 (31.3) 22 (68.7) 10 (31.3) 22 (68.7) 14 (43.8) 18 (56.2) 19 (59.4) 13 (40.6)

Small intestine 21 (53.8) 18 (46.2) 21 (53.8) 18 (46.2) 23 (59) 16 (41) 10 (25.6) 29 (74.4)

P value 0.056 0.056 0.2 0.004

Tumour size (cm)

≤2 1 (50) 1 (50) 1 (50) 1 (50) 1 (50) 1 (50) 1 (50) 1 (50)

2–5 0 7 (100) 0 7 (100) 3 (42.9 4 (57.1) 3 (42.9) 4 (57.1)

5–10 10 (43.5) 13 (56.5) 10 (43.5) 13 (56.5) 9 (39.1) 14 (60.9) 9 (39.1) 14 (60.9)

≥10 21 (60) 14 (40) 21 (60) 14 (40) 21 (60) 14 (40) 14 (40.3) 21 (59.7)

P value 0.018 0.018 0.45 1

Status onset

Localized 25 (55.6) 20 (44.4) 25 (55.6) 20 (44.4) 24 (53.3) 21 21 (46.7) 24 (53.3)

Metastatic 10 (31.3) 22 (68.7) 10 (31.3) 22 (68.7) 16 (50) 16 (50 11 (34.4) 21 (65.6)

P value 0.035 0.035 0.77 0.281

Mitotic indext

<6 13 (76.5) 4 (23.5) 13 (76.5) 4 (23.5) 5 (29.4) 12 (70.6) 11 (64.7) 6 (35.3)

≥6 13 (32.5) 27 (67.5) 13 (32.5) 27 (67.5) 25 (62.5) 15 (37.5) 18 (45) 22 (54)

P value 0.002 0.002 0.022 0.4
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hOGG1 (rs1052133) minor allele had a 60 % lower risk to die
compared to the WT carriers (HR 0.41, 95 % CI 0.16–0.99,
P = 0.04). Furthermore, patients carrying the XPF rs3136155
in heterozygosis had a reduced risk to die than patients carry-
ing the major allele TT (HR 0.36, 95 % CI 0.13–0.97,
P = 0.04). Finally, we observed an association between the
XRCC3 genotype and OS (rs861539). In particular, the vari-
ant allele in homozygosis is associated with a hazard of early
death compared with the homozygous WT genotype (HR 2.8,
95 % CI 1.03–7.71, P = 0.04). Alleles were also correlated
with OS based on the Kaplan-Meier method. In particular, the
presence of the minor allele in hOGG1 (rs1052133) was as-
sociated with a longer survival (P = 0.0272, Fig. 2). In addi-
tion, carriers of the XPF rs3136155 in heterozygosis had a
longer survival compared to patients homozygous for the
WT allele (P = 0.01).

Haplotype analysis Haplotype blocks were defined only for
XPA (rs1800975 and rs2808668) and XPC (rs2228000 and
rs2228001) gene regions (Fig. 3). Estimation of the coefficient
of LD showed, as expected, that the XPA rs1800975 was in

complete linkage disequilibrium with the XPA rs2808668 in
both cases and controls (LD = 1.0 and LD = 0.92, respective-
ly). The XPC polymorphisms rs2228000 and rs2228001
showed only a partial linkage in cases and controls
(LD = 0.33 and LD = 0.27, respectively). We evaluated the
association with XPA and XPC haplotype blocks and clinical
pathological features, OS and PFS. XPA haplotype was sig-
nificantly correlated with tumour site (P = 0.015), status at
onset (P = 0.025) and mitotic index (P = 0.001) (Table 5).
Neither OS nor PFS was correlated with XPA or XPC haplo-
type (data not shown).

Discussion

To the best of our knowledge, only a case study identified
several variants, including CYP1B1 and RAD23 as genetic
risk factors for GIST tumour subtypes [22]. In this context, our
study represents the first case-control study focusing on poly-
morphisms in genes of the DNA repair machinery, GIST sus-
ceptibility and clinical outcomes following imatinib therapy.
In the era of personalized therapy, besides tumour genotype
that clearly represents a key player in GISTmanagement, with

Table 4 Most relevant associations between TTP and candidate
genotypes

Gene

SNP ID Referent/adverse
genotype

Hazard ratio
[95 % CI]

P value

ERCC2/XPD

rs150872 TT or CT/CC 0.42 [0.20–0.84] 0.015

hOGG1

rs1052133 CC or CG/GG 17.1 [3.1–92.7] 0.01

XPC

rs2228000 CC or CT/TT 0.55 [0.32–0.96] 0.03

22280001 CC or AC/AA 2.9 [1.38–6.1] 0.005

Fig. 1 The presence of the XPC minor allele in homozygous is
associated with a reduced TTP

Fig. 2 The presence of at least one hOGG1 minor allele is associated
with a longer OS

Fig. 3 Haplotype blocks for XPA (rs1800975 and rs2808668) and XPC
(rs2228000 and rs2228001) gene regions
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KIT and PDGFRA having a primary role, germline DNA and
epigenetic changes could represent an important aspect
impacting the susceptibility and clinical outcome in cancer
patients [27, 28]. The different DNA repair pathways repre-
sent the main players acting to protect the genome from the
deleterious effects on the DNA, deriving from genotoxic ex-
posure, and to guarantee the genome stability. These mecha-
nisms include specific and intricate networks with the aim to
counteract various kinds of injuries as single-strand or double-
strand breaks [29]. In the absence of this complex machinery,
DNAwould keep continuing to accumulate different lesions,
leading to genome instability, with disease development and
death as consequences [29]. The human population is charac-
terized by a notably genetic variability, and each individual
might be different from any other in the ability to repair DNA
damage. Low repair efficiency has been correlated with a
higher cancer risk; presumably, this depends on the fact that
unrepaired somatic mutations and chromosomal aberrations
contribute to cancer development and progression [30].
DNA repair genes are highly polymorphic, and the existence
of these polymorphisms could impact the functionality of the
proteins taking part in the DNA repair process, promoting
cancer development and progression. Many findings support

the hypothesis that different mechanisms could be involved in
GIST carcinogenesis as supported by the vastness of different
clinical behaviour of each GIST patients, regardless of the
KIT/PDGFRA mutational status. In a previous study, we
found significant associations between genetic polymor-
phisms in the key enzymes of the folate metabolic pathways
and GIST susceptibility, clinical features and outcome [31]. It
is widely accepted that many biological components may af-
fect susceptibility and treatment response, including immune
response, factors that regulate cell cycle and apoptosis and
DNA repair enzymes. Our previous finding on folate metab-
olism, together with the supports given by this pathway to the
DNA repair machinery, prompted us to evaluate, through a
multiple candidate gene approach, 18 polymorphisms in 10
genes codifying for DNA repair enzymes. The key finding
was the associations of several polymorphisms in DNA repair
genes with GIST susceptibility, different clinical features and
clinical outcome.

Polymorphisms in DNA repair genes and GIST suscepti-
bility With regards to GIST susceptibility, significant associ-
ations have been found for the XPD rs13181 WT allele and
hOGG1 rs1052133 and XPF rs1800067 minor alleles. The

Table 5 Significant associations
between haplotype and GIST
pathological features

XPA

rs2808668-rs1800975

Tumour site Total
Stomach Small intestine

n (%) n (%) n (%)

TC 34 (53.1) 57 (73.1) 91 (64.1)

CT 30 (46.9) 21 (26.9) 51 (36.9)

Total 64 (100) 78 (100) 142 (100)

P value 0.015

XPA

rs2808668-rs1800975

Status at onset Total
Localized Metastatic

n (%) n (%) n (%)

TC 66 (73.3) 35 (54.7) 101 (65.6)

CT 24 (26.7) 29 (45.3) 53 (34.4)

Total 90 (100) 64 (100) 154 (100)

P value 0.025

XPA

rs2808668-rs1800975

Size Total
≤2 cm 2–5 cm 5–10 cm ≥10 cm
n (%) n (%) n (%) n (%) n (%)

TC 3 (75) 6 (42.9) 30 (65.2) 51 (72.9) 90 (67.2)

CT 1 (25) 8 (57.1) 16 (34.81) 19 (27.1) 44 (32.8)

Total 4 (100) 14 (100) 46 (100) 46 (100) 70 (100)

P value 0.16

XPA

rs2808668-rs1800975

Mitotic index Total
< 6 ≥ 6

n (%) n (%) n (%)

TC 30 (88.2) 45 (56.3) 75 (65.8)

CT 4 (11.8) 35 (45.8) 39 (34.2)

Total 34 (100) 80 (100) 114 (100)

P value 0.001
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most significant results have emerged for hOGG1, the main
mammalian enzyme involved in removing the major adducts
produced by reactive oxygen species, through the BER path-
way. Interestingly, a role for hOGG1 in tumour suppression is
suggested by the frequent loss of the hOGG1 chromosomal
locus in human cancer [32]. With regards to the investigated
hOGG1 polymorphism (rs1052133), a study performed in a
cell line model has shown a two-fold reduction of its enzyme
activity, which, in turn, may promote cancer initiation due to
accumulation of unrepaired DNA lesions [33]. Our finding
supports this hypothesis, as the variant allele is more common
in GIST patients than in controls. Furthermore, this result
agrees with previous studies linking the minor allele with
lung, prostate, oesophageal and colorectal cancer susceptibil-
ity [34–36], even opposite results are reported in the literature
[37, 38]. With regards to XPD, the enzyme has a double role,
participating in both DNA repair (NER pathway) and tran-
scription initiation [39]. In the present study, the XPD WT
allele (rs13181) is associated with GIST susceptibility.
Interestingly, in previous in vitro studies, the WT allele has
been associated with a suboptimal DNA repair capacity and a
higher cancer risk, including lung, stomach and skin cancer
[40–42]. Our result is in line with these previous findings;
however, we should use caution in drawing a definitive con-
clusion as the findings in the literature are not consistent.
Indeed, the XPD (rs13181) minor allele has been associated
with cancer of the upper aerodigestive tract, chronic myeloid
leukaemia and glioma [43, 44]. Regarding XPF, it forms a
tight complex with ERCC1 enzyme, which is a key element
in the NER pathway [45]. To the best of our knowledge, no
functional in vitro studies are available on XPF variants.
However, we predicted the effect of the polymorphism using
two different computational approaches: the structured-based
method PolyPhen2 [46] and the sequence-based approach
SIFT [47]. Through these in silico tools, the XPF
rs1800067, an arginine-to-glutamine transition at codon 415,
is predicted to be deleterious. Therefore, it could impact the
formation of the XPF/ERCC1 complex, diminish its activity
and, in the end, alter cancer risk [45]. This is concordant with
our finding, showing that the minor allele is associated with
GIST susceptibility. Previous studies reported that this poly-
morphism is correlated with risk of meningioma [48] and
benign breast disease (precursor of breast cancer) [49].
Indeed, the data are not consistent as two meta-analyses on
squamous cell carcinoma and on several human cancers did
not confirm any association with cancer risk [50].

Influence of polymorphisms in DNA repair genes on KIT/
PDGFRA mutational status and other tumour features
With regards to the association between DNA repair genotype
and KIT/PDGFRA mutational status, we found that the
hOGG1 (rs1052133) and XPC (rs2228000) variant alleles
are associated respectively, with a lower and higher risk to

harbour a KIT/PDGFRA mutation. Although the sample size
was limited, our study suggests that hOGG1 variant allele is
less likely to be involved in GIST carcinogenesis associated
with KIT/PDGFRAmutation. In particular, from our analysis,
it seems that hOGG1 (rs1052133) may support the appearance
of mutations, typical of KIT/PDGFRA wt-SDH-mutated
GIST. To our opinion, this association is intriguing as
hOGG1, one of the enzymes initiating the BER process, is
detected in both mitochondria and nuclei in human cells.
Overall, it could be possible that the hOGG1 polymorphism
rs1052133, which is associated with a lower activity, could
support the appearance of SDH mutations. This hypothesis
leads us to make a further reflection, on the possible involve-
ment of the oxidative stress in KIT/PDGFRA wt-SDH-
mutated GIST carcinogenesis, as mitochondria are highly ex-
posed to reactive oxygen species as a result of their respiratory
function. Unfortunately, to the best of our knowledge, no sig-
nature of oxidative stress response has been reported in both
KIT/PDGFRA-mutated and KIT/PDGFRAwt-SDH-mutated
GIST.

XPC has a double role in DNA repair, acting in both the
DNA repair pathway, BER and NER. In BER, XPC stimulates
hOGG1 DNA glycosylase activity through a direct interac-
tion, whereas in NER, after recognition and binding of the
damaged DNA, XPC needs to be stabilized and targeted by
other partners, such as RAD23 [51]. In view of this, it is
worthy to retain that variations on XPC, including the poly-
morphisms we studied, may impact these interactions and
may influence the occurrence of KIT/PDGFRA mutations.
In particular, the XPC rs2228000 is located in the domain
interacting with RAD23B; the XPC-RAD23 complex forma-
tion is critical given that is specifically involved as the earliest
damage detector in NER path initiation [52]. Although the
polymorphism is predicted to be tolerated in the in silico
search, we cannot exclude that the variant might interfere with
the optimal XPC-RAD23 interaction. Therefore, this variant
might lead to a less efficient NER path, explaining the ob-
served higher rate of KIT/PDGFRA mutation in patients
harbouring the variant allele.

In the present study, we also included two polymorphisms
in the CYP1B1 gene, based on the work by O’Brien and
colleagues, who found these polymorphisms associated with
WTGISTand KITexon 11 codon 557–558 deletion [22]. Due
to the small size of our population, we considered only exon
11 mutations; in particular, we compared mutations affecting
codons 557 and/or 558 with all other mutations. Regrettably,
our study did not corroborate any of the findings by O’Brien
and coworkers; indeed, we are aware of the limitation of our
study, as the small sample size could have led to a low statis-
tical power, and we cannot exclude that we missed the statis-
tical significance.

With regards to genotype-clinical pathological features
interaction, our multiple candidate gene approach
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highlighted that XPA polymorphisms might be signifi-
cantly associated with tumour size, mitotic index and sta-
tus at onset. In particular, the rs1800975 (A) and
rs2808668 (C) variant alleles were significantly associated
with smaller and metastatic tumours and with a mitotic
index greater than 6. The association with status at onset
and mitotic index was also confirmed in the haplotype
analysis, which also showed a statistical significant corre-
lation with tumour site. XPA directly binds the damaged
single strand of DNA and scaffolds multiple DNA repair
components of the dynamic NER complex [53]. The
rs1800975, located in the proximity of the translation ini-
tiation codon, may impact the translation efficiency, and
studies in vitro have shown that the variant allele is asso-
ciated with an increased promoter activity [54]. In accor-
dance with previous works [55], our results showed that
rs1800975 is in strong linkage with rs2808668, an
intronic polymorphism, and the interaction could act syn-
ergically in altering the regular translation efficiency.
Herein, these polymorphisms seem to have a predominant
correlation with features that suggest an aggressive behav-
iour as metastatic status and high mitotic index. The XPA
gene is located on chromosome 9q, which usually is not
affected by deletion/translocation in GIST allowing pre-
serving its function during tumorigenesis. This is an in-
teresting aspect considering that it has been proposed that
XPA has a role in the cell cycle checkpoint regulation
[56], and it is reasonable to suppose that the two poly-
morphisms together may contribute to a loss of cycle reg-
ulation and drive towards a more hostile behaviour.

An additional significant association has been observed
between XPF rs3136155 minor allele and small intestine
GIST, with the variant allele more common in patients with
small intestine GIST. Usually, small intestine GIST behaves
more aggressively than gastric tumours [15]; therefore, even at
the moment, there are no reports in the literature on this
intronic polymorphism that can corroborate our finding; we
suggest that this polymorphism could interfere with the nor-
mal DNA repair efficiency of XPF and promote a worse prog-
nosis in GIST patients.

Polymorphisms in DNA repair genes and clinical outcome
With regards to the clinical outcome to imatinib treatment, we
analysed, for the first time, the impact of polymorphisms in
DNA repair genes on TTP and OS in GIST patients. Genetic
polymorphisms in drug metabolizer and transporter genes
were a reasonable starting point to evaluate their relevance
in treatment outcome [57–59]. Indeed, also polymorphisms
in DNA repair genes have attracted the research interest as it
is currently understudied whether the inherited individual ca-
pability to repair DNA damage could affect the treatment re-
sults. In the present study, TTP was affected by XPD
(rs50872), XPC (rs2228000 and rs2228001) and hOGG1

(rs1052133). Regarding the XPD polymorphisms, the variant
allele has been associated with increased TTP. Interestingly,
this poorly studied intronic polymorphismwas also associated
with a prolonged PFS in non-small cell lung cancer patients,
treated with first-line platinum-based chemotherapy [60]. The
two polymorphisms in the XPC gene have shown an opposite
behaviour, as the rs2228000 and rs2228001 minor alleles are
associated with a longer and shorter TTP respectively. The
XPC rs2228001 variant allele is associated with suboptimal
repair efficiency [52] and may promote the acquisition of ad-
ditional mutations driving to tumour progression. This finding
is supported by the Kaplan-Meier model that shows the pres-
ence of at least one major allele significantly associated with a
longer OS. With regards to hOGG1, the rs1052133 variant
allele, linked to a defective DNA repair activity, is associated
with a shorter TTP. As we have seen for the XPC (rs2228001),
this finding is intriguing, as a lower DNA repair activity is
reflected in a reduced time before progressing. In addition, as
the main cause of imatinib resistance and progression is the
emergency of secondary mutations, it is worthy to think that
an inadequate DNA repair capacity may contribute to a faster
progression. With regards to OS, significant associations were
found for hOGG1 (rs1052133), XPF (rs3136155) and
XRCC3 (rs861539) genotype. Concerning hOGG1, the vari-
ant allele had a lower risk to die due to the tumour; this result
is apparently in contrast with the previous finding; indeed,
cells with a reduced DNA repair capacity could have a major
benefit from the treatment, irrespectively of the acquisition of
secondary mutations and subsequent progression. The
XRCC3 gene product is required for efficient repair of
double-strand breaks and DNA cross-links via HRR pathway
and correct chromosomal segregation [61]. The variant allele
we studied has been linked with an increased risk of develop-
ing tetraploid cells that promotes loss of chromosomes and
rearrangements, causing genetic instability [62]. In the present
study, in line with the role of the variant allele, we found the
XRCC3 polymorphism associated with a higher risk of death.

Concluding remarks To the best of our knowledge, this is
the first time that polymorphisms in DNA repair genes,
belonging to the different pathways, have been extensive-
ly evaluated in GIST patients. Through this multiple can-
didate gene approach, we report the significant associa-
tions between polymorphisms in DNA repair genes, sus-
ceptibility, clinical pathological features and clinical out-
come in GIST. We are aware of the limitations of this
study due to the small size of the investigated population.
However, we would like to point out that 81 patients
represent a considerable number given the rarity of this
disease, and we believe that genetic polymorphisms in
DNA repair genes, as those described in the present study,
are worthy of further investigations.
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