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ABSTRACT
Several miRNAs are dysregulated in gastrointestinal stromal tumours (GIST), and miR-221/222 appear
to have a prominent role in GIST biology. Therefore, we investigated the role of DNA variants located
in miR-221/222 precursor sequences and their target KIT 3'UTR. Ninety-five polymorphisms were
analysed in 115 GIST cases and 88 healthy controls. KIT 3'UTR rs17084733 and pri-miR-222 rs75246947
were found significantly associated with GIST susceptibility. Specifically, KIT rs17084733 A allele was
more common in GIST, particularly in KIT wild-type (WT) patients (Padj = 0.017). rs17084733 variant is
located within one of the three miR-221/222 binding sites in the KIT 3'UTR, resulting in a mismatch in
this seed region. Conversely, KIT mRNA levels were lower in patients carrying the variant allele, except
for KITmutant GIST. Luciferase assay data in GIST cells, generated using a construct containing all the
three miR-221/222 binding sites, are consistent with KIT mRNA levels in GIST patients. Reporter assay
data, generated using a construct containing only the site encompassing rs17084733, confirmed that
this is a functional variant disrupting the miR-221/222 binding site. In conclusion, this is the first study
investigating the role of SNPs on miR-221/222 precursor sequences and their binding region on KIT
3'UTR in GIST. We identified the KIT variant rs17084733 as a possible novel genetic biomarker for risk of
developing KIT-WT GIST. Moreover, our findings suggest the role of one of the three miR-221/222
binding sites on KIT 3'UTR as endogenous sponge, soaking up and subtracting miR-221/222 to the
other two sites characterized by a higher affinity.
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Introduction

Gastrointestinal stromal tumour (GIST) emerged as
a distinct disease entity after the identification of KIT
and PDGFRA oncogenic mutations in GIST
tumorigenesis in about 85–90% of cases [1–5]. The
discovery ofKIT/PDGFRAmutations led to the intro-
duction of tyrosine kinase inhibitors (TKIs) with KIT
inhibitory activity, such as imatinib, sunitinib, and
regorafenib, which effectively bind to and inhibit
KIT and PDGFRA oncogenic signalling, thereby
impacting favourably in GIST patients survival
[6–10]. In addition, approximately 10–15% of the
GIST are wild-type (WT) for KIT/PDGFRA muta-
tions. This group has distinctive molecular hallmarks,

including defects in SDH complex, or oncogenic acti-
vation of RAS/MAPK pathway. KIT/PDGFRA WT
GIST are considered therapeutic orphans, given that
no treatment has demonstrated any clinical bene-
fit [11].

For a long time, research has focused on genetic
traits associated with susceptibility to develop GIST
and/or to predict treatment response [12–19]. In
recent years, a wealth of evidence supports a relevant
role for microRNA (miRNA) in GIST oncogenesis
and tumour progression [20]. miRNAs, endogenous
non-coding RNAs, negatively regulate gene expres-
sion by binding to the 3ʹuntranslated regions
(3ʹUTR) of target genes [21,22]. miRNAs derive
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from a two-step process: generation of pre-miRNA
(60–70 nt long) from pri-miRNA (500–3000 nt long)
in the nucleus, followed by generation of mature
miRNA from pre-miRNA in the cytoplasm [23].
miRNA-mRNA base pairing, and therefore gene
expression modulation, may be influenced by differ-
ent factors, including polymorphisms in both
miRNAs and miRNA targets [23–25]. Indeed, genetic
variants within the miRNA binding site (miR-SNPs)
can affect miRNA-mRNA interactions, influencing
several cellular processes, including susceptibility,
prognosis, and clinical outcome of complex diseases,
such as cancer [26–29].

A limited number of studies in GIST have analysed
the role of miRNAs in tumour development, classifi-
cation, diagnosis, and prognosis [20,30–34]. miR-221/
222 down-regulation correlates with high KIT expres-
sion [30]. However, it is still controversial miR-221/
222 function across GIST genotypes [30–32].
Therefore, we first analysed miR-221/222 expression
in GIST patients, considering GIST genotype. Second,
we evaluated the influence of genetic variants in pri-
miR-221/222 and KIT 3ʹUTR on GIST prognosis and
clinical outcome with first-line imatinib. Finally, we
explored the role ofKIT 3ʹUTR rs17084733 in regulat-
ing KIT expression in GIST cell lines.

Results

miR-221/222 and KIT expression levels in GIST
patients according to tumour genotype

We analysed a cohort of 34 patients, 19 KIT and 7
PDGFRA mutants, and 8 KIT/PDGFRA WT GIST.

As shown in Figure 1, miR-221-3p and miR-222-
3p expression levels did not differ significantly in
the three GIST genotypes (KIT mutant vs
PDGFRA mutant vs KIT/PDGFRA WT: 0.17 ±
0.21 vs 0.10 ± 0.06 vs 0.16 ± 0.16 (miR-221),
P= 0.438; 0.10 ± 0.16 vs 0.020 ± 0.010 vs 0.070 ±
0.080 (miR-222), P= 0.365). Inverse correlation
between miR-221/222 and KIT expression levels
was observed (Supplementary Figure S1 and S2).
Nevertheless, miR-221/222 expression was signifi-
cantly lower compared to papillary thyroid carci-
noma (PTC) (miR-221/222 positive control)
regardless of GIST genotype (Figure 1).

pri-miR-221/222 and KIT 3ʹUTR genotype
distribution in GIST patients and controls

A total of 95 germinal variants in pri-miR-221/222
and KIT 3ʹUTR were genotyped in 115 GIST and 88
healthy controls (Supplementary Table S1). Eighty-
seven polymorphisms were homozygous WT and
consequently excluded from further analysis. The
remaining eight polymorphisms were consistent
with the Hardy–Weinberg equilibrium in both cases
and controls and thus were tested for association with
risk of GIST development (Supplementary Table S2).
rs17084733 (G>A) on KIT and rs75246947 (T>A) on
pri-miR-222 polymorphisms were found significantly
associated with GIST susceptibility. GG genotype in
KIT rs17084733 was present in 88.6% of controls,
compared to 74.8% of GIST patients. Interestingly, it
was less frequent in patients with nomutations inKIT
(KIT-WT GIST) compared to KIT mutant GIST

Figure 1. Expression level of miR-221, miR-222 and KIT in KITmutant, PDGFRAmutant and KIT/PDGFRAWT GIST patients and in papillary
thyroid carcinoma (PTC), used as positive controls. (Significantly lower compared to PTC, * P≤ 0.05, ** P≤ 0.01, *** P≤ 0.001).
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(60.7% vs 79.8%). In particular, GG genotype was
associated with a significantly lower risk to develop
GIST in KIT WT compared to the controls (age- and
gender-adjusted OR= 0.25, 95% CI 0.08–0.81,
P= 0.021). Regarding pri-miR-222 rs75246947 var-
iant, carriers of heterozygous genotype (TA) were
more common among controls compared with
GIST (TA: 39.2% and 21.1%, respectively; P= 0.020).
The presence of the minor allele – A – was correlated
with a lower risk to develop GIST (age-, gender-
adjusted OR= 0.22, 95% CI 0.090–0.53, P= 0.001).
None of the other investigated polymorphisms
showed significant association with GIST susceptibil-
ity (Supplementary Table S2).

KIT 3'UTR and pri-miR-221/222 genotype predict
outcomes in metastatic GIST patients treated
with imatinib

Our cohort of GIST patients treated with imatinib for
metastatic disease had a median time to progression
(TTP) of 20.3 months, which is in line with reported
data [35]. We first focused on KIT-mutant GIST
patients, as miR-221 and miR-222 are modulators of
KIT expression through binding to its 3ʹUTR [20].
KIT polymorphism rs17084733 G > A was signifi-
cantly associated with shorter TTP, and was further
confirmed in the multivariate analysis (age- and

gender-adjusted HR= 15.5, 95% CI 1.70–141.3,
P= 0.015; recessive model). A significant association
between rs75246947, located in pri-miR-222 (T>A),
andTTPwas also observed in the analysis. Specifically,
patients homozygous for the major allele (TT) had
longer TTP (TA vs TT: age- and gender-adjusted
HR= 6.05, 95% CI 1.92–19.07, P= 0.0020). This result
was also confirmed correlating alleles with TTP based
on theKaplan–Meiermethod (medianTTPTT vsTA:
23.9 vs 16.9, P= 0.009; Figure 2). Notably, this variant
maintained the significance in the overall GIST popu-
lation, which includes PDGFRA-mutant and KIT/
PDGFRA WT GIST (TA vs TT: age- and gender-
adjusted HR= 5.13, 95% CI 1.91–13.82, P= 0.001).
None of the other investigated polymorphisms was
associated with TTP (Supplementary Table S3
and S4).

Impact of rs17084733 variant on KIT mRNA
levels in GIST patients

All GIST cases were KIT positive by immunohis-
tochemistry (IHC), and data on KIT expression
were retrieved from whole transcriptome paired-
end RNA sequencing analysis (WTS) [34]. Lower
levels of KIT mRNA were detected in patients
carrying at least one variant allele in all molecular
GIST subtypes, except for KIT-mutant GIST. With

Figure 2. Kaplan-Meier TTP estimates for pri-miR-222 rs75246947. Patients harbouring the TT genotype showed longer PFS
compared to TA.
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regard to the KIT-WT subgroup we observed
a significantly lower KIT expression in patients
carrying the rs17084733 variant allele compared
to rs17084733 WT patients (9.70 ± 1.21 vs 11.22
± 0.80, P= 0.046; Figure 3), suggesting that
rs17084733 variant might represent a specific bio-
marker for this GIST subgroup.

Functional analysis of rs17084733 variant in
GIST cell lines

The KIT 3ʹUTR has been validated as a target of the
cluster miR-221/222 [36,37] and three binding sites
have been computationally predicted [38] being the
rs17084733 locus located within one of these miR-
221/222 interaction domains. Presence of the variant
allele (A) leads to a conformational change respon-
sible for an increased free energy (Supplementary
Figure S3), indicative of base pairing disruption
within the seed sequence of the miR-221/222 com-
plementary site. However, our data show that
patients harbouring rs17084733 variant allele pre-
sent down-expression of the KIT oncogene, whereas
disruption of the miRNA binding site should result
in an increased expression. In order to elucidate the
putative role of this locus on miRNA binding effi-
ciency, we generated two constructs, herein referred
to as maxiKIT constructs, containing all the three
binding sites, with and without the rs17084733 KIT
variant. The two constructs were cloned into
a Renilla luciferase reporter vector; presence or

absence of the variant in the constructs was con-
firmed by Sanger sequencing (Figure 4a). The pre-
sence of the variant allele led to 2.4 times and 1.5
times decrease in luciferase activity compared to the
WT constructs in GIST-48 (P= 0.02) and GIST-882
(P= 0.017), respectively (Figure 4b). Thus, the
rs17084733 SNP causes enhanced binding of the
cluster miR-221/222 to the KIT 3ʹUTR in vitro.
This result agrees with the observed lower KIT
mRNA levels in GIST carrying the rs17084733 var-
iant compared to WT patients (Figure 3). We next
investigated how rs17084733 variant affected the
miR-221/222 binding domain in vitro. To this pur-
pose, we designed two constructs (herein referred to
as miniKIT) in which the KIT 3ʹUTR – containing
only the binding site encompassing the rs17084733
locus – was cloned into a Renilla luciferase reporter,
with and without the rs17084733 variant. In both
GIST-48 and GIST-882 cell lines, the presence of the
variant allele led to a higher normalized luciferase
activity compared to the WT locus (Figure 4c), indi-
cating a potential disruption of the miRNA seed
sequence. In particular, in GIST-48 transfected
cells, the single mismatch caused by the variant allele
resulted in a significant 1.7 times increased luciferase
activity (P= 0.030). GIST-882 transfected cells
showed 1.4 times increased luciferase level, reaching
a borderline significance (P= 0.050).

Together, these results suggest that rs17084733
locus buffers the activity of miR-221/222 on the KIT
target. In particular, rs17084733 WT sequence soaks

Figure 3. KIT expression in patients WT or carrying the rs17084733 variant allele according to tumour mutational status. KIT
expression was significantly lower in KIT WT GIST patients harbouring the rs17084733 variant allele (TA or AA) compared to
rs17084733 WT locus (TT) (* P≤ 0.05).
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up miR-221/222 and competitively sequester them
from the other two sites on KIT 3ʹUTR, thus abrogat-
ing their repressive activity (Figure 5).

Discussion

GIST are driven by a variety of molecular events,
including the well-known KIT/PDGFRA mutations,

and other genetic events, such as SDH deficiency or
BRAF/RAS/NF1 alterations [5,39,40]. However, in
recent years specific epigenetic mechanisms, includ-
ing miRNA deregulation, have emerged as responsi-
ble for the gradual malignant transformation of GIST
[41]. miRNAs have an established role in cancer biol-
ogy by controlling the expression of their targets’
mRNAs to promote tumour growth, invasion,

Figure 4. Functional analysis: luciferase assay. (a): Sanger sequence analysis carried out for luciferase construct verification of the KIT
3'UTR. Upper panel: KIT 3'UTR WT construct (underlined the rs17084733 wild-type allele – G); lower panel: KIT 3'UTR variant
construct, (underlined the rs17084733 variant allele - A). (b and c): Putative role of the KIT 3'UTR rs17084733 on miRNA binding by
Luciferase assay. (b): Transfection with the maxiKIT constructs – containing all the three miR-221/222 binding sites – in GIST-48 and
GIST-882 lines: the presence of the minor allele A led to a significant decrease in luciferase activity in both GIST cell lines (* P< 0.05).
(c): Transient transfection performed in GIST-48 and GIST-882 cells using the miniKIT construct: in both cell lines, presence of the
minor allele A led to a significantly higher normalized luciferase activity (* P< 0.05).

Figure 5. Proposed mechanism of a miRNA binding site acting as a sponge for miR-221/222. The seed sequence 1 encompasses the
rs17084733. (Upper panel) The sequence with WT (TT) allele acts like a sponge, soaking up miR-221/222 and therefore, reducing
their availability for sites 2 and 3. (Lower panel) Presence of the rs17085733 variant allele (TA or AA) disrupts the sponge site,
increasing miR-221/222 availability for sites 2 and 3. Overall, disruption of the sponge contributes to repress KIT expression.
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angiogenesis, and immune evasion [23,25]. In parti-
cular, miRNAs post-transcriptionally repress the
expression of target genes by binding to 3ʹUTR of
the target mRNAs, causing inhibition of translation
or degradation of the mRNA target [42]. The highly
conserved miR-221 and miR-222, sharing the same
seed sequence and encoded in tandem by the
X chromosome, have been reported either as
oncomiRs or as tumour suppressor-miRs [43]. In
recent years, it has been ascribed an important role
to miR-221/222 cluster as a regulator of KIT expres-
sion in GIST [20]. Indeed, the 3ʹUTR region of KIT
harbours three putative binding sites for these two
miRNAs. In our study, we evaluated for the first time
miR-221/222 expression levels, taking into account
tumour mutational status (KIT mutant vs PDGFRA
mutant vs KIT/PDGFRA WT). Interestingly, we did
not observe any significant difference regarding
tumor genotype, leading us to speculate that miR-
221/222 might play a role in the pathogenesis of
GIST. This prompted us to investigate DNA altera-
tions on pri-miR-221 and 222. A small number of
studies have so far investigated the impact of SNPs
located in pri-miR-221 and pri-miR-222 [38,44–46],
but none of them have been performed in GIST.
Mature miRNAs are composed of 18 to 24 nts in
length, but only 2 to 7 nts form the seed region,
which specifically identifies target mRNAs binding
to miRNAs [47]. The small size of the seed sequence
implies that a change as small as a SNP may deeply
affect the miRNA binding capacity. Therefore, we
analysed 95 polymorphisms within the pri-miR-221
and pri-miR-222 regions, and in the KIT 3ʹUTR. The
majority of them did not show the minor allele (MA),
as we also evaluated variants with low MA frequency
(though > 0.01). We observed a significant difference
in the distribution of the KIT 3ʹUTR variant
rs17084733 (*217 G→A transition) between cases
and controls. rs17084733 minor allele (A) was more
common in GIST, particularly in KIT-WT GIST,
potentially representing a disease susceptibility factor
for this group of patients. Our data agree with those
reported by Godshalk and collaborators, showing that
rs17084733 A allele was more common among acral
melanoma patients – KIT-mutant tumours – com-
pared to the healthy population [38]. We also
observed a significant correlation between
rs75246947 variant and TTP in GIST patients under
imatinib treatment. rs75246947, a −619 T>A

transversion, is located within an intronic region of
the X chromosome (45746731–45747263, GRCh38),
encompassing the pri-miR-222. The underlying
mechanism behind the correlation between
rs75246947 and TTP remains unclear; however,
given the regulatory role of miR-222, the finding is
worthy of further comprehensive exploration.
Notably, chromosome X also contains the tumour
suppressor DMD gene, which is deleted in more
than 60% of myogenic cancers, including GIST [48].
The deletion occurs in a chromosome region that
does not include miR-222 and its rs75246947 variant,
which therefore may continue to exert its function.
Using the HaploReg database [49], rs75246947 is
predicted to alter the Foxp1 and RREB-1 regulatory
motifs, which are located 107 bp downstream of miR-
222. These two regulatory motifs function as
oncogenes in different cancer types [50], and their
gene products exert some role in altered immune
response [51,52].

Considering the impact of rs17084733 on KIT
expression, our studies, as well as a prior report in
PTC [44] showed lower KIT expression in KIT-WT
GIST harbouring the rs17084733 variant compared
to rs17084733 WT patients. By contrast, two inde-
pendent microarray studies performed in melanoma
displayed increased levels of KIT mRNA associated
with rs17084733 WT due to disruption of miR-221/
222 binding sequence on the KIT 3ʹUTR region [38].
Therefore, this study suggests a mechanism of KIT
de-repression likely due to a decreased base pairing
of the miRNA: target duplex in the miRNAs seed
region. To further clarify these controvert results, we
performed functional studies to elucidate the effect
of the KIT 3ʹUTR rs17084733 variant on miRNA
interaction in GIST cell lines. Luciferase reporter
assay using maxiKIT constructs, covering the three
binding sites, demonstrated a reduced luciferase
activity, consistent with decreased KITmRNA levels,
which in turn disagrees with the hypothesis that
rs17084733 variant breaks miR221/222 binding site.
However, rs17084733 disrupts a site poorly pre-
dicted and therefore considered of minor impor-
tance. Indeed, all the main tools used for binding
prediction (including MiRanda, TargetScan and
DIANA-microT) identified all the binding sites
except the one encompassing the rs17084733 var-
iant. Only the RNAhybrid tool, based on two RNA
hybridization energy calculations, correctly
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identified all the three sites. The hybridization
energy computed for the site encompassing
rs17084733 is affected by the minor allele, changing
from −23.5 to −19.3 Kcal/mol for miR-221 and from
23.9 to −20.8 Kcal/mol for miR-222, highlighting
a lower binding affinity (Supplementary Figure S3).
We confirmed this binding prediction in GISTmod-
els using miniKIT constructs only covering the
rs17084733 locus. Indeed, we reported an increased
luciferase activity consistent with rs17084733 behav-
ing as a functional variant disrupting the miR-221/
222 binding site. Specifically, the binding disadvan-
tage caused by the variant allele (A) drives the miR-
221/222 to bind to the other two sites (Figure 5).
Therefore, these two sites, predicted to be the most
important miR-221/222 targets, represent the main
players in KIT expression regulation, while the site
including the rs17084733 locus acts as a natural
sponge and competes for miR-221/222 binding.

In conclusion, to the best of our knowledge, this is
the first study (i) showing comparable miR-221/222
expression levels between different GIST subtypes
and (ii) investigating the role of polymorphisms in
pri-miR-221/222 and on their binding regions in the
KIT 3ʹUTR region. Specifically, this work identifies
the rs17084733 variant in the KIT 3ʹUTR as
a possible novel genetic biomarker for the risk of
KIT-WT GIST development. Lastly, the most intri-
guing finding is the identification of an endogenous
DNA sequence likely acting as a sponge to sequester
miR-221/222, adding a new intricate facet to the
miRNA regulatory dimension. Regulating the regu-
lators: similarly to protein-coding mRNAs, miRNAs
are subjected to regulatory mechanisms at different
stages, and miRNA sponges constitute a recently
recognized layer of this mechanism [53,54]. Given
the preliminary nature of the data, we can only
speculate on the existence of endogenous DNA
sequences acting as miRNA sponges in GIST.
Therefore, additional insights are needed to address
this hypothesis and understand the complexity of
miRNA regulatory machinery in GIST.

Materials and methods

Study population

A total of 149 unresectable/metastatic GIST patients
and 88 healthy controls were retrospectively

included in this study, at the Sant’Orsola-Malpighi
Hospital, Bologna. With regard to the 149 GIST
patients, 34 had only RNA, 98 had only germinal
DNA and 17 had both germinal DNA and RNA
available; the workflow of the analysis performed
according to the available biological samples is
reported in Figure 6.

Clinical information of the 115 GIST patients used
in SNPs analysis was collected from patients’medical
records and are summarized in Table 1. KIT protein
(CD117) level was evaluated at diagnosis by IHC; all
patients included in the present study were IHC
CD117 positive. KIT/PDGFRA mutational status was
investigated through Sanger sequencing. Among the
115 patients with available DNA, 79 (68.7%) harbored
a KIT mutation (68 in exon 11 and 11 in exon 9), 9
(7.8%) a PDGFRA mutation, 19 (16.5%) were KIT/
PDGFRA WT, and 8 (7%) were missing. Data on
clinical outcome were available for 71 GIST patients.
These patients underwent standard first-line imatinib
(400 mg or 600 mg daily); TTP was calculated from
the beginning of imatinib therapy to the date of dis-
ease progression, documented by the CT scan per-
formed approximately every 3–4months. For patients
who did not progress at the last follow-up, TTP eva-
luation was censored at that time. All patients were
followed up until death; none of them has dropped
out during surveillance. In order to evaluate disease
susceptibility, we also genotyped 88 controls, anon-
ymous blood donors from the Centro Trasfusionale,
Sant’Orsola-Malpighi Hospital, Bologna (Table 1).
The analysis, approved by the hospital Ethics
Committee, was performed after written informed
consent for study participation and anonymous data
publication in accordance with national legislation
and the Helsinki Declaration.

Cell cultures

GIST-48 and GIST-882 cell lines were kindly pro-
vided by Dr Fletcher (Brigham and Women’s
Hospital, Harvard Medical School, Boston, MA,
USA). GIST-48 was established from a patient
that had progressed – after an initial clinical
response – during imatinib therapy; this cell line
is characterized by a primary, homozygous KIT
exon 11 mutation (p.V560D) and a secondary,
heterozygous KIT exon 17 mutation (p.D820A).
Cells were cultured in IMDM (Gibco, Thermo
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Fisher Scientific Inc brand, Waltham, MA, USA)
supplemented with 15% fetal bovine serum (FBS)
and 1 mM L-Glutamine (Invitrogen, Thermo
Fisher Scientific Inc brand). GIST-882 was estab-
lished from an untreated, human primary tumour
harbouring a homozygous imatinib sensitive

mutation in KIT exon 13 (p.K642E). Cells were
maintained in RPMI-1640 (Gibco), supplemented
with 15% FBS and 1 mM L-Glu (Invitrogen). All
experiment were performed in newly thawed cells.
GIST lines were routinely monitored by Sanger
sequencing to confirm their KIT mutational status
and to exclude additional secondary mutations
in KIT.

miR-221/222 and KIT expression level in GIST
patients and cell lines
Total RNA was isolated from GIST tissue samples,
GIST cells and papillary thyroid carcinoma (PTC)
FFPE samples using Trizol reagent (Invitrogen),
according to the manufacturer’s instructions.
PTC samples were included as a positive control
for miR-221/222 expression. Ten nanograms of
total RNA was reverse transcribed using the
TaqMan microRNA Reverse Transcription kit
(Applied Biosystems, Thermo Fisher Scientific
Inc brand). For detection of miR-221-3p and
miR-222-3p, expression levels were evaluated
using Taqman microRNA single assays (Applied
Biosystems), in accordance with the instructions
supplied by the manufacturer. RT-PCR reactions
were performed in triplicate in a 7900 HT Real-

Figure 6. Workflow of the analysis performed according to the available biological samples.

Table 1. Demographic and disease characteristics of GIST
patients and controls.

Total PB cases (n= 115) Controls (n= 88)

Gender, n (%)a

Female 48 (41.4) 30 (34.1)
Male 67 (58.3) 58 (65.9)
Age, yearsb

Mean ± SD (range) 57.5 ± 13.9 (21–88) 46.6 ± 13.4 (21–79)
Tumor site, n (%)
Small intestine 49 (42.6)
Stomach 55 (47.8)
Peritoneum 4 (3,5)
Rectum 1 (0,9)
Missing 6 (5.2)
Tumor size, n (%)
≤5 cm 22 (19.1)
6–10 cm 35 (30.5)
≥10 cm 46 (40.0)
Missing 12 (10.4)
Status at onset, n (%)
Localized 59 (51.3)
Metastatic 56 (48.7)

aNo difference in gender distribution between cases and controls (P=
0.68).

bNo difference in age distribution between cases and controls (P=
0.21); for cases, age is intended at diagnosis.
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Time PCR (Applied Biosystems); negative controls
and RNU48 and RNU44, both used as endogenous
controls, were included in each run.

To evaluate KIT mRNA expression, total RNA
was reverse transcribed through High-Capacity
RNA-to-cDNA Kit (Applied Biosystems) and
expression level was evaluated using Taqman
gene expression assays (assay ID Hs00174029,
Thermo Fisher). Relative expression was estimated
by the ΔΔCt method, using GAPDH (assay ID
Hs99999905, Thermo Fisher) as housekeeping
control.

Polymorphisms selection and genotyping
miRNA binding sites in the KIT sequence were pre-
dicted with different tools as described by Krek et al.
[49]. On the basis of the retrieved sequences, we
selected a total of 95 polymorphisms, 77 miR-SNPs
(28 in pri-miR-221 and 49 in pri-miR-222) and 18
polymorphisms in the KIT 3ʹUTR (Supplementary
Table S1). Genomic DNA was extracted from fresh
or frozen whole blood using a DNA isolation kit from
Qiagen (QIAamp® DNA Mini Kit, Qiagen, Hilden,
Germany) according to the manufacturer’s instruc-
tions. Genotyping of the 77 miR-SNPs on pri-miR
-221 and pri-miR-222 was conducted by Sanger
sequencing into an ABI PRISM® 310 Genetic
Analyzer (Applied Biosystems). In particular, primers
amplified two regions of 517 bp and 533 bp for miR-
221 and miR-222, respectively (Hs00509011_CE and
Hs00509012_CE, Thermo Fisher). Amplicons were
purified using the QIAquick PCR Purification Kit
(Qiagen) and sequenced using the BigDye®
Terminator v1.1 Cycle Sequencing kit (Applied
Biosystems). Sequence data were analysed by BLAST
and manual review of chromatograms; all variants
were confirmed by bidirectional (forward and
reverse) sequencing. Concerning the 18 variants in
KIT 3ʹUTR, genotyping was performed either by real-
time PCR using Taqman® Assay (Applied Biosystems)
as recommended by manufacturer or by Sanger
sequencing. With regard to the variants analysed by
sequencing, we amplified the region harbouring two
binding domains, one for miR-221 and one for miR-
222. This region also contained variants analysed by
Taqman® Assays, and both the results of the over-
lapping variants were 100% concordant. Genotyping
performed by real-time PCR included positive and
negative controls in each reaction as quality control.

For further quality control, all genotypes were per-
formed blind to control or case status. Moreover, 10%
of the collected samples were repeated for genotyping
assay (variants performed by Taqman® Assay not
overlapping with Sanger sequencing were selected),
and the results were 100% concordant.

KIT 3′UTR plasmid constructs and luciferase assay
The pMirNanoGlo2 dual-Luciferase vector, contain-
ing both the Renilla and the Firefly luciferase genes,
was purchased from Promega (Promega, Madison,
WI, USA). pMirNanoGlo2 constructs containing
a 1977 bp portion of KIT 3ʹUTR, WT (G) or with
the variant allele (A) rs17084733, were generated
(maxiKIT constructs) as follows. The KIT 3′UTR
regions (G or A allele) were amplified from human
genomic DNA, introducing the NheI and XhoI
restriction sites. The two fragments (WT or with
the variant) were cloned into a pGEM® vector using
the pGEM-T Easy Vector Systems (Promega)
according to the manufacturer’s instructions. The
amplified DNA fragments were subcloned into the
pMirNanoGlo2 vector, downstream of the Renilla
luciferase stop coding region. This amplicon
included all three binding sites (at the position
214–222, 1030–1037, 1959–1966 of KIT 3ʹUTR;
Figure 7). Similarly, two constructs containing
a 616 bp KIT 3ʹUTR region (miniKIT constructs)
WT or with the variant allele, were generated. The
616 bp amplicon enclosed only the binding site at
position 214–222, encompassing the rs17084733
locus. All constructs were sequence-verified prior
to use. GIST-882 and GIST-48 cells were transfected
using Amaxa Nucleofector II device (Lonza AG,
Basel, Switzerland). In brief, 1 × 106 cells were resus-
pended in 100 μl of Ingenio Electroporation solution
(Mirus Bio, LLC; Madison, WI, USA) and mixed
with 50 pmol of miRNA mimics (Mirvana miRNA
mimic, Ambion, Thermo Fisher Scientific Inc
brand). Cells were then electroporated using the
program T-20, and seeded in triplicate in a 96 wells
plate. After 24 h, Firefly and Renilla Luciferase activ-
ities were quantified using the Dual-Luciferase sys-
tem (Promega), through an EnSpire Multimode
Plate Reader (Perkin Elmer, Inc, Waltham, MA
USA). Renilla Luciferase expression was normalized
on the Firefly Luciferase expression. Independent
triplicate experiments were performed for each plas-
mid construct.
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MiRNA target site and hybridization prediction
Four popular tools for miR-221 and miR-222 bind-
ing prediction – MiRanda, TargetScan, DIANA-
microT and RNAhybrid – were used [55]. The
3ʹUTR of the KIT transcript (ENSEMBL identifier
ENST00000288135) was used as target. MiRanda
and RNAhybrid were run locally using the stand-
alone software version, DIANA-microT using its
web interface, and TargetScan using both the stand-
alone and the web interface. All tools were run using
default parameters. Hybridization predictions for the
rs17084733 WT and variant allele transcripts were
evaluated with the following criteria: total score for
MiRanda; context score and conservation for
TargetScan; score and conservation for DIANA-
microT; hybridization minimum free energy for
RNAhybrid.

Statistical analysis
The distribution of genotypes was tested for depar-
tures from the Hardy–Weinberg equilibrium using
the χ2 test. The frequency distributions of categorical
variables were compared using Pearson’s chi-square
and Fisher’s exact test as appropriate. Survival analy-
sis methods were used to examine the relationship
between genotypes (homozygous WT, heterozygous
and homozygous for the variant allele) and TTP.
Results were analysed using both the recessive

(AA + Aa vs. aa) and dominant (AA vs. Aa + aa)
models. 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 functions (statistical
significance defined as P< 0.05). In multivariate ana-
lysis, hazard ratios (HR) and 95% confidence interval
(95% CI) were estimated by Cox proportional
hazards models, using gender and age at diagnosis,
as covariates in addition to the genotype. The pro-
portional hazards 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 estimates were not
adjusted for multiplicity. Results should be inter-
preted as exploratory. Significant changes in mRNA
and miR-221/222 expression and in reporter assay
activity were assessed via Student’s t-test. All the
analysis, except where otherwise specified, were con-
ducted using Stata Intercooled version 12.0 [56].
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