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Abstract: Background and Objectives: This study aimed to objectively determine microsatellite insta-
bility (MSI) status using a next-generation sequencing (NGS)-based MSI panel and to resolve the
discrepancy regarding whether or not MSI is a rare phenomenon, irrespective of diverse genomic
alterations in gastrointestinal stromal tumors (GISTs). Materials and Methods: Genomic DNA was
subjected to MSI panel sequencing using an Ion AmpliSeq Microsatellite Instability Assay, as well
as to cancer gene panel sequencing using an Oncomine Focus DNA Assay. Results: All of our GIST
patients showed microsatellite-stable (MSS) status, which confirmed that MSI status did not affect the
molecular pathogenesis of GIST. The KIT gene (79%, 38/48) was the most frequently mutated gene,
followed by the PDGFRA (8%, 4/48), PIK3CA (8%, 4/48), and ERBB2 (4%, 2/48) mutations. KIT exon
11 mutant patients were more favorable in responding to imatinib than those with exon 9 mutant or
wild-type GISTs, and compared to non-KIT exon 11 mutant GISTs (p = 0.041). The NGS-based MSI
panel with MSICall confirmed a rare phenomenon of microsatellite instability in GISTs irrespective of
diverse genomic alterations. Conclusion: Massively parallel sequencing can simultaneously provide
the MSI status as well as the somatic mutation profile in a single test. This combined approach may
help us to understand the molecular pathogenesis of GIST carcinogenesis and malignant progression.

Keywords: microsatellite instability; next-generation sequencing; MSICall; somatic mutation profile;
gastrointestinal stromal tumor

1. Introduction

Microsatellites are repetitive tracts in certain DNA motifs, ranging from one to six
or more nucleotide pairs in length [1]. Replication slips are recognized and repaired
through the DNA mismatch repair (MMR) system, such as with MSH6, MLH1, MSH2,
and PMS2, to conserve cellular homeostasis [2]. Their lengths are altered during DNA
replication because microsatellite loci are vulnerable to replication errors [3]. If the MMR
system is functional, replication errors are normally fixed and somatic mutations are
stacked up. This genomic phenomenon is referred to as microsatellite instability (MSI). In
general, the conventional MSI assay—which consists of a polymerase chain reaction (PCR)
followed by fragment analysis using capillary electrophoresis and immunohistochemistry
(IHC) for MMR proteins—has been widely applied as a gold standard for estimating
MSI status. However, these tests require visual interpretation and make it challenging
to decide on MSI status with inconclusive data. Discordant results between IHC and
the conventional MSI assay have been reported due to various possible situations [3].
Variations in the mutant allele burden with respect to tumor heterogeneity and tumor
purity can influence the determination of MSI status [2,4]. Somatic mutations accompanied
by microsatellites related to crucial target genes are considered to play a critical role in the
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evolution of deficient MMR (dAMMR) tumors [5]. On the other hand, IHC can be used to
identify the expression loss of MMR proteins when deleterious mutations, such as nonsense,
frameshift, and splice-site mutations, occur in MMR genes. However, MMR proteins show
normal expression, even though pathogenic missense mutations cause functional defects
in MMR proteins. In such conditions, IHC shows false negatives for dAMMR tumors.
Thus, more sensitive and specific diagnostic tests for determining MSI status are required.
Now, next-generation sequencing (NGS) analysis allows us to determine MSI status and
comprehensive genomic mutation profiles simultaneously. Recently, an NGS-based MSI
assay with MSICall has been developed as an alternative assay [6].

MSI is found in up to 20% of sporadic gastric, colorectal, and endometrial cancers,
even though it is less frequent in other types of solid tumors [7,8]. The MSI status is a
molecular subtype that is especially recognized in gastric cancer [9]. The incidence of
gastric cancers with high MSI has been known to be up to 37%, and has been associated
with older age, earlier tumor stages, being female, less frequent lymph node metastasis,
and intestinal histology [10,11]. Gastric cancers with high MSI are considered as a good
prognosis factor, and MSI status may be a useful biomarker for predicting chemotherapy
responsiveness for stage II/III gastric cancer [12,13]. However, the occurrence of an MSI
phenotype in gastrointestinal stromal tumors (GISTs) has not been thoroughly evaluated,
and the clinical implications of MSI status need to be determined.

In this study, we objectively determined MSI status using an NGS-based MSI panel and
resolved the discrepancy regarding whether or not MSI is a rare phenomenon, irrespective
of diverse genomic alterations in GISTs.

2. Materials and Methods
2.1. Samples and DNA Extraction

The study protocol was approved by the Institutional Review Board of The Catholic
University of Korea and informed consent was obtained from all patients (DC18SESI0113;
Date of approval: 13 November 2018). All participants and their parents provided written
informed consent for clinical analyses. A total 48 formalin-fixed paraffin-embedded (FFPE)
samples of GIST tissues were obtained from Korean patients diagnosed with GISTs at
Daejeon St. Mary’s Hospital (Daejeon, Korea). Histological classification from the same
tissues was confirmed by a board-certified pathologist. The pathologic diagnosis of GISTs
was determined according to a recommendation by the Korean GIST Study Group [14]. In
particular, all 48 patients that were positive for c-KIT but negative for S100 and desmin
in the IHC analysis were diagnosed with GISTs. FFPE samples that had more than 50%
tumor content were analyzed in this study; they were divided into 10 micrometer sections
via laser-capture microdissection by a certified pathologist, and were preserved in 1.5 mL
Eppendorf tubes. The blade was changed for every tissue block to prevent contamination.

Genomic DNA was isolated from the four or five unstained FFPE sections using the
Recover All Total Nucleic Acid Isolation Kit (Thermo Fisher Scientific, Waltham, MA, USA)
per the manufacturer’s instructions. Amplifiable genomic DNA was assessed quantitatively
using a Qubit dsDNA High-Sensitivity Assay Kit, a Qubit 2.0 fluorometer, and a TagMan
RNase P Detection Reagent Kit (Thermo Fisher Scientific, Waltham, MA, USA); it was
considered adequate when the nucleic acid concentration was >10 ng/uL.

2.2. Microsatellite Instability Analysis

The genomic DNA was subjected to MSI panel sequencing using an Ion AmpliSeq
Microsatellite Instability Assay (ThermoFisher Scientific, Waltham, MA, USA) consisting of
a single primer pool, which amplified a total of 76 amplicons to assess the MSI status, as per
the manufacturer’s protocol. The libraries for the MSI panel were partially phosphorylated
using the FuPa reagent, ligated to different barcode adapters using an Ion Xpress Barcode
Adapter 1-48 Kit (ThermoFisher Scientific, Waltham, MA, USA), and purified. The purified
libraries were quantified using an Ion Library TagMan Quantitation Kit (Thermo Fisher
Scientific, Waltham, MA, USA). The pooled purified libraries of ten multiplexed tumor
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DNAs per Ion 318 v2 chip (ThermoFisher Scientific, Waltham, MA, USA) at a concentration
of 50 pM were used for chip loading onto an Ion Chef with an Ion PGM Hi-Q Chef Kit
(ThermoFisher Scientific, Waltham, MA, USA), and were subsequently sequenced on an
Ion Torrent Personal Genome Machine (PGM) using an Ion PGM Hi-Q Sequencing Kit
(ThermoFisher Scientific, Waltham, MA, USA). Control DNA of the CEPH was included
in the same sequencing run. MSICall, an Ion Torrent Suite software plugin, was used to
determine the target sites and to estimate the MSI score of each marker generated from the
Ion AmpliSeq Microsatellite Instability Assay. Markers with over 30 mapped and filtered
reads were considered to stand for the MSI score. Markers with scores less than 0.5, the
marker score threshold, were filtered in to calculate the marker scores and MSI status of
each sample, which were interpreted as follows: high MSI, MSI score > 40; microsatellite
stable (MSS), <40.

In addition, a conventional MSI assay (Genetree Research, Seoul, Korea) was per-
formed for the same DNA to confirm the MSI status of each GIST using a set of five
mononucleotide repeat markers (BAT-25, BAT-26, NR-21, NR-24, and NR-27), as described
previously [15]. The PCR products labeled with fluorescent dye were analyzed through
capillary electrophoresis using a 3730 XL Genetic Analyzer (Applied Biosystems, Carlsbad,
CA, USA), and the MSI status of each GIST was estimated and compared with that of the
corresponding normal control (high MSI, >2 markers unstable; MSS, no marker unstable)
with GeneMapper Software 5 (Applied Biosystems).

2.3. Somatic Mutation Profile Analysis

The genomic DNA was subjected to cancer gene panel sequencing using an Oncomine
Focus DNA Assay (ThermoFisher Scientific, Waltham, MA, USA) consisting of hotspot
mutations of single nucleotide variants (SNVs), as well as insertions and deletions (Indels)
of genes that are relevant to the targeted therapy of solid tumors, including KIT and
PDGFRA. Massively parallel sequencing was conducted using the Ion 318 v2 chip and Ion
PGM Hi-Q Sequencing Kit on the Ion Torrent PGM (ThermoFisher Scientific, Waltham, MA,
USA), and the “Oncomine™ Focus-520-w2.4-DNA-Single Sample” automatic workflow in
Ion Reporter was applied to detect and annotate the somatic mutations from the Oncomine
Focus DNA Assay, as described previously [16].

2.4. Statistical Analysis

The Fisher and x2 tests were performed to estimate the associations between MSI
status and the somatic mutation profiles or clinical assessments. The Kaplan—Meier method
was used to evaluate the cumulative survival probabilities. Statistical differences between
survival rates were estimated with the log-rank test. Statistical analysis was performed us-
ing MedCalc Statistical Software Version 19.5.3 (MedCalc Software Ltd., Ostend, Belgium).
A two-tailed p < 0.05 was defined to indicate a statistically significant difference.

3. Results
3.1. Clinicopathologic Findings of the Patients under Study

The patients under study comprised 50% (24 /48) male and 50% (24/48) female Ko-
reans, with a mean age of 64 years (range: 46 to 78). All patients were followed up for at
least three years. No disease relapses or GIST-associated deaths occurred during the study

period. The clinicopathologic findings of the patients are described in Supplementary
Table S1.

3.2. Microsatellite Instability Status of Gastrointestinal Stromal Tumors

To examine the MSI status and somatic mutation profiles in the archival FFPE samples,
a total of 48 GIST samples were tested in this study. We performed both an Ion AmpliSeq
Microsatellite Instability Assay with MSICall and conventional MSI assays to estimate
the MSI status in GISTs, and to validate the possibility of NGS-based MSI results and
parameter settings. With the Ion AmpliSeq Microsatellite Instability Assay with MSICall,
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low MSI scores of < 40 were found in all 48 GIST samples, and the average MSI score was
9.7 (range: 2.7 to 20.3) (Figure 1). With the conventional MSI assays, all 48 GIST samples
were classified as MSS. As a result, there was 100% (48/48) agreement on MSS between
the two MSI assays, but no high or low MSI was observed. Consequently, no associations
between MSI status and somatic mutation profiles or clinical assessments were available.
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Figure 1. Distribution of microsatellite instability (MSI) scores generated from the Ion AmpliSeq
Microsatellite Instability Assay in 48 gastrointestinal stromal tumors.

3.3. Somatic Mutation Profiles of Gastrointestinal Stromal Tumors

A total of 44 (92%) out of the 48 GISTs were from Korean patients; the KIT gene
(79%, 38/48) was the most frequently mutated gene, followed by the PDGFRA (8%, 4/48),
PIK3CA (8%, 4/48), and ERBB2 (4%, 2/48) mutations. One somatic mutation (2%, 1/48
in each gene) was detected in the BRAF, EGFR, ERBB4, KRAS, and NRAS genes. The
mutation distributions of the non-synonymous mutations and small Indels identified in
this study are shown in Figure 2.
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Figure 2. Frequencies of somatic mutation types detected in the various genes by the Oncomine
Focus DNA Assay in 48 gastrointestinal stromal tumors. Gene identities are depicted on the x-axis,
and the number of mutations is depicted on the y-axis.
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The KIT mutation was identified at exon 11 in 31 samples (82%, 31/38), exon 9 in 5
samples (13%, 5/40), and exon 17 in 2 samples (5%, 2/38). On the other hand, the PDGFRA
mutation was detected at exon 18 (100%, 4/4) in all four samples (Figure 3). No statistical
significance was observed in the disease-free survival analysis among the KIT-mutant
(n = 38), PDGFRA-mutant (n = 4), and wild-type (n = 6) GISTs. However, KIT exon 11
mutant patients were more favorable in terms of responding to imatinib than those with
exon 9 mutation or wild-type GISTs, and compared to non-KIT exon 11 mutant GISTs
(p =0.041).

Functional domain of KIT
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Figure 3. Distribution of somatic mutations in the KIT and PDGFRA functional domains. The somatic
mutations in KIT and PDGFRA identified in our study are shown. The types of mutations detected
within the domains are indicated above. Boxes represent functional domains: I-V, 5 immunoglobulin-
like domain; TM, transmembrane domain; JM, juxtamembrane domain; TK1, tyrosine kinase domain
1; KI, kinase insert domain; TK2, tyrosine kinase domain 2.

4. Discussion

Solid tumors with dMMR and high MSI carried more missense mutations compared
with those with pMMR and MSS [17,18]. Thus, the determination of MSI status has crucially
aided treatment plans and clinical prognoses in various solid tumors, and plays a key role
in good responses to immunotherapy in solid tumors with dMMR and high MSI [19,20].
However, high MSI status was not shown to be involved in GIST tumorigenesis [1], or in
the degree of malignancy and the p53 expression of GISTs [21]. It was also shown that the
mechanisms and functions of the MMR system were accomplished in patients with GISTs.
Therefore, MSI analysis could not be considered a useful molecular test for estimating
immunotherapy response in patients with GISTs. On the contrary, other studies have
reported the presence of MSI in 50% (10/22) [22] and 5% (3/62) [23] of patients with GISTs.
These discrepancies could be explained by the fact that different molecular tests were used
to assess the MSI status, and the analytical sensitivity and specificity of MSI determination
depend on the subjective interpretation and methods applied. Consequently, more MSI
markers and objective interpretations are required to resolve this controversy about the
role of MSI in GISTs. The Ion AmpliSeq Microsatellite Instability Assay used in this study
targets 70 mono-base repeats and six di- or tri-base repeats located on 76 microsatellite
loci of different chromosomes. The analytical performance of this assay was verified in
comparison to the results of conventional MSI analyses for several cancer types [6]. The
mapped reads of each marker generated from an NGS-based MSI panel and a bioinfor-
matics pipeline were used to quantify the MSI scores and to objectively determine the
MSI status in 48 GISTs. Because MSICall calculated the MSI scores according to targeted
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microsatellite loci in each sample, this MSI panel sequencing allowed the MSI status of
tumor samples to be determined using normal controls as the baseline without matched
tumor-normal control samples. It took approximately five days to yield the raw sequencing
results. After massively parallel sequencing was completed, the MSICall analysis was
performed within one hour. Moreover, MSICall only used the sequencing data of the tumor
and baseline control samples, which required less computer resources and could reduce
turnaround times. Similarly to previous reports [1,21], all of our GIST patients showed MSS
status, which confirmed that MSI status did not participate in the molecular pathogenesis of
GISTs. Campanella et al. reported that the features of the MSI phenotype are not sufficient,
and this is thus not a biomarker for the immunotherapy response in GISTs [1]. MSI is not
associated with the degree of malignancy or the p53 expression of GISTs [21]. Similarly, the
absence of cases with a DNA replication phenotype is in keeping with the absence of GISTs
in the spectrum of tumors from patients diagnosed with hereditary nonpolyposis colorectal
cancer [21]. Interestingly, mitochondrial MSI may play a role, but nuclear MSI may play a
smaller role in the development of GISTs, because MSI was detected more frequently in
mitochondrial DNA (16%, 10/62) compared to nuclear DNA (5%, 3/62) [23].

On the other hand, most of the GISTs were related to the spontaneous activation
of BRAF, KIT, or PDGFRA mutations, along with additional genetic lesions of NF1, as
well as components of the succinate dehydrogenase enzymatic complex [24,25]. GISTs
commonly carry activated mutations of KIT or PDGFRA genes, and respond strongly to
several selective tyrosine kinase inhibitors [26,27]. However, wild-type GISTs harbor no
mutations of the KIT or PDGFRA genes, but KIT activation through phosphorylation was
still identifiable in these tumors. These could be classified into two groups, according
to whether they were deficient or proficient in the succinate dehydrogenase complex.
The determination of activated mutations is required to subclassify wild-type GISTs in
alternative pathways. To date, optimal systemic therapy for metastatic wild-type GISTs and
adjuvant therapy in “high-risk” wild-type GISTs remains questionable, and has no precise
guidelines [28]. Consequently, routine genetic mutation profiling could be considered
as a crucial issue in the treatment of GISTs when undergoing tyrosine kinase inhibitor
therapy [29]. For instance, patients with the exon 11 deletion of the KIT mutations profited
from longer durations of adjuvant imatinib. The duration of adjuvant imatinib treatment
changed the risk of GIST relapse related to some KIT mutations, such as deletions that
affected exon 11 codons 557 and/or 558 [28]. Moreover, the achievement of secondary
mutations in either KIT or PDGFRA revealed the most common mechanism of imatinib
resistance in GISTs [30]. Similarly to our previous study [16], this study also confirmed
the usefulness of targeted NGS with a cancer gene panel for efficiently detecting somatic
mutations related to GISTs.

5. Conclusions

In conclusion, an NGS-based MSI panel with MSICall confirmed a rare phenomenon
of microsatellite instability in GISTs, irrespective of diverse genomic alterations. The Ion
AmpliSeq Microsatellite Instability Assay could prove to be a reliable streamline test for
MSI determination beyond conventional MSI assays in GISTs, as well as several types of
solid tumors. Massively parallel sequencing can simultaneously determine MSI status
and the somatic mutation profile in a single test. This combined approach may help us to
understand the molecular pathogenesis of GIST carcinogenesis and malignant progression.

Supplementary Materials: The following are available online at https://www.mdpi.com/1010-6
60X/57/2/174/s1, Table S1: Clinicopathologic findings in 48 Korean patients with gastrointestinal
stromal tumors.
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