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Abstract

Purpose: Gastrointestinal stromal tumors (GIST) are molecularly heterogeneous neoplasms defined
by mutually exclusive driver alterations (KIT, PDGFRA, SDH, BRAF, RAS and NFI). However,
driver mutations alone do not fully explain their biological and clinical variability. Chromosomal
imbalances and loss of heterozygosity (LOH) may represent an additional layer of tumor
characterization. We developed a single-nucleotide polymorphism (SNP)-based next-generation
sequencing (NGS) panel enabling genome-wide LOH assessment from formalin-fixed paraffin-

embedded tissue.

Materials and Methods: Forty-nine GIST cases molecularly classified by targeted NGS (KI/T n=19,
PDGFRA n=9, SDH-deficient n=8, NF' I n=7, quadruple wild type [qWT] n=6) were analyzed. LOH

was inferred from variant allele frequency patterns across 1,826 genome-wide SNPs.

Results: Chromosome 14 was the most commonly affected (63%), followed by chromosomes 22
(45%), 15 (41%), 21 (27%), and 13 (20%). Loss of chromosome arm 1p occurred in 43% of tumors.
Distinct subgroup-specific patterns emerged: KIT-mutant GIST exhibited the highest degree of
genomic instability, whereas both SDH-deficient tumors and PDGFRA-mutant GIST displayed
minimal chromosomal instability. NF1-mutant tumors showed recurrent single-arm chromosome 17

LOH. qWT GISTs were heterogeneous, including one case with extensive chromosomal instability.
Conclusions: Genome-wide SNP-based LOH profiling reveals distinct, subgroup-specific patterns of
chromosomal imbalance in GIST and may serve as a feasible complementary approach to driver

mutation analysis for refined molecular characterization and potential future clinical utility.
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Introduction

Gastrointestinal stromal tumors (GIST) are rare mesenchymal neoplasms of the gastrointestinal tract,
most commonly arising in the stomach and small intestine. From a molecular standpoint, GISTs are
characterized by mutually exclusive oncogenic alterations involving KIT, PDGFRA, the succinate
dehydrogenase (SDH) complex (through either mutations or methylation), BRAF, RAS, and NF1,
which define biologically and clinically distinct subgroups!. Less than 5% of GISTs do not harbor
alterations in any of the genes mentioned above, referred to as quadruple wild-type (QWT) GIST>*.
Molecular classification is therefore essential for diagnostic accuracy, prognostic stratification, and
therapeutic decision-making.

Despite the central role of these driver alterations, they do not fully explain the biological
heterogeneity observed among GISTs. Accumulating evidence indicates that additional genomic
events, particularly chromosomal imbalances and loss of heterozygosity (LOH), contribute to tumor
development and progression®”. Recurrent losses involving chromosome arms 1p, 14q, and 22q have
been consistently reported and are thought to harbor genes relevant to cell cycle control, DNA repair,
and tumor suppression””.

LOH represents a critical mechanism of genomic instability, especially when it affects tumor
suppressor genes. Its clinical relevance has been well established in several tumor types, where
specific LOH patterns have diagnostic, prognostic, or therapeutic implications'®. In adult gliomas,
LOH in both the p arm of chromosome 1 and the q arm of chromosome 19 is diagnostic for
oligodendroglioma'!, whereas in neuroblastoma, loss of 1p, loss of 11q, and gain of 17q are negative
predictors for long-term overall survival'?. In ovarian cancer, LOH is particularly relevant from a
therapeutic perspective, as it is one of the parameters used to assess genomic instability and
homologous recombination deficiency (HRD) status, which are essential for determining eligibility
for PARP inhibitor therapy!'>.

In GIST, however, LOH has historically been investigated using locus-specific assays or low-
resolution genome-wide approaches, such as comparative genomic hybridization or targeted arrays>"
7. While these studies have established the relevance of chromosomal imbalances in GIST biology,
they have limited resolution and scalability, and do not allow comprehensive, uniform, and genome-
wide assessment of allelic imbalance across different molecular subgroups.

To address these limitations, we developed a novel single-nucleotide polymorphism (SNP)-
based next-generation sequencing (NGS) panel specifically designed for genome-wide detection of
LOH. By applying this approach to a molecularly heterogeneous cohort, we aimed to characterize
LOH patterns across distinct GIST molecular subgroups and to explore whether subgroup-specific

LOH signatures could provide additional insights into GIST biology.



Material and Methods
Patients
A total of 50 formalin-fixed and paraffin-embedded (FFPE) GIST samples, previously analyzed via
NGS multi-gene panel at the Solid Tumor Molecular Pathology Laboratory of IRCCS Azienda
Ospedaliero-Universitaria of Bologna (Italy)'#, were further characterized for this study. All
pathological, clinical, and follow-up data were anonymously collected from in- and out-patient
medical records in an electronic database.

Confirmed written consent for molecular testing was obtained from all patients. The study
was performed in accordance with the Declaration of Helsinki protocols. The study was reviewed and
approved by the local Institutional Ethical Committee of Azienda Ospedaliero-Universitaria

Policlinico S. Orsola-Malpighi, Bologna, Italy (approval number 113/2008/U/Tess).

Molecular analysis

DNA was extracted from 2-3 10 um unstained thick sections, based on a pathologist's selection on
the last hematoxylin and eosin slide (H&E). DNA was quantified using a Qubit fluorometer (Thermo
Fisher Scientific, Waltham, MA, USA) and first analyzed with two lab-developed multigene-NGS
panels designed to investigate common hot-spot mutations in GIST'2. In order to evaluate the
presence of LOH, a SNP-NGS panel was designed to investigate 1826

SNPs scattered throughout the genome, involving all chromosomes. The analysis for both
panels was performed using the Gene Studio S5 Prime sequencer (Thermo Fisher Scientific). SNP-
based NGS panel allows the detection of LOH across individual chromosomes by analyzing the
variant allele frequency (VAF) of each SNP, as LOH leads to characteristic shifts in allele frequencies
that can be assessed using SNPs distributed throughout the genome. The VAF of heterozygous SNPs
is typically around 50%, while homozygous SNPs approach 100%:; in the presence of LOH, SNPs
deviate from these expected values, resulting in a detectable allelic imbalance.

SNP imbalance was defined as the following percentage of mutation: 10% < SNP < 40% or
60% > SNP > 90%. SNPs with a percentage <10% or >90% were considered non-informative’. Total
chromosomal imbalance occurs when almost all informative SNPs present LOH throughout the entire
chromosome. SNPs distribution across the genome was analyzed using a custom-developed tool
performed by Perl (version 5.30.1) (Figure 1). For the analysis of methylation status of SDHC genes,
genomic DNA was treated with bisulfite using the EZ DNA Methylation Kit (Zymo Research, Irvine,
CA), following manufacturer’s instructions.

Primers for amplification of bisulfite-modified DNA were designed on CpG27 of SDHC
(chr1:161284119-161284451)'5. Amplicons were then purified and sequenced on both strands using



the Big Dye Terminator v1.1 cycle sequencing kit (Life Technologies) on the ABI 3730 Genetic
Analyzer (Applied Biosystems, Monza, Italy).

Based on NGS analysis and the methylation status of the SDHC gene, samples were stratified
into the following molecular subgroups: KI7T-mutant GIST, PDGFRA-mutant GIST, SDH-deficient
GIST, and NFI-mutant GIST. The remaining samples that did not exhibit any alterations were
classified as qWT GIST. Statistical analyses were performed using the GraphPad Prism tool (v.10).
The different groups were compared for the distribution of the number of chromosomes affected by

loss of heterozygosity (LOH) using the Kruskal-Wallis non-parametric test.

Results

Patients’ cohort

A total of 50 GIST cases were included in the study; one sample was excluded due to insufficient
DNA quality for LOH analysis. The remaining 49 cases were successfully analyzed. The main
clinicopathological characteristics of the cohort are summarized in Table 1. According to molecular
classification, 19 (39%) were KIT-mutant GIST, 9 (18%) PDGFRA-mutant GIST, 8 (16%) SDH-
deficient GIST, 7 (14%) NFI-mutant GIST, and 6 (12%) qWT GIST.

KIT-mutant GIST showed a nearly equal sex distribution and were most frequently located in
the ileum, followed by the stomach. Forty-two percent of cases were classified as high risk according
to the Miettinen criteria, and the only two cases presenting with advanced disease at diagnosis
belonged to this subgroup. In contrast, PDGFRA-mutant GISTs were exclusively gastric and all
localized at the time of diagnosis. SDH-deficient GIST predominantly affected female patients (62%),
showed exclusive gastric localization, and were more frequently classified as high risk. NF'/-mutant
GIST also predominantly affected females, displayed exclusive localization in the small intestine, and
were evenly distributed across risk classes. Finally, qgWT-GIST predominantly affected males (83%),
were most frequently located in the ileum, and exhibited a relatively even distribution across risk

categories.

Genome-wide LOH analysis

Genome-wide LOH analysis revealed heterogeneous chromosomal involvement across the cohort.
The chromosomes most frequently affected by LOH were chromosome 14 (63% of cases), followed
by chromosomes 22 (45%), 15 (41%), 21 (27%), and 13 (20%). All other chromosomes exhibited
LOH in less than 20% of cases.

When considering LOH events restricted to individual chromosome arms, loss of chromosome

arm 1p was the most frequent alteration, detected in 43% of cases, whereas loss of other chromosome



arms occurred at frequencies below 10%. A detailed summary of LOH frequency by chromosome
and molecular subgroup is provided in Supplementary Table S1.

Stratification by molecular subgroup revealed marked heterogeneity in LOH patterns, with
distinct profiles emerging for each subgroup (Figure 2).

In particular, K/7-mutant GIST exhibited the highest overall burden of chromosomal LOH:
there are an average of 5 altered chromosomes per case (Figure 3). Only chromosomes 1, 17, and 19
showed no detectable alterations on the entire chromosome, while chromosome 22 was affected in
79% of cases and chromosome 14 in 74%. LOH involving chromosome arm 1p was observed in 63%
of KIT-mutant GIST cases. PDGFRA-mutant GIST showed LOH affecting chromosomes commonly
altered in K/T-mutant GIST, but at a markedly lower frequency (average of 1,5 altered chromosomes
per case), consistent with greater cytogenetic stability of this molecular subgroup (Figure 3). LOH
was detected in only five chromosomes, with chromosome 14 being the most frequently affected
(78%). SDH-deficient GIST displayed the most stable genomic profile, with LOH limited to only
three chromosomes and an average of 0.5 altered chromosomes per case. Among these, chromosome
13 was the most frequently altered, occurring in 25% of cases (Figure 3). In NF1-mutant GIST, LOH
was frequently observed on chromosome 14 (86% of cases), followed by chromosome 15 (57%).
Notably, LOH involving chromosome 17 was detected in 86% of cases, affecting either the p or the
q arm in a mutually exclusive manner. No LOH events were observed in the remaining chromosomes.

qWT GIST showed marked heterogeneity: five of six cases (83%) exhibited LOH involving
three or fewer chromosomes, whereas one case demonstrated extensive chromosomal instability, with
LOH affecting 18 chromosomes (Figure 3). Within this subgroup, the most frequently altered
chromosomes were chromosome 22 (50%), followed by chromosomes 13 (33%) and 14 (50%). LOH
involving chromosome arm 1p was detected in only one case, like chromosome arms 16q, 19q, and

20q.

Discussion

GISTs are characterized by a heterogeneous genomic landscape. Although the majority of cases
harbor activating alterations in key driver genes such as KIT, PDGFRA, SDH, BRAF, RAS, or NF1,
these canonical events alone do not fully account for the biological diversity and clinical behavior
observed across GIST. Increasing evidence indicates that additional mechanisms of genomic
instability, including chromosomal imbalances and LOH, play a relevant role in GIST pathogenesis
and progression, this has already been demonstrated by previous cytogenetic studies> %17,

In this study, we developed and applied a novel SNP-based next-generation sequencing panel

specifically designed for genome-wide LOH detection using routine FFPE samples. This approach



enabled a comprehensive assessment of chromosomal LOH patterns across a molecularly
heterogeneous cohort of GIST and revealed marked differences among molecular subgroups. Unlike
previous studies that relied on targeted or low-resolution techniques, our method enables systematic,
scalable, and genome-wide evaluation of allelic imbalance, thereby providing a new layer of
molecular characterization in GIST.

Our results confirm that LOH is a frequent event in GIST, with chromosome 14 emerging as
the most commonly affected, consistent with previous reports. Importantly, LOH patterns were not
uniformly distributed across samples. Instead, each molecular subgroup displayed a characteristic
LOH profile, underscoring the biological heterogeneity of GIST beyond driver mutations (Figure 4).

In particular, K/7-mutant GIST exhibited the highest overall burden of chromosomal LOH,
suggesting a greater degree of genomic instability in this subgroup. In contrast, PDGFRA-mutant
GIST showed a lower frequency of chromosomal alterations, consistent with their generally more
indolent clinical behavior!®.

SDH-deficient GIST displayed the most stable genomic profiles, with LOH restricted to a
limited number of chromosomes. This finding aligns with the distinct biology of SDH-deficient
tumors, which are driven primarily by metabolic and epigenetic dysregulation rather than widespread
chromosomal instability. Instead, NF/-mutant GISTs were characterized by a strikingly recurrent
involvement of chromosome 17, affecting either the p or q arm in a mutually exclusive manner. This
observation is consistent with previous reports describing LOH of the NF'/ locus as a secondary hit
in NF1-driven GIST tumorigenesis and supports a role for allelic imbalance in disease development'®.
qWT GIST showed marked heterogeneity in LOH patterns: most cases exhibited limited
chromosomal involvement, whereas a single case showed extensive genomic instability. This
variability likely reflects the biological diversity of this rare subgroup and highlights the diagnostic
and biological challenges associated with this rare subset of GIST.

Several chromosomal regions recurrently affected by LOH in our cohort harbor genes with
potential relevance to GIST biology. Loss of chromosome arm 1p, observed in 43% of cases, has been
previously associated with copy number loss of ENO1, as reported by Assamaki et al>. ENOI1 is
functionally linked to the MY C oncogenic network and has been implicated in tumor metabolism and
proliferation in multiple malignancies, including renal, pancreatic, and cervical carcinomas®’?2,
Although the functional interaction between ENO1 and MYC has not yet been explored in GIST, our
findings suggest that LOH affecting this region may contribute to deregulation of oncogenic
pathways, but this may be the subject of further studies. Moreover, within the 1p36 region, we have
previously identified several tumor suppressor genes, including KIF1B, UBE4B, DNAJCII,



PRDM2, and TP73, significantly underexpressed in GISTs, likely as a consequence of chromosomal
arm deletion events®.

Chromosome 14 emerged as the most frequently altered chromosome in our series (63% of
cases), consistent with previous reports®”’. Multiple genes mapped to 14ql1.2 and 14q32.33,
including PARP2, APEX1, NDRG2, and SIVA, have been shown to exhibit reduced expression in
GIST due to chromosomal deletions’. These genes are involved in DNA repair, apoptosis regulation,
and cell proliferation, suggesting that LOH affecting chromosome 14 may represent an early and
biologically relevant event in GIST pathogenesis, but this needs to be confirmed by specific studies.
In addition, YLPM1, a gene located at 14q24 and implicated in telomere maintenance, has been
reported to harbor copy-number variations in up to 61% of GIST cases, predominantly due to
deletions, further supporting the role of chromosome 14 instability as an early pathogenic event’.

In our cohort, chromosome 17 alterations were observed in almost all NF'/-mutant GISTs,
affecting 86% of cases, only one KIT-mutant GIST and one SDH-deficient GIST were affected by
alterations in chromosome 17. LOH involved either the p or the q arm in a mutually exclusive manner.
Alterations NF'I locus, consistent with previous reports, describing LOH of NF/ as a secondary hit
in NFI-driven GIST tumorigenesis!®. Notably, our analysis indicates that LOH extends across the
entire chromosome arm, suggesting a broad allelic imbalance rather than focal loss.

Finally, LOH involving chromosome 22 was detected in 45% of cases, an alteration previously
identified in GISTs?*. This chromosome harbors the tumor suppressor gene NF2, which has been
reported as deregulated in GIST and associated with more aggressive tumor behavior’. Loss of NF2
function may therefore contribute to disease progression in a subset of GIST, further underscoring the
biological relevance of chromosome 22 alterations.

Subgroup-specific LOH patterns revealed by our analysis further reinforce the concept that
each molecular subset of GIST has a distinct biological background.

Several studies have reported associations between specific LOH patterns in GISTs and
treatment response, suggesting that the significance of LOH events may extend beyond their
diagnostic utility'®?*2°, However, the relatively small size of our cohort, particularly within
individual molecular subgroups, limits the ability to perform robust statistical correlations with
clinical outcome and to more precisely define the clinical utility of LOH analysis. In particular, within
KIT-mutant GIST, which exhibits the highest overall burden of chromosomal LOH, the prognostic
significance of LOH patterns warrants further investigation.

Moreover, the SNP-based approach used here does not distinguish between LOH associated

with copy number losses (CNL-LOH) and LOH associated with copy number gain (CNG-LOH).



Future studies involving larger, independent cohorts will be essential to validate subgroup-
specific LOH patterns and to further explore their clinical relevance, including their potential
incorporation as prognostic tools. Moreover, integrating SNP-based LOH profiling with
transcriptomic and epigenetic data may help clarify the functional impact of recurrent chromosomal
alterations and identify novel pathogenic mechanisms in GIST that could represent potential
therapeutic targets.

Routine molecular pathology analyses include targeted NGS panels that can inform on CNV
of selected genes, but fail to detect LOH and to convey a genome wide molecular cytogenetic analysis.
Conversely, SNP-arrays or array-CGH are less frequently used on routine diagnostic procedures due
to high costs and time-consuming experimental procedures, other than to technical issues due to
formalin artifact in FFPE routine specimens. The approach proposed in this study brings together the
rapid turnaround, cost-effectiveness and FFPE compatibility of NGS panel testing with the genome-
wide analytical coverage of SNP arrays, thus offering an easy and straightforward assay for routine
genome-wide assessment of solid tumors. Moreover, this NGS panel can be run together with other
NGS-panel allowing a wide genomic characterization of the SNP sample in the same NGS run, and
starting from the same genomic material.

In conclusion, genome-wide SNP-based LOH profiling identifies distinct subgroup-specific
patterns of chromosomal imbalance in GIST, supporting its potential value as a complementary tool
for molecular characterization alongside driver mutation analysis. Further studies are needed to

clarify the clinicopathologic and clinical relevance of these findings.
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Figure Legends
Figure 1. SNP graphic representation. (A) Chromosome graph without SNPs affected by LOH; (B)
Chromosome graph with SNPs affected by LOH; (C) Total chromosome graph represents all SNPs

analyzed.

Figure 2. (A) List of cases divided by molecular alteration and related altered chromosomes. The red
squares represent chromosomes with LOH throughout their entirety, while the yellow squares
represent chromosomes with partial LOH, meaning in only one chromosome arm. The arm with LOH
is indicated within the yellow squares. SDH*: SDH deficient. (B) Cases divided by molecular

alteration and related altered chromosomes.

Figure 3. Distribution of the number of chromosomes affected by loss of heterozygosity (LOH)
across tumor samples stratified according to molecular subtype (KIT, PDGFRA, NF1, SDH-deficient,
and quadruple wild-type). (A) LOH events involving a single chromosomal arm; (B) LOH events
involving entire chromosomes; (C) LOH events involving a single chromosomal arm and entire
chromosomes. Each point represents an individual tumor sample. Statistical comparisons were
performed using the Kruskal-Wallis test.

qwT: quadruple wild-type, SDH*: SDH-deficient, * p value <0.05, ** p value < 0.01, *** p value
<0.001, **** p value < 0.0001.

Figure 4. Chromosomes affected by LOH in different molecular groups in more than 20% of cases.



KIT PDGFRA SDH NF1 gWT
N° (%) 19 (39%) 9 (18%) 8 (16%) 7 (14%) 6 (12%)
17 - exon 11 6 — exon 18 (D842V) 6 — SDHA
2-exon9 3 - exon 18 (non 2 — SDHC met
D842V)
Gender
F 9 5 5 6 1
M 10 4 3 1 5
Tumor site
stomach 6 9 8 - 1
duodenum 2 - - - 1
jejunum 3 - - 7 1
ileum 7 - - - 3
rectum 1 - - - -
Risk class
Null - 3 - 1 2
Very low 1 3 2 - -
Low 4 2 1 2 1
Intermediate 5 - 1 2 2
High 8 - 4 1 -
NV 1 1 - 1 1
Disease status
Localized 17 9 8 7 6
Advanced 2 - - - -

Table 1 Clinic-pathological characteristics of patients included in the study
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