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Abstract

Background: Gastrointestinal Stromal Tumors (GISTs) are the most frequent malignant
mesenchymal tumors in the gastrointestinal tract, accounting for 1% of all primary
gastrointestinal tumours. Although mutational status is not currently used for risk
assessment, tumour genotype has been shown to have a prognostic influence on natural
history and tumour recurrence. Detection of allele frequency (VAF) levels of specific
KIT/PDGFRA variants by next-generation sequencing (NGS) can act as a surrogate for
tumour burden and correlate with the prognosis and overall survival of GIST patients, aiding
the choice of adjuvant treatment. Furthermore, a growing body of evidence shows that
Hippo signalling pathway is frequently dysregulated in tumours, and high nuclear
expression of YAP and TAZ is closely linked to unfavourable outcomes and increased drug
resistance in several cancers.

Methods: This was retrospective/prospective study that included fully resected GIST
patients to correlate pathogenic variant (PV) codon type and position with
clinicopathological features and outcome, and the prognostic role of KIT or PDGFRA-VAF.
Finally, we evaluated the gene expression of YAP, TAZ and other genes involved in the
Hippo pathway and the presence of gene fusions in wild type (WT) patient by NGS.
Results: Tumors harboring a KIT exon 11 deletion or deletion/insertion involving the 557
and/or 558 codons, showed a more aggressive clinical behavior compared with tumors
carrying deletion/deletion/insertion in other codons, or tumors with
duplication/insertion/single-nucleotide variant (SNV). When we studied the VAF normalised
with neoplastic cellularity (nVAF), patients with KIT/PDGFRA nVAF > 50% showed less
favorable Recurrence Free Survival (RFS) than patients in the group of nVAF < 50%. In
patients with KIT-mutated GIST, the presence of nVAF >50% was statistically associated
with higher disease recurrence. From the expression analysis, the genes most frequently
upregulated were YAP, TAZ and CTGF. Patients showing this overexpression were mainly
WT and PDGFRA mutated, most frequently with small bowel GIST and primary tumor
diameter >5 cm. Interestingly, all WT patients showed overexpression of YAP and/or
TAZ and CTGF. In contrast, no patients were found to have overregulation
of CCDN1 and AXL. Finally, WT patients did not show the presence of gene fusions.
Conclusion: Our data confirmed the importance of the molecular characterisation of GISTs
in order to improve the stratification of patients according to more detailed criteria and allow
better clinical management. We demonstrated that higher levels of nVAF in patients with
localised GISTs presenting KIT or PDGFRA mutations were independent predictors of
prognosis and survival. These data could be relevant in the cohort of intermediate-risk
patients to improve prognosis and the use of adjuvant imatinib.



Finally, gene expression analysis showed the potential role of Hippo and pathway-related
genes as oncogenic mediators in GISTs, especially in WT patients and patients with
disease recurrence.






CHAPTER

Background

1.1 Generalities and epidemiology

Gastrointestinal stromal tumours (GISTs) are rare neoplasms of mesenchymal origin that
may arise throughout the gastrointestinal (GI) tract. They are the most common
mesenchymal tumours of the Gl tract, accounting for 1% of all primary gastrointestinal
tumours(1).

Based on some phenotypic similarities, GISTs are derived from interstitial cells of Cajal
(ICCs) or their precursors. ICCs are responsible for intestinal peristalsis, acting as
pacemakers of the muscolaris propria and regulating gastrointestinal motility(2).

Their incidence, often underestimated due to numerous subclinical forms, is estimated to be
around 10-15 new cases per one million inhabitants per year, with a slightly higher
frequency in the male population and an average onset between 60 and 65 years of age(3,
4).

Microscopic forms or microGISTs are much more frequent in the general population and
represent preclinical forms of GISTs with a size <1.0 cm. Several studies have identified
microGISTs in the GI tract of approximately 30% of unselected individuals with the
presence of pathogenic tyrosine kinase variants.On the other hand, very rare are the cases
occurring in childhood, termed pediatric GISTs, which represent a clinically and molecularly
distinct subgroup characterized by the absence of KIT/PDGFRA alterations, frequent
mutations or reduced expression of the four genes coding for the subunits of the succinate
dehydrogenase (SDH) enzyme complex, a multicentre gastric onset site and possible lymph
node metastases.

Finally, about 5% of cases are familial GISTs, characterised by early onset, within the age
of 30(5). The following syndromes are associated with GISTs:

- Carney triad syndrome, caused by hypermethylation of the succinate dehydrogenase

subunit C gene (SDHC) and clinically it is characterized by multifocal gastric GISTs



associated with paragangliomas and pulmonary chondroma. Onset of the first tumour
occurs in adolescence with a predominance in the female(6);

- Carney-Stratakis syndrome, caused by a germline mutation in one of the subunit genes
(A, B, C and D) of the SDH enzyme complex and clinically it is characteried by two typical
dyad tumours, gastric GIST and paraganglioma, occurring from late adolescence to
adulthood with no gender predominance(6, 7);

- Neurofibromatosis type 1 (NF1), characterised by a germline mutation in the NF1 gene,
associated with GISTs located predominantly in the small intestine, usually multifocal, with
low mitotic rates(8, 9).

On the other hand, primary familial GIST syndrome, caused by autosomal dominant
germline mutations in the KIT and PDGFRA genes, is very rare. It is characterized by a
predisposition to the development of multiple GISTs at an early age in association with
other morbidities, such as paragangliomas, skin hyperpigmentation, inflammatory fibroid

polyps or intestinal fibromatosis(10, 11).

1.2 Clinical presentations

Most GISTs arise in the gastrointestinal tract, most frequently in the stomach (50%),
followed by the small intestine (25%), rectum (5%) and oesophagus (<5%). More rarely they
occur extraintestinally (<5%) originating in the mesentery or omentum(12).

Clinical manifestations depend on location and size of the tumour. Generally, small GISTs
are asymptomatic and are diagnosed incidentally during diagnostic or surgical procedures
for other manifestations(13). Symptomatic GISTs, on the other hand, present symptoms
that are mostly nonspecific: nausea, dyspepsia, abdominal distension, anaemia(14). Larger
tumours may cause, based on the type of growth, obstruction of the gastrointestinal lumen
(endophytic growth) or compression of the gastrointestinal tract (exophytic growth). More
severe cases include perforated neoplasms, which manifest as peritonitis or gastrointestinal
bleeding leading to anaemia, melena or haematemesis(15, 16). Approximately 30% of
cases present at diagnosis with locally advanced or metastatic disease. About 65% of
metastatic patients have liver involvement, about 20% peritoneal involvement, while lymph

node, skeletal or lung metastases are rarer(17, 18).

1.3 Histological features and risk stratification of recurrence

GISTs are lesions originating from the muscular tonaca propria or muscolaris mucosae of

the Gl tract wall, with mainly submucosal, subserosal or intraparietal development(19).



Macroscopically, they are generally well circumscribed, varying in size (from a few mm to
more than 30 m), unencapsulated, and white in color(20, 21).

Based on size, small GISTSs (<5 cm) result as symmetrical masses with a homogeneous,
well-demarcated surface, with sharp edges and show, with an unchanged mucosal lining
and a generally intraluminal growth profile. In contrast, GISTs of intermediate size (5-10 cm)
are less symmetrical and may show an intraluminal and extraluminal growth profile. Finally,
large GISTSs (>10 cm) are highly irregular, show areas of hemorrhage and necrosis, the
lining mucosa may ulcerate, and show extremely aggressive behavior, often resulting in
liver, peritoneal, or distant metastasis(13).

Based on histologic features, however, GISTs are characterized by spindle cell (70%),
epithelioid (20%) or mixed (10%) morphology. GISTs exhibiting spindle cell morphology are
characterized by rich cellularity; cells are arranged in short bundles, have uniformly
eosinophilic cytoplasm, and nuclei are generally uniform(22). Epithelioid cell GISTs are
most often located in the stomach and are characterized by rounded cells with nest-like
architecture, a clear cytoplasm, and round nuclei. In contrast, a minority of tumors exhibit
mixed cell morphology, containing both cell types, fusiform and epithelioid, which may be
arranged either separately or in conglomerates(23).

On an immunohistochemistry (IHC) perspective, the most widely used markers for
histopathological identification of GISTs are c-kit (CD117) and anoctamine 1 (DOG1).
Expression of c-kit is quite specific for GISTs among gastrointestinal mesenchymal tumors,
and 90% of GISTs show widespread cytoplasmic positivity (24).

In addition, one third of the cases show positivity to DOG1, which to date is considered a
sensitive and specific marker for GISTs(25).

Other immunophenotypic markers, variably expressed but not specific for GISTs are CD34,
protein chymase C, smooth muscle actin, h-caldesmon, and, rarely, desmin(26).

The histopathologic diagnosis of GIST must also include the evaluation of additional factors
that contribute, in combination with the anatomic site of onset, to defining the risk of relapse
and, more generally, the patient's prognosis. Among these, the description of the mitotic
index, size, and definition of the integrity of the tumor capsule are relevant as they condition
the biological behavior of the disease.

The first model proposed for stratification of risk of recurrence considered two parameters:
tumor diameter and mitotic index expressed as number of mitoses per 50/high
magnification fields (HPF) (27).

Specifically, in 2006 Miettinen et al. evaluated a cohort of 1,765 patients with GISTs in the
stomach and a smaller cohort of 906 patients with primary-onset GISTs in the small

intestine, demonstrating that, in addition to tumor size and mitotic index, the anatomic site



of the primary tumor is an additional prognostic factor for the relapse risk(28). This
classification system demonstrates that, for the same size and mitotic count, the risk of
recurrence is greater in GISTs with a primary non-gastric location than in GISTs originating
at gastric sites. Of considerable importance is the definition of the integrity of the tumor
capsule, as its rupture results in an absolute risk of recurrence. In addition, the same
research group introduced the determination of the mitotic index as the number of mitoses
in a total area of 5 mm2, a hypothesis supported by the most recent ESMO-EURACAN
guidelines in which the use of mitotic count expressed in a total area of 5 mm2 is
recommended rather than as an expression of the number of mitotic cells in 50HPFs(12)
(Table 1).

Recently, the type of pathogenic variant (PV) present in GISTs has been shown to have a
prognostic influence on relapse-free survival (RFS) (29, 30). Despite this, genotype is not
currently included in risk stratification systems but it is a predictive parameter of response to

receptor tyrosine kinase activity inhibitor (TKI) drugs.

1.4 Molecular classification

Molecular profiling of GISTs is essential for therapeutic personalization with targeted drugs.

Approximately 75-80% of sporadic GISTs are characterized by the presence of alterations
in the KIT gene, resulting in constitutive activation of the cKIT receptor and proliferative
signaling cascades downstream of the receptor independently of ligand binding(31). The
main alterations found are point mutations, deletions, duplications, insertions or
combinations thereof. These variants fall most frequently in exons 11 and 9, which are
generally present at the onset of disease, while mutations involving exons 13, 14, 17 arise
more frequently during progression or in the late stages of the neoplasm. Rare cases of
PVs have been described at exon 8(32, 33).

In contrast, 10-15% of GISTs have PVs in the PDGFRA gene that most frequently involve
exon 18 and more rarely exons 12 and 14(33).

GISTs with alterations in KIT and PDGRFA have similar mechanisms of tumorigenesis and
progression through oncoprotein-driven signal transduction. Therefore, KIT and PDGFRA
mutations are alternative and mutually exclusive oncogenic mechanisms in GISTs(34)

Ten percent of GISTs do not show any alteration in these genes and are therefore classified
as KIT/PDGFRA WT. Molecularly, these represent a heterogeneous group, more
associated with syndromic forms (Figure 1). In particular, about 80% of these WT GISTs
show PVs in one of the 4 subunits (A, B, C and D) of the SDH complex and in rare cases

also hypermethylation of the SDHC gene promoter. All SDH alterations lead to loss of the



SDHB protein, whose lack of expression can be easily identified by IHC(35, 36). Clinically,
this subgroup of SDH deficient GISTs, often associated with Carney syndrome and Carney-
Stratakis syndrome, occurs in the pediatric population and young adults, with female
predominance. They show a predominantly gastric localization and are characterized by a
predominantly epithelioid cell morphology and multifocal appearance. In addition, they have
an indolent disease progression despite frequently beginning as metastatic and not
responding to imatinib therapy(37, 38).

Additional molecular alterations that can be identified in the KIT/PDGFRA WT subgroup of
GISTs involve loss-of-function mutations in the NF1 gene, gain-of-function mutations in
BRAF and RAS, or chromosomal rearrangements involving neurotrophic receptor tyrosine
kinase (NTRK) (36).

GISTs with NF1 and BRAF PVs occur almost exclusively in the small intestine. However,
while GISTs with BRAF mutation are isolated tumors, GISTs with NF1 alteration more
commonly present as a multifocal disease, which excludes an inherited NF1 syndrome.

To date, understanding knowledge from genomic profiling through molecular testing is an
ongoing challenge for the care of GIST patients.

With the introduction of NGS into clinical practice, molecular characterization of the
neoplasm has become an indispensable step in the patient's diagnostic therapeutic process
(39). NGS has enabled a significant step forward for precision medicine through the
detection of driver mutations and pathogenic variants inducing resistance mechanisms,
through the detection of novel and rare mutations, and through the quantification of tumor
mutational burden, which have made possible a new approach in cancer treatment(40).
One interesting parameter resulting from NGS analysis is variant allele frequency (VAF),
which is the percentage measure of the relative frequency of a specific variant divided by
the overall coverage for that genetic locus. Since genetic analysis by NGS takes a picture of
the molecular background of the analyzed sample, VAF could be considered a surrogate
measure of the proportion of DNA molecules present in the starting biological sample in
which the variant is present (41).

Therefore, in somatic genomic testing, a high VAF value suggests that a high percentage of
cancer cells carry a particular genomic alteration. In these cases, targeted therapy may be
more easy to select and it is more effective (42). In contrast, low VAF values suggest the
low clonality of the PV; therefore, in these patients, due to the presence of other subclones
characterized by distinct molecular profiles, targeted therapy may be less effective(43, 44).
Moreover, driver mutations, which occur early in tumor progression and contribute to tumor
development and progression, have a higher allele frequency than late subclonal
mutations(45, 46).



In literature, several studies have investigated the potential prognostic and predictive role of
VAF in various malignancies, but not in GISTs. A study by Berrino et al. (47) correlated
BRAF gene mutation rate and VAF with the clinicopathological characteristics of 345
melanoma patients at different stages of the disease and it showed that the incidence of UV
radiation can result in different VAF in different portions of the body affected by melanoma.
In fact, melanoma patients with primary site at the limb or face/scalp have a higher allele
frequency of BRAF than melanomas of ocular or acral origin. Also, the metastatic site
seems to play a crucial role. Indeed, in metastatic melanomas, lymph node metastases,
originating from skin lesions, show higher BRAF VAF than secondary skin lesions. An
interesting correlation also appears to exist between VAF and tumor-infiltrating lymphocytes
(TILs); this could be interesting to select and stratify patients for benefit from
immunotherapy treatment. In addition, thicker melanomas according to Clark levels have
higher BRAF VAF (47). Further studies report a strong correlation between BRAF VAF and
progression-free survival (PFS) (47-49).

In 2021, two more research groups further supported and highlighted the interesting clinical
impact of EGFR VAF in patients with lung adenocarcinoma treated with EGFR TKiIs.
Specifically, a significant correlation was demonstrated between a high VAF of EGFR exon
19 deletion and PFS and overall servival (OS) compared with point mutations at EGFR
exon 21. Overall, a VAF of EGFR above 70% could be positively correlated with both PFS
and OS, whereas lower VAF levels could be considered a surrogate for lower
responsiveness to target terapie (50, 51).

However, VAF is influenced by different factors, including neoplastic cellularity of the
sample, proportion of neoplastic cells carrying PVs, and the presence of copy number. To
date, insufficient standardization among sequencing assays and the absence of validated
VAF thresholds limit its use in clinical practice (46).

Thus, further studies are needed to better understand this parameter and its analytical and

clinical validation.

1.5KIT gene

KIT is a protoncogene encoding for a 145-kDa transmembrane tyrosine kinase activity
(RTK) receptor located on chromosome 4q12. The KIT receptor, also known as CD117, is
expressed on ICCs, mast cells, hematopoietic cells, germ cells and melanocytes(52, 53). It
consists of several regulatory domains including the dimerization domain in the extracellular
region (EC), the transmembrane region, the iuxta-membrane domain (JM), and the

intracellular tyrosine kinase domains (TK[I] and TK[ll]). Kinase activation triggers activation
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by phosphorylation of a variety of intracellular signaling pathways, such as JAK-STATS3,
PIBK-Akt-mTOR, and the signaling pathway involving MAPKs, which are essential in the
regulation of cellular functions as proliferation, differentiation, and apoptosis.

In GISTs, all pathogenic alterations found in KIT result in constitutive activation of the
receptor, even in the absence of its ligand, resulting in deregulation of downstream
pathways(1). Mainly, mutations in the KIT gene involve exons encoding for functional
domains of the receptor such as exons 9, 11, 13, and 17. The most frequent mutations (70-
80%) found in exon 11 involve the iuxtamembrane domain and are mainly deletions/in-
frame insertions within codon GIn550 and GIlu560 and more rarely single nucleotide
mutations. In addition, frequent deletions can also occur at codons 557-558 of exon 11 of
KIT (28% of all GISTs) and have been associated with poor prognosis with reduced
recurrence free survival (RFS) (29, 30). About 12-15% of KIT mutated GISTs exhibit exon 9
duplications at codons 502 and 503, which are critical for extracellular domain integrity.
These GISTs have been associated with more aggressive behavior and localization in the
small intestine. From a therapeutic point of view, molecular alterations at exon 9 of KIT are
associated with greater resistance to Imatinib treatment than exon 11 alterations, requiring
double dosing of the drug (54).

Alterations in the kinase domain are rare and it have been observed frequently as
secondary mutations, arising after selective pressure from TKIs in GISTs, associated to
imatinib resistance. These are grouped in two regions of the kinase domain: the binding
pocket, encoded by exons 13 and 14, and in the activation loop, encoded by exons 17 and
18 (33).

1.6 PDGFRA gene

The PDGFRA gene, located on chromosome 4ql2, also encodes for a tyrosine kinase
activity receptor. Its activation depends on binding to its ligand, platelet-derived growth
factor (PDGF), and it is involved in many physiological processes of growth and
development in the human body (55). Based on the combination of monomers, five different
isoforms of PDGF are distinguished (PDGF-AA, PDGF-AB, PDGF-BB, PDGF-FCC and
PDGF-DD), which recognize and bind PDGFRa and PDGFRp receptors. Normally, after
ligand-receptor binding and subsequent phosphorylation of the TK domains, a series of
signaling cascades (particularly RAS/RAF/MAPK, PI3BK-mTOR, Jak/STAT and Notch) are
activated affecting cell proliferation, apoptosis and angiogenesis (56). The presence of PVs
leads to ligand-independent receptor activation, resulting in a constitutively active

proliferative signal that promotes the neoplastic event. PVs in PDGFRA gene occur in about
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10-15% of GISTs, and these are tumors mainly arising in the stomach, with epithelioid
morphology (57). Molecular alterations occur most frequently at exon 18 (activation loop),
followed by exon 12 (iuxtamembrane domain) and exon 14 (ATP binding site) (58). Data
from cohort studies correlate the PVs in PDGFRA exon 18 with a favorable disease
outcome compared with KIT point mutations on exon 9 and deletions involving codons 557
and/or 558 of exon 11(29). In contrast, it is well described that a missense mutation at exon
18, p.D842V, observed in approximately 50 to 70% of mutated PDGFRA GISTs, confers
primary resistance to Imatinib treatment and other TKls due to a stabilization of the kinase

conformation in its active form (59).

1.7 Gene fusions

GISTs that do not carry PVs in KIT, PDGFRA, SDH or BRAF/RAS/NF1, called WT
guadruple GISTs, show molecular and biological features still unclear (60). Recent genomic
profiling studies have identified gene fusions in WT GISTSs, involving genes encoding for the
neurotrophic neurotrophic receptor tyrosine kinase (NTRK) family (ETV6-NTRK3 and
LMNA-NTRK1), FGFR1 (FGFR- HOOK3 and FGFR1-TACC ), BRAF ( BRAF-AGAP3 and
BRAF-MKRNL1 ) and the ALK gene (CDC42BPB-ALK) (61-63)

The NTRK gene family, including NTRK1, NTRK2 and NTRK3, encode for the tropomyosin
(TRK) receptors TRKA, TRKB, TRKC, respectively, which are involved in normal neuronal
development (64). The extracellular portion is composed of three leucine-rich motifs (RRL1-
3), lined by two cysteine clusters (C1-C2) and two Ig like domains (Igl and Ig2) linking to
the transmembrane domain. The Ig2 domain, located near the trans-membrane region, is
the one predominantly involved in ligand binding and it is important to determine binding
specificity. At the intracellular level there is a tyrosine kinase domain that, upon receptor
homodimerization, undergoes self-phosphorylation resulting in activation and signal
transduction(65, 66). The main pathways consequently involved downstream are MAPK,
PI3K and PKC, which ultimately converge on gene transcription of factors involved in
neuronal differentiation, proliferation and survival, as well as synaptic formation and
plasticity. Physiologically, NTRK genes are predominantly transcribed at the level of the
nervous system in the adult and also during embryonic developmental stages (67).
Oncogenic activation of TRK is mainly caused by NTRK gene fusion, which consists of
interchromosomal or intrachromosomal gene rearrangements resulting in the union of the 3'
region of the NTRK gene with the 5' end of a fusion partner gene (68).

Currently, more than 80 fusion gene partners have been described in multiple tumor types.

Although rare in the most common tumor types, NTRK gene fusions, on the other hand, are
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recurrent in some very rare neoplasms, including salivary gland secretory carcinoma, breast
secretory carcinoma, congenital mesoblastic nephroma, GIST, pediatric melanoma tumor,
and childhood fibrosarcoma (69, 70).

NTRK fusions are considered an agnostic feature that makes tumors sensitive to TRK
inhibitors, independent of the primary cancer. NTRK inhibition has been shown to be highly
effective leading to durable responses regardless of patient age, tumor tissue and fusion
gene partner, blocking the action of TRK proteins that promote tumor spread and growth.
The identification of tumors carrying NTRK gene rearrangements is important for the
selection of patients eligible for treatment with tyrosine kinase inhibitors (TKI), such as
Entrectinib and Larotrectinib (71).

1.8 Hippo pathway

Tumor origin and evolution represent highly complex processes involving numerous
signaling pathways. One of the pathways that has received particular interest in the past
decade is the Hippo signaling pathway.

This is a highly conserved cross-species pathway involved in several biological processes
including cell proliferation and differentiation, tissue regeneration, homeostasis, and organ
size; therefore, it plays a vital role during embryogenesis (72).

The Hippo pathway is named after one of its key signaling components, originally identified
in Drosophila melanogaster, the gene that encodes for Hippo protein kinase (Hpo) or
STE20-like kinase 1/2 (STK4/3) that encodes for MST1/2 in humans. This pathway consists
of two main ways: the central serine/threonine kinase cascade, which is regulated by
several upstream signals, and the transcriptional module that induces the expression of
specific target genes downstream. The central cascade, in mammals, consists of MST1/2,
Salvador homologous protein 1 (SAV1), Mps One Binder Kinase Activator-Like 1 A/B
(MOB1A/B), large tumor suppressor kinase 1/2 (LATS1/2), Yes-associated protein 1 (YAP),
WW domain containing transcriptional regulator 1 (WWTR1 or TAZ), and (transcriptional
enhanced associated domain) (TEAD) family.

The striatin-interacting phosphatase and kinase (STRN) complex (STRIPAK) acts upstream
of Mitogen-Activated Protein Kinase Kinase (MAP4K) and MST1/2 and inhibits the Hippo
pathway. When the Hippo pathway is activated, however, MAP4K, MST1/2 and its scaffold
protein SAV1 phosphorylate and activate LATS1/2 and its scaffold MOB1A/B. The latter
functionally act in a tumor suppressor manner by phosphorylating and inactivating members
of the transcriptional module, YAP and its paralog TAZ, which are then retained in the

cytoplasm of the cell and subsequently degraded (73). In the absence of an active kinase
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cascade, YAP/TAZ, being transcriptional coactivators, translocate into the nucleus and bind
to TEAD1-4, and regulate the expression of several genes such as connective tissue
growth factor (CTGF), cysteine-rich angiogenic inducer 61 (CYR61), AXL Receptor
Tyrosine Kinase (AXL), and others to promote proliferation cell differentiation and survival,
apoptosis, and stem cell self-renewal (74-76).

A growing amount of evidence shows that this signaling pathway is frequently dysregulated
in tumors; in particular, it is associated with tumor development and progression, tumor cell
invasion and migration, regulation of the tumor microenvironment, and resistance to therapy
(Figure 2) (77).

In NSCLC, overexpression of YAP has been seen to be associated with poor prognosis and
disease progression, and TAZ exerts a similar function (78-81). In addition, LATS2 is
underregulated in 60% of NSCLC tumors, while high levels led to better prognosis and
negative regulation of YAP (82).

Other studies have established the prognostic value of the transcriptional levels of YAP1
and TAZ for colorectal cancer (CRC) patients, and the mRNA expression rates of TAZ and
YAP1 were positively correlated with their downstream targeted genes AXL and CTGF (76,
83).

Several evidence confirm that high nuclear expression of YAP and TAZ proteins is closely
linked to poor outcomes and increased drug resistance in several cancers. Targeting YAP
and TAZ in tumors with high levels of expression or activity of these proteins could be an
attractive strategy (84).

To date, there are few data in the literature investigating the possible role of this pathway in
GISTs.

Chen et al.(85) demonstrated that KIT-independent and imatinib-resistant GISTs had
overexpression of cyclin D1 (CCND1) induced by Transcription Factor Jun and YAP/TAZ,
and 'inhibition of these factors showed dramatic antiproliferative effects (85, 86).

Another gene apparently over-regulated in GISTs is Limb Expression 1 (LIX1), which has
been identified as a marker of gastrointestinal mesenchyme immaturity. LIX1 has been
shown to induce, through Hippo's YAP effector, proliferation and differentiation of
mesenchymal progenitors, and its overexpression is associated with poor prognosis. In
addition, after its inactivation, in GISTs cells, YAP/TAZ activity is reduced, KIT is down-
regulated, and the cells reacquire the phenotype of the smooth miscular lineage (87).

In vitro studies in GISTs cell lines have shown how cilostazol, a phosphodiesterase 3A
(PDE3A) inhibitor, synergizes with imatinib, causing nuclear exclusion of YAP and reducing

cell viability by 90% (88). Furthermore, it has been seen that GIST cell lines are highly
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sensitive to the induction of iron-dependent cell death by inhibition of YAP by verteporfin
(89).

Therefore, due to its involvement with regenerative and pro-cancerous functions, the Hippo
pathway is an attractive target for cancer treatment challenges. Further investigation and

functional studies, however, are needed to clarify its precise role in specific tumor types.
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Rationale

GISTs are the most frequent malignant mesenchymal tumors in the gastrointestinal tract
and it have historically been the standard model for precision oncology and oncogene
addiction (1, 90).

The OS of these patients was significantly improved with the full understanding of KIT and
PDGFRA as GIST oncogenic drivers, together with the remarkable success of tyrosine
kinase inhibitors (TKIs). In recent times, technological advancements and the proactive use
of thorough molecular profiling have increased the molecular depth of information that
clinicians can access (91).

In addition to KIT and PDGFRA alterations, which together account for approximately 85%
of cases, and 9% of GISTs caused by loss of function of SDH, a variety of distinct
oncogenic factors have been described in the subpopulation of GISTs originally defined as
‘wild-type’, including activating pathogenic variants of BRAF and members of the RAS
family, and translocations of NTRK, FGFR and ALK (92).

Although genotypic profiling has not been incorporated into recurrence risk stratification,
several scientific evidence underline the importance of tumour genotyping in clinical
practice to adapt treatments according to mutational status.

Today, understanding the knowledge derived from genetic profiling through molecular
testing for the treatment of GIST patients represents an ongoing challenge (39).

Particularly, the information obtained from high-performance sequencing may have clinical
significance in localized and metastatic diseases. In the adjuvant setting, imatinib treatment
is now recommended for localized GIST patients that are in high-risk for recurrence;
however, more accurate prognostic information may improve patient selection for adjuvant
therapy (12).

One interesting parameter, among the information returned by NGS analysis, is the variant
allele frequency (VAF), that represents the frequency of a specific variant in the overall
coverage for that genetic locus, expressed as a percentage (41).

Although the exact frequency of the allele fraction is difficult to estimate as it is influenced
by several factors including the proportion of tumour cells present in the tumour sample,
KIT/PDGFRA -VAF of the tumour tissue could represent a surrogate measure of the
proportion of GIST cells harbouring the specific DNA mutation. Several studies have
evaluated the impact of allele frequency on the survival of cancer patients (47).

In this study, it was hypothesised that tumour VAF might play a prognostic role in GIST

patients.
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Furthermore, in the context of genomic profiling, which has made it possible to obtain
detailed and unique information on the individual tumour, representing a decisive advantage
in the management and treatment of the individual cancer patient, the Hippo signalling
pathway is attracting particular interest.

Tumour origin and evolution are very complex processes and it is now well recognised that
this pathway regulates several biological processes including cell proliferation and
differentiation, tissue regeneration, homeostasis and organ size (72).

A growing body of evidence shows that this signalling pathway is frequently dysregulated in
tumours; in particular, it is associated with tumour development and progression, tumour
cell invasion and migration, regulation of the tumour microenvironment and resistance to
therapy

Several evidences confirm that high nuclear expression of YAP and TAZ proteins is closely
linked to unfavourable outcomes and increased drug resistance in several cancers (77).
Based on this evidence, we wanted to investigate the role this pathway could play in GISTs,
with the aim of finding new factors, such as gene expression patterns or associations of
genes with molecular or clinical features, in the different molecular subgroups, that could
assume a potential prognostic and/or predictive value for a better management of the

cancer patient.
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Objectives

The objectives of this research project were:

- to study the effect of the exact type and codon position of KIT exon 11 PVs on
clinical outcome and the potential association with metastatic sites in patients with
relapse of disease;

- to analyze how the detection of KIT/PDGFRA PV nVAF levels can act as a surrogate
of tumor burden and negatively correlate with the prognosis and overall survival of
patients with localized GIST;

- search for the presence of gene fusions in patients with WT GISTs for the genes
involved in the pathology;

- to study the gene expression of YAP and TAZ and genes related to the Hippo
pathway as predictors of biological tumour behaviour.

In the first phase, the identification of gene alterations in GIST patients was carried out. In
WT patients, who did not show the presence of pathogenic variants, gene fusion analysis
was performed. Both analyses were performed on neoplastic tissue sections by multigene
panel in Next Generation Sequencing (NGS).

Subsequently, the information obtained by molecular analysis in NGS was correlated with
clinico-pathological data, in order to improve the molecular characterization of the tumor for
better stratification of patients and to investigate the potential prognostic role.

During the second phase, however, expression analysis of Hippo pathway-related genes
was conducted on a cohort of patients selected based on the molecular alterations
detected. Analysis was performed on RNA extracted from neoplastic tissue by digital
droplet-PCR.

The aim of the work was to investigate the molecular basis of this rare tumor and to find
new factors, such as patterns of gene expression or associations of genes with molecular or
clinical features, that could potentially have a potential prognostic and/or predictive value for

better management of the cancer patient.
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CHAPTER

Patients and Methods

2.1 Study Population

The following studies were carried out at the ‘SicilianRegional Center for the Prevention,
Diagnosis and Treatment of Rare and Heredo-Familial Tumors’ of the Section of Medical
Oncology of University Hospital Policlinico ‘P. Giaccone’ of Palermo.

All the patients provided written informed consent for the collection of the clinical,
pathological, and genetic information required. All data were anonymously recorded.

The studies (Protocol ‘G-Land 2017’ and Protocol ‘EVA GIST Project’) were approved by
the ethics committee (Ethics Committee Palermo 1; approval number: 01032017; 04-
130422) of the AOUP ‘Paolo Giaccone’ University Hospital of Palermo.

2.1.1 Analysis 1
In this retrospective analysis all patients with localized GISTs completely resected referred
to the centre between January 2005 and December 2020 were included.
Patients with primary metastatic or inoperabile GISTs, or patients previously treated with
neoadjuvant imatinib or adjuvant imatinib therapy were excluded.
To study the clinico-pathological characteristics of patients with GISTs according to
mutational status, information on sex, age, primary tumour site of origin, primary tumour
diameter and mitosis, Miettinen-Lasota risk category classification (28) and KIT or PDGFRA
PV was collected. The effect of KIT exon 11 mutations, particularly KIT exon 11 deletions or
deletions/insertions involving codons 557 and/or 558, on RFS was evaluated.
Following surgery, staging was performer using contrast-enhanced computed tomography
of the chest, abdomen and pelvis. Periodic evaluations included abdominal computed
tomography and blood biochemical analyses.

Tumor metastatic sites, such as the liver, peritoneum, or both the liver and peritoneum,
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were reported in KIT exon 11-mutant patients with relapsed tumors after curative surgery
(93).

2.1.2 Analysis 2
Multicentre, hospital-based, retrospective cohort study to investigate the prognostic role of
KIT or PDGFRA -VAF of GIST in patients with localised disease and radically resecate
tumours.
Patients with metastatic GIST at diagnosis, or lacking molecular test information and clinical
follow-up data, were excluded from the analysis.
The histological subtype, primary tumor diameter, mitotic count, and primary tumor origin
site collected on primary GIST.
All included patients had a tumor molecular profiling testing result by using a targeted NGS
panel for the presence of GIST hotspot mutations. Mutational analysis was locally assessed
at each participating center as part of routine clinical care. The clinical data on GIST
surgery, the type and duration of adjuvant treatment, and tumor recurrence were abstracted
from the clinical records. RFS and OS were calculated. The association between VAF (%)

and the clinical outcomes wase valuated (94).

2.1.3 Analysis 3
Patients with histologically confirmed diagnosis of primary localised and metastatic GISTs
at diagnosis were included in this prospective study.
Clinico-pathological data concerning sex, age, site of origin of primary tumours, primary
tumour diameter, mitotic index were collected.
Molecular analysis was performed to assess mutational status and gene fusion analysis
was performed in GISTs from patients that didn't show the presence of pathogenic variants.
Both analyses were performed on neoplastic tissue sections by means of a multi-gene
panel in NGS.
Subsequently, a cohort of patients with GIST was defined on the basis of the molecular
alterations presented. On the last cohort, gene expression of YAP, TAZ and Hippo

pathway-related genes was assessed using digital droplet-PCR (ddPCR).

2.2 Sample collection, DNA and RNA extraction and quantification

GIST's tissue samples were accessibile as exploratory biopsies or neoplastic tissue
obtained by surgery and availableas Formalin-Fixed Paraffin-Embedded (FFPE). Tissue
samples were sectioned at 10 ym with >20% malignancy from the pathology laboratory of

the same hospital agency.
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The extraction of DNA and RNA from FFPE tissue was obtained using a commercially
available extraction kit according to the manufacturer's protocol.

This extraction method involves the use of silica membrane columns for the isolation and
purification of nucleic acid. The first step involves an initial de-paraffination phase followed
by a lysisphase. This is continued with digestion using proteinase K, which partially
removes the formalin bond with the released nucleic acid, improving the vyield and
performance of downstream analyses. The DNA and RNA obtained was quantified with a
fluorometer and its quality was assessed.

This quantisation system allows the measurement of fluorescence emission using a
fluorophore thats pecifically binds double-stranded DNA (dsDNA). In addition, itis a more
sensitive system than quantification based on UV absorbanceas the latter does not
distinguish between dsDNA, single-stranded DNA (ssDNA), RNA and nucleotides.

2.3 Direct automated sequencing: Sanger method

The evaluation of the presence of pathogenic sequence variants at exons 9-11-13-17 of the
KIT gene and exons 12-14-18 of the PDGFRA gene by Sanger sequencing was carried out
using forward and reverse oligonucleotides drawn on the target regions of interest (Table 2)
and with the BigDyeTM Terminator v1.1 CycleSequencing kit on the SeqStudio Genetic

Analyzer platform (Thermofisher), according to manufacturer’s protocols.

2.4 Next-Generation Sequencing analysis

NGS analysis was performer using the lon Torrent S5 platform with a multigene panel
(“Oncomine Focus Assay Panel” Thermofisher) that allows the identification of variants in
52 relevant genes in solid tumours. The test allows simultaneous analysis of DNA and RNA
to detect multiple variant types simultaneously, including hotspots, single nucleotide
variants (SNVs), indels, copy number variants (CNVs) and gene fusions (Figure 3). The
Invitrogen™ SuperScript™ VILO™ cDNA Synthesis Kit (Thermo Fisher Scientific) was used
for reverse transcription.

The lon AmpliSeq Library kit 2.0 (ThermoFisher) was used to prepare the libraries following
the instructions given in the protocol.

The first step is the creation of a library of amplicons obtained through a series of
amplification reactions using one or more pools of primers designed on the target
sequences of interest. The amplicons will then undergo a partial fragmentation reaction by

endonucleases, that cut the DNA/cDNA at specific palindromic sequences, creating
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cohesive ends that will be exploited in the subsequent ‘ligation’ phase of adapters and
barcodes. Barcodes, in particular, are nucleotide sequences of knownlength and sequence
that, being recognised by the software during analysis, allow each library and thus each
individual patient to be uniquely identified. The adapter, on the other hand, enables the
binding of the library fragment to a solid phase (in the specific case of the platform used,
these are marbles) on which subsequent amplifications will take place in the so-called
‘template preparation’ phase. Subsequently, the ‘barcoded’ libraries will be quantified by
fluorimetry or by real-time PCR (lon Library TagMan®Quantitation Kit), brought to an
equimolar concentration and merged.

Subsequently, an emulsion PCR was set up to achieve target enrichment and ssDNA
template preparation. The final step is sequencing with the NGS lon Torrent S5 platform
(Thermofisher Scientific).

lon Torrent sequencing chemistry is based on the sequential addition of nucleotides,
interspersed with each other by a series of washes, defining the so-called ‘flow’. Nucleotide
in corporation will result in a pH change due to the release of an H+ ionas a reaction by-
product. This change will be detected by the sensing layer of the chip so that the chimica
signal reaches the silicon substrate, which will send the data to a bioinformatics system that
will allow it to be converted into an electrical signal.

Therefore, an ionogram is generated in which each of the individual peaks corresponds to
an embedded nucleotide. The lon S5 system processes the raw data displayed in the
ionogram in the form of files called fastQs that will be converted by dedicated software into
interpretable data. In particular, the NGS analysis parameters can be visualised using the
Torrent Suite software, which returns information on the quality of the analysis (ISP density,
chip loading, enrichment, readlenght, usable reads, average coverage and others). The
actualcalling of variants and related genetic and pathogenic information isdone via the lon
Reporter Software.

The classification of the variants was performed by consulting the databases “Catalogue of

Somatic Mutations in Cancer” (COSMIC), Varsome tool, and ClinVar.

2.5 Reverse Transcription - Droplet Digital Polymerase Chain
Reaction (RT-ddPCR)

Restrotranscription and gene expression analysis was performer using the One-Step RT-
ddPCR Advanced Kit for Probes (Bio Rad), following the instructions given in the protocol.
This kit simplifies the reaction setup by combining the first-strand cDNA synthesis (reverse

transcription) and gPCR in one mixture. It also greatly reduces the possibility of
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contamination by eliminating the cDNA to PCR operation step. One-step RT-gPCR can use
only a limited number of probes per sample, but because it amplifies the whole sample, the
sensitivity is greatly enhanced.

The optimized enzyme blend enables partitioning of RNA samples into droplets while
keeping the enzymes inactive until the reverse transcription reaction is performed at 50°C.
This enhances the specificity and efficiency by ensuring full enzyme activation for primer-
mediated cDNA conversion. The supermix contains RNase inhibitor that protects the RNA
throughout the entire workflow.

The genes specifically investigated are: YAP, TAZ, CTGF, CCDN1, LIX1, NFKB1, AXL.
GAPDH was used as the housekeeping reference gene.

Hydrolysis assays including a fluorescently labeled sequence-specific oligonucleotide probe
(TagMan Hydrolysis Probes) in addition to the sequence-specific primers were used.
TagMan assays exploit the 5' exonuclease activity of certain thermostable polymerases.
The hydrolysis probe is labeled with a fluorescent reporter at the 5' end and a quencher at
the 3' end.

When the probe is intact, the fluorescence of the reporter is quenched due to its proximity to
the quencher. The amplification reaction includes a combined annealing/extension step
during which the probe hybridizes to the target and the dsDNA-specific 5' to 3' exonuclease
activity of Taq cleaves off the reporter. As a result, the reporter is separated from the
guencher, resulting in a fluorescence signal that is proportional to the amount of amplified
product in the sample.

The reaction mix was prepared for the number of reactions needed according to the
guidelines shown in the Table 3. Each sample was applied in duplicate, with a
concentration of 20ng for each reaction.

Subsequently 20 pl of reaction mix was transferred into a sample well of a DG8™ Cartridge
for QX200™ Droplet Generator, followed by 70 ul of Droplet Generation Oil for Probes into
the oil wells. After gene rating droplets with the QX200™ Droplet Generator, they were
carefully transferred to a clean 96-well plate, which was sealed using PX1 PCR Plate
Sealer.

We proceeded with the thermal profile described in the Table 4 and subsequent reading of
droplet in the QX200 Droplet Reader.

After reverse transcription, the resulting cDNA is amplified for target detection usingTagMan
hydrolysis probes. After PCR amplification, each droplet provides a fluorescent positive or
negative signal indicating the target RNA was present or not present after partitioning. Each

droplet provides an independent digital measurement.
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Positive and negative droplets are counted and QuantaSoft™ software calculates the
concentration of target RNA as copies/pl. Only reactions that had a total number of events
(corresponding to the number of droplets generated) greater than 10,000 were considered.
The relative expression value of each gene was calculated as the ratio of droplet numbers
for the studied gene compared the reference gene.

2.6 Statistical analysis

Clinico pathological variables, VAF and different gene expression values were evaluated for
genetic subgroups of localized GIST patients. Comparisons between subgroups were
performed with Fisher's exact test, Pearson's chi-square test and ANOVA test.

RFS was measured between the date of surgery and the date of first documentation of
GIST recurrence or death, censoring patients who are alive with out recurrence on the date
of the last follow-up. OS was calculated from GIST diagnosis to death by any cause or last
follow-up (censored patients).

The receiver operating characteristic (ROC) curves analysis was used to determine the
optimal cut-off for VAF and nVAF, to classify “low” vs. “high” values. The optimal cut-off
of KIT'/PDGFRA-VAF was 45% (AUC = 0.86; 95% ClI, 0.72-0.99; P-value< .01). The optimal
cut-off of nVAF, normalized to the percentage of neoplastic cellularity, was 50% (AUC =
0.84; 95% ClI, 0.68-0.99; P-value< .02). The analysis of RFS and OS between groups was
compared using the Kaplan-Meier method and log-rank test. To identify independent
prognostic factors for RFS and OS, univariate and multivariate Cox proportional hazard
regression models were performed. All tests were performed with a significante level of P <
.05. Statistical analyses were conducted using IBM SPSS Statistics for Windows Version
27.0 (IBM Corporation).
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CHAPTER

Results

3.1 Cohort 1

3.1.1 Clinicopathological characteristics of KIT exon 11-mutated patients

according to critical mutations
We chose to investigate patients with KIT exon 11 mutations because they represent the
largest molecular subgroup of GIST and are characterized by wide variability in PV types
and clinical behavior.
Between January 2005 and December 2020, 96 GIST patients with localized disease
carrying a KIT exon 11 PV, were included in the study.
The patients were classified based on the KIT exon 11 PV as follows: (a) KIT exon 11
deletion or deletion/insertion involving 557 and/or 558 codons (named ‘Del-557/558’); (b)
deletion or deletion/insertion in codons other than 557 and/or 558 (named ‘Del-No-
557/558’); (c) duplication, insertion, or SNV (named ‘No-Del’).
A total of 36 patients were in the Del-557/558 group (37.5%), 26 patients in the Del-No-
557/558 group (27.1%), and 34 patients in the No-Del group (35.4%) (Figure 4).
To highlight the prognostic impact of mutational status on the natural history of GISTs, we
analyzed the clinicopathological characteristics of patients with GISTs according
to KIT exon 11 critical mutations (Table 5)
The patients with 557 and/or 558 codon deletion or deletion/insertion, were mainly men
(60.6%), more frequently with gastric GISTs (75%), primitive tumor diameter >5 cm (72.2%),
and mitotic index >5/50 HPF (63.9%). The patients with other KIT exon 11 PVs less
frequently showed GISTs of gastric origin (Del-No-557/558: 46.1%; No-Del:
55.9%; p =0.03), but also a lower number of large primitive tumors with baseline diameter
>5cm (Del-No-557/558: 38.5%; No-Del: 55.9%; p=0.02), and high median mitotic rate
(Del-No-557/558: 42.3%; No-Del: 32.4%; p =0.02).
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Therefore, only 15.4% of patients with deletions in other KIT exon 11 codons and 44.1% of
patients with duplication, insertion, or SNV were classified as high-risk GISTs (p = 0.008).
Instead, patients with tumors carrying 557 and/or 558 codon deletion or deletion/insertion
were classified as high-risk GISTs in 55.5% of cases.

3.1.2 Outcome analysis

The out come investigated was RFS, which presented a 7-year rate of 69.8% [median
134.7 months; Confidence Interval (Cl), 118.6—150.8]. During follow up, a total of 29 RFS
events (recurrence or death) were observed (30.2%): 18 events in 36 Del-557/558 patients
(50%); 7 events in 26 Del-N0-557/558 (26.9%), and 4 events in 34 No-Del patients (11.8%).
Patients with GISTs with deletion or deletion/insertion of codons 557 and/or 558 had a
worse prognosis than anyother KIT exon 11-mutated patient when RFS between the three
groups was examined.

At the same time, however, patients whose GISTs harbored a KIT exon 11 deletion or
deletion/insertion in codons other than 557 and/or 558, had less favorable outcomes than
patients with duplication, insertion, or SNV [Del-557/558 versus Del-No-557/558 versus No-
Del: 7-year RFS, 50% versus 73.1% versus 88.2%; median RFS (mRFS), 86.9 months
(95% CI, 60.1-13.7) versus 148.02 months (95% CI, 121.8-74.2) versus 155 months (95%
Cl, 137.7-172.2), respectively; p <0.001] (Figure 5).

To determine the independent prognostic factors for RFS, univariate and multivariate Cox
proportional hazard regression models were constructed.

The following factors were found to be statistically significantly associated with RFS in
univariable analyses: diameter of primary tumor >5cm [Hazard Ratio (HR): 4.72; 95% ClI,
1.91-11.66; p <0.001]; mitosis >5/50 HPF (HR: 3.34; 95% CI, 1.57-7.10; p=0.002); no
gastric site of origin (HR: 2.13; 95% CI, 1.03—-4.43; p = 0.03); risk categories (HR: 4.67; 95%
Cl, 1.89-11.54; p=0.001), and KIT exon 11 deletions or deletion/insertion involving codons
557 and/or 558 (HR: 0.19; 95% CI, 0.08-0.42; p < 0.001).

Tumour diameter (HR: 2.76; 95% CI, 1.01-7.57; p = 0.04), site of origin (HR: 2.49; 95% ClI,
1.13-5.48; p = 0.02) and KIT exon 11 PV type (HR: 0.23; 95% CI, 0.1-0.53; p = 0.001)
remained statistically significant in the final multivariable Cox regression model. The results
of the analysis of univariable and multivariable prognostic factors for RFS are shown in the
Table 6. Instead, the Figure 6 shows the plotted RFS curves according to each

independent prognostic factor.
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3.1.3 Metastatic sites and PV classification in relapsed tumours after

curative surgery
A total of 29 of 96 patients with KIT exon 11 mutations (30.2%) showed tumour recurrence
at a median follow-up of 92 months. In this population, the tumour metastasis sites (liver,
peritoneum or liver and peritoneum) were described and were classified according to the
presence/absence of deletion or deletion/insertion in codons 557 and/or 558. In patients
relapsed with GIST presenting with deletion or deletion/insertion 557 and/or 558, 72.2% of
the metastatic spread involved the peritoneum (13/18 patients), 16.7% the liver (3/18
patients) and 2 patients had peritoneal and liver metastases at tumour recurrence (11.1%).
In patients relapsed with PV of tumour exon 11 that did not involve 557/558 deletions,
54.5% had peritoneal metastases (6/11 patients), 27.3% had peritoneal and liver
metastases (3/11 patients) and 18.2% had only liver metastases (2/11 patients) (p = 0.5)
(Table 7).
Subsequently, it was shown that of the 18 patients with tumours carrying deletions or
deletions/insertions at codons 557 and/or 558, 14 (77.8%) had GISTs with deletions
involving codons 557 and 558 simultaneously.
Furthermore, only 4 of the 18 relapsed patients (22.2%) showed tumour relapse (n.2,
p.K558 V559delinsN; n.1 p.K550_W557del; n.1 p.K558_V559del) (Figure 7).

3.1.4 The impact of PV in stratifying risk of recurrence

We evaluated the prognostic effect of PV on intermediate-risk versus high-risk GIST
patients' outcomes.

A total of 74 patients were included in the analysis, of which 35 were intermediate-risk and
39 high-risk and were grouped according to the presence/absence of deletion or
deletion/insertion of codons 557/558.

When the RFS between the four groups was compared, patients with intermediate-risk
GISTs and Del-557/558 showed a worse out come similar to the group of high-risk patients

with PV-bearing tumours without Del-557/558 (duplication, insertion or SNV) (Figure 8).

3.2 Cohort 2

3.2.1 Study population
In this study were included 200 patients with localised GIST afferent between 2015 and
2022 at 6 ltalian Oncology Centres of the European Reference Network on Rare Adult
Tumours (EURACAN).
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Using ROC curve analysis, the optimal KIT/PDGFRA nVAF threshold of 50% was
determined, nVAF < 50% (termed ‘low nVAF’) vs nVAF>50% (termed ‘high nVAF’).

To assess whether the nVAF of KIT and PDGFRA somatic mutations can influence clinico-
pathological features, it was correlated with the characteristics of GIST patients (Table 8).

In our study, 111 patients were male (55.5%) and 89 female (44.5%). The median age was
58 years [interquartile range (IQR), 21-87 years] in the nVAF <50% group and 62 years
[IQR, 30-81 years] in the nVAF>50% group.

There were variations in the age groups' median, nVAF were more frequently >50% in the
group of 153 patients (76.5%) aged >50 years than in the group of 45 patients (22.5%)
aged <50 years (P =.03).

Interestingly, in patients with a non-gastric site of origin compared to those with a gastric
GIST (P = .04), primary tumour diameter >5 cm versus basal diameter <5 cm (P = .02), the
nVAF was significantly higher.

While there were no statistically significant differences in primary mitotic count and
histology.

The impact of the mutational status on tumor nVAF low vs. high was then evaluated.

Of the 200 patients, 159 (79.5%) had a GIST harboring a KIT PV, and 41 patients (20.5%)
showed a PDGFRA PV.

Patients with KIT PVs had a considerably higher nVAF than patients with PDGFRA-mutated
tumors (median KIT vs. PDGFRA nVAF, 55% vs. 46%; P =.04).

However, there were no statistically significant variations in low or high nVAF respect to KIT
exons (exon 11 or other exons; P =.5) in the group of patients with KIT-mutated GISTs. In
order to examine the effects of different KIT exon 11 PV types, patients were classified
according to the presence of deletions (del) or deletions/insertions (delins) of KIT exon 11
involving codons 557 and/or 558, compared to other mutations, where the other mutations
were deletions or delins in codons other than 557 and/or 558, or duplications, insertions or

single nucleotide variants (SNVs) of KIT exon 11.

3.2.2 Outcome Analysis
We evaluated the survival, RFS and OS outcomes of patients with localised GIST in relation
to nVAF. Data were available for n.178 patients with localised GIST and the median follow-
up time was 24 months (range, 6-116 months). The 2-year RFS rate was 80.9% (median
RFS 62 months; 95% ClI, 38.5-85.5).
A total of 34 RFS events (recurrence or death) (19.1%) were observed during follow-up, 5
of which occurred in the group of patients with tumours showing a tumor nVAF < 50%
(6.9%), while 29 events occurred in GIST patients with a tumor nVAF> 50% (27.3%).
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Comparing the RFS between the 2 groups, GIST patients with tumor nVAF> 50% showed a
less favourable RFS than patients in the group with nVAF < 50% (2-year RFS, 72.6% vs.
93%, respectively; P = .003; Fig. 9F).

Examining the main prognostic factors in localised GISTs (primary mitotic count, tumour
size and tumour site), primary mitotic count, tumour size and tumour site all were
significantly associated with RFS (tumor mitosis >5/mmq vs. £ 5/mmq: 2-year RFS, 63.2%
vs. 93.1%, P < .001; primary tumour diameter >5 cm vs. < 5 cm: 2-year RFS, 70.7% vs.
93.8%, P = .002; non-gastric vs. gastric site of origin: 2-year RFS, 70.5% vs. 91.1%, P =
.007; Fig. 9A-9C).

Concerning the impact of KIT exon 11 PVs on RFS, in the subset of patients with deletions
or deletions/insertions in codons 557 and/or 558 of KIT exon 11 was unfavourable
compared to the rest of GIST patients (2-year RFS, 59.5% vs. 89.5%, P <.001; Fig. 9D).
The overall median OS was not reached. A total of 8 deaths (4.5%) occurred in the group of
patients with nVAF>50% (P = .04; Fig. 10F); in contrast, no events were observed in the
group with nVAF £50%.

Univariable and multivariable Cox proportional hazard regression models were performed to
investigate whether the prognostic value of nVAF for PFS and OS was independent of other
known factors.

Factors statistically significantly associated with RFS in uni variate analyses were: primary
tumour diameter >5 cm , mitosis >5/mmq, non-gastric site of origin, KIT exon 11 deletions
or deletions/insertions involving codons 557 and/or 558 and nVAF> 50%. In the final
multivariable Cox regression model, mitosis, KIT exon 11 PV type and nVAF remained
statistically significant.

Regarding OS, only KIT exon 11 deletions or deletions/insertions involving codons 557
and/or 558 were statistically significantly associated with OS in univariable analyses (Table
9). We also investigated survival outcomes compared to non-normalised VAF. The optimal
cut-off for KIT/PDGFRA -VAF, determined by ROC curve analysis, was 45%.

Although VAF was also statistically associated with RFS and OS, the statistical significante

was lower than VAF normalised to individual neoplastic cellularity.

3.2.3 The impact of nVAF in intermediate-risk patients with KIT mutations
We performed an additional analysis to evaluate the ability of nVAF to identify a
subpopulation of intermediate-risk patients with a higher risk of disease recurrence, who
may benefit from adjuvant treatment. We therefore included 66 patients with GIST at
intermediate risk of recurrence, with KIT mutations and not treated with adjuvant imatinib.
A total of 10 RFS events (relapse or death) were observed during follow-up (15.1%). The

RFS rate was 74.4% for the high nVAF group and 100% for the low-risk group. As can be
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seen in the Figure 11, patients with intermediate-risk GIST and high nVAF showed poorer
RFS than the low nVAF group (P = 0.01).

3.3 Cohort 3

3.3.1 Molecular characterization of GISTs
From November 2020 to June 2023, 73 patients with histologically confirmed diagnosis of
GISTs, both localized and metastatic, afferent to the ‘Sicilian Regional Center for the
Prevention, Diagnosis and Treatment of Rare and Heredo-Familial Tumors’ of the Section
of Medical Oncology of University Hospital Policlinico ‘P. Giaccone’ of Palermo, were
recruited.
Molecular analysis was performed on tumor tissue for evaluation of mutational status by
multigene panel in NGS.
Of the 73 patients, 59 (80.8%) showed molecular alterations in the KIT gene including 51
(86.4%) in exon 11, 2 (3.4%) in exon 13 and 6 (10.2%) in exon 9. The most common site of
mutations at KIT exon 11 occurred between codons 550-560. Seventeen out of 51 patients
(33.3%) had deletions involving critical codons 557 and/or 558 or as part of larger deletions
that included mutation positions upstream of codon 557 and downstream of codon 558.
Variants were identified in the PDGFRA gene in only 7 (9.6%) of the patients and most of
the mutations were identified in exon 18. The most frequent variant was the known primary
resistance mutation to Imatinib p.D842V (n.5 patients, 6.8% of all patients; 71.4% of all
PDGFRA-mutated GISTs), a SNV involving the kinase domain of the receptor and resulting
in a single substitution at position 842 of an aspartic acid (D) for a valine (V). Finally, a rare
deletion/insertion (p.S566_E571delinsR) was identified at exon 12 of PDGFRA.
Finally, one patient showed a pathogenic variant in BRAF and one in the MAP2K1 gene
(Table 10).
In this analysis, 5 patients (6.8%) showed no alterations in the investigated genes. On the
latter, to assess the presence of fusion transcripts, the analysis was performed again by
multigene panel in NGS from tissue RNA.The results obtained showed that none of the

patients under investigation had gene fusions.

3.3.2 Gene expression analysis

To assess the implication of YAP, TAZ and other genes involved in this signaling pathway,
we performed gene expression analysis by ddPCR.
Twenty-seven patients were included for this study, stratified according to the molecular

characteristics presented. Specifically, 18 (66.7%) had mutations at exon 11 of KIT, 5
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(18.5%) at the PDGFRA gene, and 4 (14.8%) had no alterations in the genes investigated
by panel in NGS in the previous analysis.

From the expression analysis, the software calculates the target RNA concentration in
copies/ul. The relative expression value of each gene was calculated as the ratio of the
concentration of the investigated gene to the target gene. Thus a value greater than one will
indicate that the investigated gene is more overexpressed than the housekeeping gene, in
contrast, a value below unity reflects an downregulation of the gene investigation.

In the Table 11-12 we can see the clinicopathological characteristics of patients according
to the expression value of each gene analyzed.

Among the genes investigated, those most frequently upregulated were YAP, TAZ and
CTGF.

Patients showing this overexpression were mainly WT and PDGFRA mutated, most
frequently with small bowel GIST (YAP 46.2%, TAZ 45.4%, CTGF 40%) and primary tumor
diameter >5 cm (YAP 76.9%, TAZ 72.8%, CTGF 66.7%) (Figure 12).

Interestingly, all WT patients showed overexpression of YAP and 3 (75%) of TAZ and
CTGF.

In contrast, no patients were found to have over regulation of CCDN1 and AXL.

Of the 27 patients, 5 (18.5%) were metastatic at diagnosis and among them the most
overexpressed gene was CTGF ( 3 patients, 60%).

During follow-up, median of 6-24 months, 3 (11%) recurrence events (progression or death)
occurred. These patients showed overexpression in most genes (YAP 100%, TAZ 100%,
CTGF 66.7%, LIX1 66.7%, NFKB1 100%) and also, in this group, they included the only
patients with an overexpression of LIX1 (Figure 13).

From the statistic alanalysis, however, no value was found to be statistically significant,

most likely because the number of the cohort under study was small.
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CHAPTER

Discussion

Over the last two decades, molecular profiing of GISTs has greatly improved the
understanding of the development of these tumours, bringing significant value to the
management of cancer patients in clinical practice. Indeed, the characterisation of specific
molecular subtypes has changed therapeutic approaches, making GISTs an ideal model for
the development of precision medicine in cancer treatment (95).

Furthermore, several studies have shown that the type of pathogenic variant has a relevant
prognostic impact in completely resected (96, 97), although the genotypic profile has not
been incorporated into the stratification of risk of recurrence.

To date, understanding the insights from genomic profiling through molecular testing for the
treatment of patients with GISTs is an ongoing challenge.

Although several clinical pathological factors have been established as predictors of clinical
tumour behaviour and patient survival, further insights are needed to further refine
prognosis.

In this PhD thesis, patients with localised and/or metastatic GISTs were subjected to in-
depth molecular analyses in order to improve the understanding of the molecular
mechanisms underlying the classification of GISTs for a better management of the disease.
In the first part of this project, the clinicalpathological features of GIST patients were studied
according to mutational status, and the effect of exon 11 KIT type mutations on RFS was
assessed.

It was seen that patients with KIT exon 11 deletions or deletions/insertions involving codons
557 and/or 558, compared to other exon 11 PVs, more frequently presented gastric GISTs,
with larger primary tumor diameter and a higher mitotic index. In this group, 55% of patients
were stratified at high risk of recurrence.

Furthermore, the impact on RFS was evaluated and the data showed worse outcome for
patients with GIST having deletion or deletion/insertion of codons 557 and/or 558 compared

to patients with any other KIT exon 11 PV.
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Multivariate analysis confirmed the independent prognostic value of this result.

These data are consistent with previous studies that confirm the malignant behavior of the
tumor presenting this type of pathogenetic variants (96-98).

Furthermore, 14 of 18 patients with relapse had deletions simultaneously involving codons
557 and 558, underscoring a significantly higher risk of relapse in patients with deletions
involving both codons. This more aggressive role of deletions simultaneously involving
codons 557 and 558 can be explained by the critical autoinhibitory role on the tyrosine
kinase activation process exerted by the regions of codons 557 and 558 which, when both
are deleted, results in a considerable increase in phosphorylation spontaneous receptor
and activation of the downstream pathway (99).

In particular, the outcome of intermediate-risk patients with Del-557/558 and high-risk
patients without Del-557/558 was compared. Patients in the two groups hadidentically
poorer prognoses in terms of RFS. According to the current research, subjects with GIST
with intermediate-risk features and KIT exon 11 deletions or deletions/insertions in codons
557/558 may require adjuvant treatment with imatinib due to the high risk of relapse.
Subsequently, it was hypothesised how nVAF levels of pathogenic variants in KIT and
PDGFRA may correlate with the prognosis of patients with localised, fully resected GIST.

In our cohort, patients with nVAF >50% showed less favourable RFS than patients in the
group with nVAF < 50%. The median nVAF was statistically higher in tumours with KIT
mutation compared to PDGFRA . Furthermore, high levels of KIT/PDGFRA-nVAF mutant
were associated with age of onset of GIST > 50 years, non-gastric site of primary tumours
and primary tumour diameter > 5 cm.

We also observed that in KIT mutated intermediate-risk patients, higher nVAF was
statistically associated with disease recurrence, compared to low nVAF.

These results suggest that the high allele frequency of the KIT/PDGFRA mutation in GIST
could be one of the criteria for deciding whether to use adjuvant treatment.

Another aim of this project was to investigate the role that YAP, TAZ and other genes
involved in this signalling pathway could play in GISTs, as predictors of biological tumour
behaviour. Therefore, the gene expression of these genes in different molecular subtypes
of GISTs was assessed.

Specifically, we selected a cohort of patients from which 18 had exonl1l KIT mutations, 5 in
PDGFRA and 4 WT.

Due to the small number of the cohort under investigation, statistical analysis did not reveal
statistically significant data. However, it is interesting to observe that the most frequently
expressed gene was CTGF (in 55.6% of the GISTs analysed) followed by YAP (48.1%) and
TAZ (40.7%).
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Patients showing this upregulation more frequently had GISTs with small bowel localisation
and primary tumour diameter >5 cm.

Interestingly, all WT patients showed overexpression of YAP and 3 (75%) also
overexpressed TAZ and CTGF.

According to the work of Chen et al. (85) KIT-independent and imatinib-resistant GISTs
exhibit YAP/TAZ-induced overexpression of CCDNL1. In our case, on the contrary, both WT
and mutated GISTs presented an downregulation of this gene and also of AXL.

Of the 27 patients, 5 (18.5%) were metastatic at diagnosis and among these the most
overexpressed gene was CTGF (3 patients, 60%).

According to another study, a gene that appears to be upregulated in GISTs is LIX1. It
represents a marker of immaturity of the gastrointestinal mesenchyme and LIX1 has been
shown to induce, via Hippo's YAP effector, the proliferation and differentiation of
mesenchymal progenitors and its overexpression is associated with poor prognosis (87). In
our study, LIX1 was overexpressed in only two cases, which however represented 66.7%
(2/3) of the patients who showed tumour recurrence. These patients had tumours with a
diameter >5cm and a mitotic index >5/50HPF, both carried pathogenic variants at KIT exon
11 and were classified as high risk.

Despite the small patient cohort, these preliminary reports may encourage future studies in
a larger patient population.

Regarding the gene fusion analysis in WT patients, we did not identify any alterations. This
result was however expected as the patients analyzed were few.

Although NTRK fusions are rare in wild-type GISTs, the unequivocal diagnosis can bring
clinical benefits to patients.

In conclusion, the set of studies reported in this thesis lead to a deeper understanding of the
molecular characterisation of GISTs, allowing patients to be stratified according to more
detailed criteria and leading to an improvement in clinical management.

Indeed, in patients with localized GISTs completely resected we showed that KIT exon 11
deletions or deletion/insertion involving both codons 557 and 558 are genotypes indicative
of more aggressive tumor behavior and higher risk of recurrence, supporting the importance
of considering the PV type and codon location in routine risk stratification.

Furthermore, we demonstrated that higher levels of nVAF, in patients with localised GISTs
presenting KIT or PDGFRA mutations, were independent predictors of prognosis and
survival. These data could be relevant in the cohort of intermediate-risk patients to improve
prognosis and the use of adjuvant imatinib.

Finally, gene expression analysis showed the potential role of Hippo and pathway-related

genes as oncogenic mediators in GISTs, especially in WT patients and patients with
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disease recurrence. Inhibitors of these pathways could expand in the future the therapetic
landscape of these tumours.
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CHAPTER

Tables and Figures

Table 1. Prediction of the recurrence risk in GISTs based on the size, mitotic index, and anatomical site
of the primary tumor (28).
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Figure 1. The genomic profiles of GISTs (100).
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Figure 2. Potential tumour-promoting mechanisms of YAP/TAZ in human tumours (101).

Table2: Oligonucleotide sequences (Fw and Rv) designed for amplification of exons 9-11-13-17 of the
KIT gene and exons 12-14-18 of the PDGFRA gene.

Primers

Gene Forward Sequence (5°- 3°) Reverse Sequence (5’- 3”)
KIT ex 9 ACCTCT AACTTT GTT TTAAAAGTATGC GGA ATG AACTTA AAATCATGACTG
KIT ex 11 GTT CTC TCT CCA GAG TGC TCT AA GTT CCT TAAAGT CAC TGT TAT GTG TAC
KIT ex 13 GTATGG TACTGCATGCGC TT CAT TGC CAA AAT CAT ATT AAA ATG
KIT ex 17 CTG AAT ACT TTAAAACAA AAG TATTGG | TTATGA AAATCACAG GAAACAATT T
PDGFRa ex 12 TGG AGT GAACGT TGT TGG A AGA TCT CTATTC TGC CAA GGC
PDGFRa ex 14 CAG GAT TAG TCATAT TCTTGG TTTTT TTC TAT TCC CTG CCATGT GT
PDGFRo ex 18 CAG TCT TGC AGG GGT GAT G GCA CCG AAT CTC TAG AAG CA
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Categorized by somatic alteration type

Hotspot genes Copy number variants  Fusion drivers
AKT1, ALK, AR, BRAF, CDK4, ALK, AR, BRAF, CCND1, CDK4,  ABL1, AKT3, ALK, AXL, BRAF,

CTNNB1, DDR2, EGFR, ERBBZ, CDK®6, EGFR, ERBB2, FGFR1,
ERBB3, ERBB4, ESR1, FGFR2, FGFRZ, FGFR3, FGFR4, KIT,
FGFR3, GNAT1, GNAQ, HRAS, RAS, MET, MYC, MYCN,

IDH1, IDHZ, JAK1, JAK2, JAK3, ~ PDGFRA, PIK3CA

KIT, KRAS, MAP2K1, MAP2K2,
MET, MTOR, NRAS, PDGFRA,
PIK3CA, RAF1, RET, ROS1, SMO

EGFR, ERBBZ, ERG, ETV1, ETV4,
ETV5, FGFR1, FGFRZ, FGFRS,
MET, NTRK1, NTRK2, NTRK3,
PDGFRA, PPARG, RAF1, RET,
ROS1

Figure 3: Oncomine Focus Panel Assay

Table 3. Preparation of the reaction mix

Volumeper
Component Reaction,pl FinalConcentration
Supermix 5 1x
Reversetranscriptas 2 20U/pl
e
300 mMDTT 1 15mM
Targetprimers/probe 1.1 900nM/250nM
*
RNase-/DNase- Variable —
freewater
TotalRNA Variable 20 ng per reaction
Total volume 22 pl —

Table 4. Thermal cycling conditions

Temperature, NumberofC
CyclingStep °C Time ycles
Reversetranscription 50 60min 1
Enzymeactivation 95 10min 1
Denaturation 95 30sec 45
Annealing/extension 55 1 min*

Enzymedeactivation 98 10min 1
Hold 4 30min 1

*Check/adjust ramp rate settings to~2°C/sec.
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Codons Del-557/558 Del-No-557/558 No-Del
N. (%) 36 (37.5) 26 (27.1) 34 (35.4)

GIST
Relapsed 7 (26.9) 4(11.8)
N. (%)

.5'"1“"‘3"'-‘°“"V Involving codons
involving codons 557 or 558

557 and 558
14 (77.8%)

Del/Delins
4(22.2)

Figure 4. Diagram of mutational status and outcomes of the patients with KIT exon 11 GISTs
included in the study. Abbreviations: Del, deletions; Delins, deletion/insertions; GIST,
gastrointestinalstromaltumor; KIT, KIT proto-oncogene receptor tyrosinekinase.
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Table 5. Clinico-pathological characteristics of patients with GISTs according to KIT exon 11
critical mutations
*Comparison Del-557/558 versus Del-No-557/558 versus No-Del.
Del, deletion; Del-557/558, KIT exon 11 deletion or deletion/insertions involving 557 and/or 558 codons;
Del-No-557/558, KIT exon 11 deletion or deletion/insertions in codons other than 557 and/or 558; Delin,
deletion/insertion; GIST, gastrointestinal stromal tumor; HPF, high-power field; KIT, KIT proto-oncogene
receptor tyrosine kinase; M-L, Miettinen—Lasota; No-Del, KIT exon 11 duplication, insertion, or single
nucleotide variant; NS, not significant.

N.patients
Gender

Male

Female

Age at diagnosis (years)

Median
Mean
Range
Site of origin
Gastric
Small bowel/other

Baseline diameter

<5cm

>5¢cm
Baseline mitosis

<5/50 HPF

>5/50 HPF
M-L risk categories

Very low/low
Intermediate

High

Total KIT exon

96

56 (58.3)
40 (41.7)

60
59
33-82

58 (60.4)
38 (39.6)

41 (42.7)

55 (57.3)

51 (53.1)

45 (46.9)

22 (22.9)
35 (36.5)
39 (40.6)

KIT exon 11 subgroups

Del-557/558 n (%)
36 (37.5)

24 (60.6)
12 (31.4)

59
58
33-76

27 (75)
9 (25)

10 (27.8)

26 (72.2)

13 (36.1)

23 (63.9)

3(8.3)

13 (36.2)
20 (55.5)

40

Del-No-557/558 n (%)
26 (27.1)

13 (50)
13 (50)

56.5
53.9
33-67

12 (46.1)
14 (53.9)

16 (61.5)

10 (38.5)

15 (57.7)

11 (42.3)

10 (38.5)
12 (46.1)
4(15.4)

No-Del n (%)
34 (35.4)

19 (55.9)
15 (44.1)

63.5
61.1
39-82

19 (55.9)
15 (44.1)

15 (44.1)

19 (55.9)

23 (67.6)

11 (32.4)

9(26.5)
10 (29.4)
15 (44.1)

p value*

NS

0.03

0.02

0.02

0.008
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Figure 5. (a) Schematic KIT receptor structure and locations of activating mutational hotspots. The KIT
functional domains include five immunoglobulin-like domains (extracellular domain), juxtamembrane
domain, TK1 domain, insert domain, TK2 domain, and activation loop. Number of patients in the three
groups of KIT exon 11 PVs: (i) deletion or deletion/insertion in codons 557 and/or 558 (‘Del-557/558); (ii)
deletion or deletion/ insertion in codons other than 557 and/or 558 (‘Del-No-557/558’); (iii) duplication,
insertion, or SNV (‘No-Del’). (b)RFS in KIT exon 11 patients according to PV type and location.

KIT, KIT proto-oncogene receptor tyrosine kinase; PV, pathogenic variant; RFS, recurrence-free survival; SNV, single
nucleotide variant; TKI, tyrosine kinase 1; TK2, tyrosine kinase 2.

Table 6. Univariate and multivariate analysis of prognosticfactors for RFS in KIT exon 11-mutated

patients

RFS Univariate Cox regression Multivariable Cox regression
HR [95% CI) p value HR [95% CI) p value

Gender [female versus male) 0.65(0.31-1.39) NS

Age [>50years versus <50years) 0.75 (0.33-1.69] NS

Primitive tumor diameter (=5cm 4.72(1.91-11.66) < 0.001 2.76 (1.01-7.57) 0.04

versus =5cm)

Mitosis [=5/50 HPF versus =5/50 3.34(1.57-7.10) 0.001 1.50 (0.60-3.73) NS

HPF)

Gastric site of origin [yes versus no]  2.13(1.03-4.43) 0.03 2.49(1.13-5.48) 0.02

M-L risk categories [very low/low 4.67(1.89-11.54) 0.001 2.34(0.77-7.18]) NS

versus intermediate/high]

Exon 11 Del or Delins 557 and/or 0.19 (0.08-0.42) < 0.001 0.23 (0.1-0.53) 0.001

558 no versus yes)

Cl, confidence interval; Del, deletion; Delin, deletion/insertion; HPF, high-power field; HR, hazard ratio; KIT, KIT proto-
oncogene receptor tyrosine kinase; M-L, Miettinen-Lasota; NS, not significant; RFS, recurrence-free survival.

Table 7. Metastatic sites in patients with relapse after curative surgery with KIT exon 11 mutations.
Patients were classified as GIST carriers with deletion or deletion/insertion involving codons 557/558 or

other PVs of KIT exon 11

Metastatic sites

Total patients n (%)

Deletion or deletion/in

sertion Other exon 11 PVs®

codons 557/558" n. (%) n (%)
Liver metastasis 5(17.2) 3(14.7) 2(18.2)
Peritoneal metastasis 19 (65.6) 13 (72.2) 6 [54.5)
Liver and peritoneal 5(17.2) 2(11.1) 3(27.3)

metastasis

‘Pearson’s chi-square test: comparison deletion or deletion/insertion codons 557/558 versus other exon 11 PVs; p=0.5.
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Figure 6 . Outcome analys is according to clinical and biological factors. (a) RFS according to gender. (b)
RFS according to age. (c) RFS according to tumor diameter. (d) RFS according to mitosis. (e) RFS
according to the site of origin. (f) RFS according to risk categories. (g) RFS according to KIT exon 11 PV
type. Abbreviations: Del-557/558, KIT exon 11 deletion or deletion/insertion involving 557 and/or 558 codons; Del-No-
557/558, KIT exonll deletion or deletion/insertion in codons other than 557 and/or 558; HPF,high-power field;KIT, KIT
proto-oncogene receptor tyrosine kinase; PV, pathogenic variant; RFS, recurrence-free survival.
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Table 8. Patient and disease characteristics of patients with GIST localized.

*Del-557/8: deletions (del) or deletion/insertion (delins) involving 557 and/or 558 codons of KIT exon 11.
**Qthers: del or delins in other codons than KIT exon 11 557 and/or 558 codons, or KIT exon 11
duplications, insertions or SNVSs. Abbreviations: IQR, interquartile range; nVAF, normalized variant allele
frequency.

Characteristic No. of patients (%) nVAF = 50% nVAF = 50% P-value
Mo of patients 200 79 121 —
Gender 08
Male 111 (55.5) 50 (63.3) 61(50.4)
Female 89 (44.5) 29 (36.7) 60 (49.6)
Age groups (years) 03
=50 45 (22.5) 24 (30.4) 21{17.4)
=50 153 (76.5) 34 (a8.3) 99 (81.8)
Missing 201 1(1.3) 1(0.8)
Site of origin 04
Gastric 104 (52) 48 (60.7) 56 (46.3)
Others 95 (47.5) 30 (38) 65 (53.7)
Missing 1i0.5) 1(1.3) 8]
Baseline diameter 02
<5 cm 89 (44.5) 44 (55.7) 45(37.2)
=5 cm 102 (51) 34 (43) 68 (56.2)
Missing 9 (4.5) 1(1.3) 8 |6.6)
Baseline mitosis 4
=5/mmg 111 (535.5) 42 (53.2) 69 (37)
>5/mmg 73 (36.5) 32 (40.5) 41 (33.9)
Missing 16 (8 5(6.3) 11{9.1)
Histology 1
Spindle cell 111 (535.5) 43 (54.5) 68 (56.2)
Epithelioid/mixed 71 (35.5) 28 (35.4) 43 (33.5)
Missing 18 (9) 8 (10.1) 10 (8.3)
Mutarted KIT gene 04
Yes 159 (79.5) 57 (72.2) 102 (84.3)
No 41 (20.5) 22 (27.8) 19 (15.7)
KIT exons 5
Exon 11 130 (31.8) 45 (78.9) 85 (83.4)
Other exons 28 (17.6) 12 (21.1) 16 {15.7)
Missing 1(0.6) 0 140.9)
KIT exon 11 2
Del-557/8 41(31.5) 11 (24.4) 30 (35.3)
Others’ 89 (68.5) 34 (75.6) 55 (04.7)
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Figure 9. RFS according to prognostic factors. RFS according to (A) diameter of the primary tumor; (B)
baseline mitosis; (C) site of origin; (D) KIT or PDGFRA PVs; (E) VAF; (F) nVAF. RFS, relapse-free

survival; VAF, variant allele frequency; nVAF, normalized VAF.
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Table 9. Univariable and multivariable analysis of prognostic factorsfor RFS and OS in localized patients
with GIST. Abbreviations: Del, deletions; Delins, deletions/insertions; HR, hazard ratio; OS, overall survival; RFS, relapse-free

survival; variant allele frequency; nVAF, norm
RFS Univariable Cox regression Multivariable Cox regression
HR (95%CI) P-value HR (95%CI) P-value
Gender 0.58 (0.29-1.19) Ns
(F ws. M)
Primitive tumaor 394 [1.58-10.26) 005 LOJ (0.31-3.77) ns
diameter
(25 cm vs. =5 cm)
Mitosis 4.59 (1.98-10.63) <.001 4.26 (1.36-13.38) N
(= Simmg vs. »5/mmg)
Gastric site of origin 283 (1.28-6.27) Rixl 150 (0.52-4.31) ns
(Mo vs. yes)
Exon 11 Del or Delins 0.21 (0.09-0.49) =001 0.22 [0.08-0.63) 005
557 andfor 558
(Mo v, yes)
nVAF 383 (1.47-9.93) e 4.97 (1.29-19.11} M
(= 50% vs. = 50%)
05 Univariable Cox regression Multivariable Cox regression
HR (25%CI) P-value HR {95%CI) P-value
Gender 0.84 (0.19-3.61) ns
(F vs. M)
Primitive tumaor 119 [D.48-2.98) ns
diameter
(25 em vs =5 cm)
Mirosis 337 0.68-16.79) ns
(= Simmg vs. »5/mmg)
Gastric site of arigin 215 (0.43-10.85) ns
(Mo v, yes)
Exon 11 Del or Delins 0.18 (0.03-0.21) A3
557 andlor 558
(Mo vs. yes)
nVAF 6.92 [0.85-56.62) ns
(2 50% vs. = 50%)
A Relapse-Free Survival (RFS) B Relapse-Free Survival (RFS)
10l SN 10 PPN — - —
Intermediate-Risk l Intermediate-Risk
VAF nVAF
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Figure 11 . RFS according to VAF (A) and nVAF (B) in the sub-population of intermediate-risk, KIT
mutated, GIST patients. RFS, relapse-free survival; VAF, variant allele frequency; nVAF, normalized VAF.
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Table 10. Pathogenetic variants in patients with GISTs. Abbreviations: SNV, Single Nucleotide Variant, Del/Ins, Deletion and

Insertion.

Gene Exon -\I/—gfii\r?I HGVS Nomenclature Proteinchange pa't\:gﬁts

Duplication €.1716_1717insGAC p.Asp572dup 1

Duplication €.1731_1754dup p.Tyr578 Pro585dup 1

Duplication €.1717_1761dup p.Pro573_Asn587dup 1

Deletion €.1649_1654del AACCCA p.Lys550_Pro551del 1

Deletion €.1686_1724del p.l1e563_GIn575del 1

Deletion €.1658_1669del p.Tyr553_GIn556del 1

Deletion €.1735_1737delGAT p.Asp579del 1

Deletion €.1665_1676delACAGTGGAAGGT p.GIn556_Val559del 1

Deletion €.1687_1716del p.11e563_Asp572del 1

Deletion €.1669 1674delTGGAAG p.Trp557_Lys558del 4

Deletion .1658 1669delATGAAGTACAGT p.Tyr553_GIn556del 1

Deletion .1661_1675delAAGTACAGTGGAAGG p.Glu554_Lys558del 2

Deletion .1669_1683delITGGAAGGTTGTTGAG p. Trp557_Glu561del 2

Deletion €.1672_1674delAAG p.Lys558del 1

Deletion €.1690_1734del p.Asn564 Tyr578 1

11 Deletion €.1648-6_1665del p.Lys550 Val555del 1

Deletion c.1679 _1681delTTG p.Val560del 1

KIT Deletion .1648 1674del p.Lys550_Lys558del 2

Deletion €.1655_1672del p.Met552_Trp557del 1

Deletion €.1735_1737delGAT p.Asp579del 1

Del/lns €.1679_1680delTTinsAG p.Val560Glu 2

Del/Ins c.1671 1676delGAAGGT p.W557_V559delinsCys 1

Del/Ins €.1670_1678delGGAAGGTTG p.Trp557 Val560delinsPhe 1

Del/lns €.1703_1727delins p.Tyr568_Leu576delinsCysCys 1

Del/Ins €.1673_1674insTCC p.Lys558delinsAsnPro 1

Del/Ins €.1670_1675del p.Trp557 Val559delinsPhe 1

SNV €.1669T>C p.Trp557Arg 1

SNV C.1669T>A p.Trp557Arg 2

SNV c.1676T>A p.Val559Asp 5

SNV c.1676T>G p.Val559Gly 5

SNV c.1679T>A p.Val560Asp 2

SNV c.1727T>C p.Leu576Pro 3

9 Duplication €.1509 1510insGCCTAT p.Ala502_Tyr503dup 6

13 SNV €.1964A>G p.Asn655Ser 1

SNV €.1924A>G p.Lys642Glu 1

12 Del/lns €.1698_1712del p.Ser566_Glu571delinsArg 1

PDGFRA 18 Deletion €.2526_2537del p.l1e843_Asp846del 1

SNV €.2525A>T p.Asp842Val 5

BRAF 15 SNV C.1799T>A p.Val600Glu 1

MAP2K1 2 SNV €.166C>A p.GIn56Lys 1
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Table 11. Clinical and pathological characteristics of patients with GIST based on the gene expression
value of YAP, TAZ and CTGF. Abbreviations: Del, deletion; Del-557/558, KIT exon 11 deletion or deletion/insertions
involving 557 and/or 558 codons; Del-No-557/558, KIT exon 11 deletion or deletion/insertions in codons other than 557
and/or 558; HPF, high-power field; No-Del, KIT exon 11 duplication, insertion, or single nucleotide variant; NA, not
availabe.

Characteristics N. of YAP TAZ CTGF
Patients (%0) <1 >1 <1 >1 <1 >1
N. of patients 27 14 (51.9%) 13 (48.1%) 16 (59.3%) 11 (40.7%) 12 (44.4%) 15 (55.6%)
Gender
Male 18 (66.7%) 11(78.6%) 7(53.8%) 10(62,5%) 8(72.8%) 8(66.7%) 10(66.7%)
Female 9 (33.3%) 3 (21.4%) 6(46.2%) 6(37.5%) 3(27.2%)) 4(33.3%) 5(3.33%)
Age at diagnosis
Media 68 64 63 68 56 69 59
Mediana 63.7 68 72 71 59 71 59
Range 23-86 28-86 23-86 47-86 23-86 41-86 23-86
Age groups
<50 6 (22.2%) 2 (14.3%) 4(30.8%) 1(6.2%) 5(45.4%) 1(8.3%) 5(33.3%)
>50 21(77.8%) 12(85.7%) 9(69.2%) 15(93.8%) 6(54.6%) 11(91.7%) 10(66.7%)
Site of origin
Gastric 18(66.7%) 11 (78.6%) 7(53.8%) 12(75%) 6(54.6%) 9(81.8%) 9(60%)
Small bowel 9(33.3%) 3 (21.4%) 6(46.2%) 4(25%) 5(45.4%) 3(27.3%) 6(40%)
Baseline
diameter
<5cm 7(25.9%) 5(35.7%) 2(15.4%) 5(31.2%) 2(18.2%) 3(27.3%) 4(26.7%)
>5cm 18(66.7%) 8(57.1%) 10(76.9%) 10(62.5%) 8(72.8%) 8(66.7%) 10(66.7%)
N.A. 2 1 1 1 1 1 1
Baseline Mitosis
<5/50 HPF 12(44.4%) 6(42.9%) 6(46.1%) 6(37.5%) 6(54.6%) 5(41.7%) 7(46.7%)
>5/50 HPF 10(37%) 5(35.7%) 5(38.5%) 5(31.2%) 5(45.4%) 3(25%) 7(46.7%)
N.A. 5 3 2 5 / 4 1
Histology
spindle cell 15(55.6%) 7(50%) 8(61.5%) 10(62.5%) 5(45.4%) 7(58.3%) 8(53.3%)
epithelioid 2(7.4%) 2(14.3%) 0 1(6.2%) 1(9.1%) 1(8.3%) 1(6.7%)
mixed 8(29.6%) 4(28.6%) 4(30.8%) 4(25%) 4(36.4%) 3(25%) 5(33.3%)
N.A. 2 1 1 1 1 1 1
Risk class
None 3(11.1%) 2(14.3%) 1(7.7%) 3(18.7%) / 1(8.3%) 2(13.3%)
Very Low/Low 6(22.2%) 3(21.4%) 3(23.1%) 3(18.7%) 3(27.3%) 3(25%) 3(20%)
Moderate 1(3.7%) 1(7.1%) / 1(6.2%) / 1(8.3%) /
High 11(40.7%) 3(21.4%) 8(61.5%) 3(18.7%) 8(72.7%) 1(8.3%) 10(66.7)
N.A. 6 5 1 5 1 6 /
Mutated Gene
KIT ex11 18(66.7%) 11(78.6%) 7(53.8%) 13(81.3%) 5(45.4%) 10(83.4%) 8(53.3%)
PDGFRA 5(18.5%) 3(21.4%) 2(15.4%) 2(12.5%) 3(27.3%) 1(8.3%) 4(26.7%)
WT 4(14.8%) / 4(30.8%) 1(6.2%) 3(27.3%) 1(8.3%) 3(20%)
KIT Exon 11
Del-557/8 7(38.9%) 6(54.5%) 1(14.3%) 6(46.1%) 1(20%) 5(50%) 2(25%)
Del-No-557/8 2(11.1%) 2(18.2%) / 2(15.4%) / 1(10%) 1(12.5%)
No-Del 9(50%) 3(27.3%) 6(85.7%) 5(38.5%) 4(80%) 4(40%) 5(62.5%)
PDGFRA
D842V 4(80%) 2(66.7%) 2(100%) 2(100%) 2(66.7%) 1 3(75%)
Others 1(20%) 1(33.3%) / / 1(33.3%) / 1(25%)
VAF(%)
<50% 17(73.9%) 9(64.3%) 8(88.9%) 11(73.3%) 6(75%) 7(63.6%) 10(83.3%)
>50% 6(26.1%) 5(35.7%) 1(11.1%) 4(26.7%) 2(25%) 4(36.3%) 2(16.7%)
Metastatic GIST
atdiagnosis 5(18.5%) 4(80%) 1(20%) 4(80%) 1(20%) 2(40%) 3(60%)
Localized GIST 22(81.5%) 12(54.5%) 10(45.5%) 10(45.5%) 12(54.5%) 12(54.5%) 10(45.5%)
Metastatic Sites
Liver 4 (80%) 4(100%) / 3(75%) 1(25%) 2(50%) 2(50%)
Peritonuem / / / / / / /
Both 1(20%) / 1(100%) 1(100%) / / 1(100%)
Recurrence
Yes 3(13.6%) / 3(100%) / 3(100%) 1(33.3%) 2(66.7%)
No 19(86.4%) 12(63.1%) 7(36.8%) 10(52.6%) 9(47.4%) 11(57.9%) 8(42.1%)
Imatinib I line
Yes 5(100%) 4(80%) 1(20%) 4(80%) 1(20%) 2(40%) 3(60%)
No / / / / / / /
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Table 12. Clinical and pathological characteristics of patients with GIST based on the gene expression
value of CCDN1, LIX1, NFKB1 e AXL. Abbreviations: Del, deletion; Del-557/558, KIT exon 11 deletion or
deletion/insertions involving 557 and/or 558 codons; Del-No-557/558, KIT exon 11 deletion or deletion/insertions in
codons other than 557 and/or 558; HPF, high-power field; No-Del, KIT exon 11 duplication, insertion, or single

nucleotide variant; NA,not availabe.

Characteristics CCND1 LIX1
<1 >1 <1 >1
N. of patients 27 (100%) 0 25 (92.6%) 2 (7.4%)
Gender
Male 18(66.7%) 16(64%) 2(100%)
Female 9 (33.3%) 9(36%) /
Age at diagnosis
Media 68 63 65
Mediana 63.7 68 65
Range 23-86 23-86 59-72
Age groups
<50 6 (22.2%) 6(24%) /
>50 21(77.8%) 19(76%) 2(100%)
Site of origin
Gastric 18(66.7%) 17(68%) 1(50%)
Small bowel 9(33.3%) 8(32%) 1(50%)
Baseline diameter
<5cm 7(25.9%) 7(28%) /
>5cm 18(66.7%) 16(64%) 2(100%)
N.D. 2 2 /
Baseline Mitosis
<5/50 HPF 12(44.4%) 12(58%) /
>5/50 HPF 10(37%) 8(32%) 2(100%)
N.D. 5 5 /
Histology
spindle cell 15(55.6%) 14(56%) 1(50%)
epithelioid 2(7.4%) 2(8%) /
mixed 8(29.6%) 7(28%) 1(50%)
N.D. 2 2 /
Risk class
None 3(11.1%) 3(12%) /
Very Low/Low 6(22.2%) 6(24%) /
Moderate 1(3.7%) 1(4%) /
High 11(40.7%) 9(36%) 2(100%)
N.D. 6 6 /
Mutated Gene
KIT ex11 18(66.7%) 16(64%) 2(100%)
PDGFRA 5(18.5%) 5(20%) /
WT 4(14.8%) 4(16%) /
KIT Exon 11
Del-557/8 7(38.9%) 7(43.7%) /
Del-No-557/8 2(11.1%) 2(12.6%) /
No-Del 9(50%) 7(43.7%)
PDGFRA
D842v 4(80%) 4(80%) /
Others 1(20%) 1(20%) /
VAF(%)
<50% 17(73.9%) 15(71.4%) 2(100%)
>50% 6(26.1%) 6(28.6%) /
Metastatic GIST
atdiagnosis 5(100%) 5(100%) /
Localized GIST 22(100%) 20(91%) 2(9%)
Metastatic Sites
Liver 4(100%) 4(100%)
Peritonuem / /
Both 1(100%) 1(100%)
Recurrence
Yes 3(100%) 1(33.3%) 2(66.7%)
No 19(100%) 19(100%) /
Imatinib I line
Yes 5(100%) 5(100%)
No / /
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NFKB1
<1 >1
22(81.5%) 5 (18.5%)
13(59.1%) 5(100%)
9(40.9%) /
64 60
69 59
23-86 46-86
4(18.2%) 2(40%)
18(81.8%) 3(60%)
16(72.7%) 2(40%)
6(27.3%) 3(60%)
6(27.3%) 1(20%)
15(68.2%) 3(60%)
1 1
10(45.4%) 2 (40%)
7(31.8%) 3(60%)
5 /
13(59.1%) 2(40%)
2(9.1%) /
6(27.3%) 2(40%)
1 1
3(13.6%) /
6(27.3%) /
1(4.5%) /
6(27.3%) 5(100%)
6 /
15(68.2%) 3(60%)
4(18.2%) 1(20%)
3(13.6%) 1(20%)
7(46.7%) /
2(13.3%) /
6(40%) 3(100%)
3(75%) 1(100%)
1(25%) /
13(68.4%) 4(100%)
6(31.6%) /
5(100%) /
17(77.3%) 5(22.7%)
4(100%)
/
1(100%)
/ 3(100%)
17(89.5%) 2(10.5%)
5(100%)

/
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Figure 12. Gene expression values compared to mutational status and known prognostic factors.
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Figure 13. Gene expression in GIST patients with tumor recurrence.

52



Bibliography

1. Corless CL, Barnett CM, Heinrich MC. Gastrointestinal stromal tumours: origin and molecular
oncology. Nat Rev Cancer. 2011;11(12):865-78.

2. Perez-Atayde AR, Shamberger RC, Kozakewich HW. Neuroectodermal differentiation of the
gastrointestinal tumors in the Carney triad. An ultrastructural and immunohistochemical study. Am J
Surg Pathol. 1993;17(7):706-14.

3. Ma YS, Liu JB, Lin L, Zhang H, Wu JJ, Shi Y, et al. Exosomal microRNA-15a from mesenchymal stem
cells impedes hepatocellular carcinoma progression via downregulation of SALL4. Cell Death Discov.
2021;7(1):224.

4, Sgreide K, Sandvik OM, Sgreide JA, Giljaca V, Jureckova A, Bulusu VR. Global epidemiology of
gastrointestinal stromal tumours (GIST): A systematic review of population-based cohort studies. Cancer
Epidemiol. 2016;40:39-46.

5. Postow MA, Robson ME. Inherited gastrointestinal stromal tumor syndromes: mutations, clinical
features, and therapeutic implications. Clin Sarcoma Res. 2012;2(1):16.
6. Stratakis CA, Carney JA. The triad of paragangliomas, gastric stromal tumours and pulmonary

chondromas (Carney triad), and the dyad of paragangliomas and gastric stromal sarcomas (Carney-
Stratakis syndrome): molecular genetics and clinical implications. J Intern Med. 2009;266(1):43-52.

7. Gaal J, Stratakis CA, Carney JA, Ball ER, Korpershoek E, Lodish MB, et al. SDHB
immunohistochemistry: a useful tool in the diagnosis of Carney-Stratakis and Carney triad
gastrointestinal stromal tumors. Mod Pathol. 2011;24(1):147-51.

8. Gopie P, Mei L, Faber AC, Grossman SR, Smith SC, Boikos SA. Classification of gastrointestinal
stromal tumor syndromes. Endocr Relat Cancer. 2018;25(2):R49-R58.

9. Miettinen M, Fetsch JF, Sobin LH, Lasota J. Gastrointestinal stromal tumors in patients with
neurofibromatosis 1: a clinicopathologic and molecular genetic study of 45 cases. Am J Surg Pathol.
2006;30(1):90-6.

10. Maeyama H, Hidaka E, Ota H, Minami S, Kajiyama M, Kuraishi A, et al. Familial gastrointestinal
stromal tumor with hyperpigmentation: association with a germline mutation of the c-kit gene.
Gastroenterology. 2001;120(1):210-5.

11. Hirota S, Nishida T, Isozaki K, Taniguchi M, Nishikawa K, Ohashi A, et al. Familial gastrointestinal
stromal tumors associated with dysphagia and novel type germline mutation of KIT gene.
Gastroenterology. 2002;122(5):1493-9.

12. Casali PG, Blay JY, Abecassis N, Bajpai J, Bauer S, Biagini R, et al. Gastrointestinal stromal tumours:
ESMO-EURACAN-GENTURIS Clinical Practice Guidelines for diagnosis, treatment and follow-up. Ann
Oncol. 2022;33(1):20-33.

13. Parab TM, DeRogatis MJ, Boaz AM, Grasso SA, Issack PS, Duarte DA, et al. Gastrointestinal stromal
tumors: a comprehensive review. J Gastrointest Oncol. 2019;10(1):144-54.

14. Scherlbl H, Faiss S, Knoefel WT, Wardelmann E. Management of early asymptomatic
gastrointestinal stromal tumors of the stomach. World J Gastrointest Endosc. 2014;6(7):266-71.

15. Gheorghe G, Bacalbasa N, Ceobanu G, llie M, Enache V, Constantinescu G, et al. Gastrointestinal
Stromal Tumors-A Mini Review. J Pers Med. 2021;11(8).

16. GongJ, Kang W, Zhu J, Xu J. CT and MR imaging of gastrointestinal stromal tumor of stomach: a
pictorial review. Quant Imaging Med Surg. 2012;2(4):274-9.

53



17. DeMatteo RP, Lewis JJ, Leung D, Mudan SS, Woodruff JM, Brennan MF. Two hundred
gastrointestinal stromal tumors: recurrence patterns and prognostic factors for survival. Ann Surg.
2000;231(1):51-8.

18. Cavnar MJ, Seier K, Curtin C, Balachandran VP, Coit DG, Yoon SS, et al. Outcome of 1000 Patients
With Gastrointestinal Stromal Tumor (GIST) Treated by Surgery in the Pre- and Post-imatinib Eras. Ann
Surg. 2021;273(1):128-38.

19. Schaefer IM, Marifio-Enriquez A, Fletcher JA. What is New in Gastrointestinal Stromal Tumor? Adv
Anat Pathol. 2017;24(5):259-67.

20. Fulép E, Marcu S, Milutin D, Borda A. Gastrointestinal stromal tumors: review on morphology,
diagnosis and management. Rom J Morphol Embryol. 2009;50(3):319-26.

21.  Rubin BP. Gastrointestinal stromal tumours: an update. Histopathology. 2006;48(1):83-96.

22. Lasota J, Miettinen M. KIT and PDGFRA mutations in gastrointestinal stromal tumors (GISTs).
Semin Diagn Pathol. 2006;23(2):91-102.

23. Corless CL, Fletcher JA, Heinrich MC. Biology of gastrointestinal stromal tumors. J Clin Oncol.
2004;22(18):3813-25.

24. Debiec-Rychter M, Wasag B, Stul M, De Wever |, Van Oosterom A, Hagemeijer A, et al.
Gastrointestinal stromal tumours (GISTs) negative for KIT (CD117 antigen) immunoreactivity. J Pathol.
2004;202(4):430-8.

25. Lee CH, Liang CW, Espinosa |. The utility of discovered on gastrointestinal stromal tumor 1 (DOG1)
antibody in surgical pathology-the GIST of it. Adv Anat Pathol. 2010;17(3):222-32.

26. Miettinen M, Lasota J. Histopathology of gastrointestinal stromal tumor. J Surg Oncol.
2011;104(8):865-73.

27. Fletcher CD, Berman JJ, Corless C, Gorstein F, Lasota J, Longley BJ, et al. Diagnosis of
gastrointestinal stromal tumors: A consensus approach. Hum Pathol. 2002;33(5):459-65.

28. Miettinen M, Lasota J. Gastrointestinal stromal tumors: pathology and prognosis at different sites.
Semin Diagn Pathol. 2006;23(2):70-83.

29. Wozniak A, Rutkowski P, Schoffski P, Ray-Coquard I, Hostein I, Schildhaus HU, et al. Tumor
genotype is an independent prognostic factor in primary gastrointestinal stromal tumors of gastric
origin: a european multicenter analysis based on ConticaGIST. Clin Cancer Res. 2014;20(23):6105-16.

30. Martin-Broto J, Gutierrez A, Garcia-Del-Muro X, Lopez-Guerrero JA, Martinez-Trufero J, de Sande
LM, et al. Prognostic time dependence of deletions affecting codons 557 and/or 558 of KIT gene for
relapse-free survival (RFS) in localized GIST: a Spanish Group for Sarcoma Research (GEIS) Study. Ann
Oncol. 2010;21(7):1552-7.

31. Rubin BP, Singer S, Tsao C, Duensing A, Lux ML, Ruiz R, et al. KIT activation is a ubiquitous feature
of gastrointestinal stromal tumors. Cancer Res. 2001;61(22):8118-21.

32. Serrano C, George S. Gastrointestinal Stromal Tumor: Challenges and Opportunities for a New
Decade. Clin Cancer Res. 2020;26(19):5078-85.

33. Serrano C, Marifio-Enriquez A, Tao DL, Ketzer J, Eilers G, Zhu M, et al. Complementary activity of
tyrosine kinase inhibitors against secondary kit mutations in imatinib-resistant gastrointestinal stromal
tumours. Br J Cancer. 2019;120(6):612-20.

34. Heinrich MC, Corless CL, Duensing A, McGreevey L, Chen CJ, Joseph N, et al. PDGFRA activating
mutations in gastrointestinal stromal tumors. Science. 2003;299(5607):708-10.

35. Doyle LA, Nelson D, Heinrich MC, Corless CL, Hornick JL. Loss of succinate dehydrogenase subunit
B (SDHB) expression is limited to a distinctive subset of gastric wild-type gastrointestinal stromal
tumours: a comprehensive genotype-phenotype correlation study. Histopathology. 2012;61(5):801-9.
36. Boikos SA, Pappo AS, Killian JK, LaQuaglia MP, Weldon CB, George S, et al. Molecular Subtypes of
KIT/PDGFRA Wild-Type Gastrointestinal Stromal Tumors: A Report From the National Institutes of Health
Gastrointestinal Stromal Tumor Clinic. JAMA Oncol. 2016;2(7):922-8.

37. Pappo AS, Janeway KA. Pediatric gastrointestinal stromal tumors. Hematol Oncol Clin North Am.
2009;23(1):15-34, vii.

38. Janeway KA, Kim SY, Lodish M, Nosé V, Rustin P, Gaal J, et al. Defects in succinate dehydrogenase
in gastrointestinal stromal tumors lacking KIT and PDGFRA mutations. Proc Natl Acad Sci U S A.
2011;108(1):314-8.

39. Russo A, Incorvaia L, Capoluongo E, Tagliaferri P, Galvano A, Del Re M, et al. The challenge of the
Molecular Tumor Board empowerment in clinical oncology practice: A Position Paper on behalf of the

54



AIOM- SIAPEC/IAP-SIBioC-SIC-SIF-SIGU-SIRM Italian Scientific Societies. Crit Rev Oncol Hematol.
2022;169:103567.

40. Morganti S, Tarantino P, Ferraro E, D'Amico P, Duso BA, Curigliano G. Next Generation Sequencing
(NGS): A Revolutionary Technology in Pharmacogenomics and Personalized Medicine in Cancer. Adv Exp
Med Biol. 2019;1168:9-30.

41. Strom SP. Current practices and guidelines for clinical next-generation sequencing oncology
testing. Cancer Biol Med. 2016;13(1):3-11.

42. Song P, Wu LR, Yan YH, Zhang JX, Chu T, Kwong LN, et al. Limitations and opportunities of
technologies for the analysis of cell-free DNA in cancer diagnostics. Nat Biomed Eng. 2022;6(3):232-45.
43. McGranahan N, Favero F, de Bruin EC, Birkbak NJ, Szallasi Z, Swanton C. Clonal status of
actionable driver events and the timing of mutational processes in cancer evolution. Sci Transl Med.
2015;7(283):283ra54.

44.  Shin HT, Choi YL, Yun JW, Kim NKD, Kim SY, Jeon HJ, et al. Prevalence and detection of low-allele-
fraction variants in clinical cancer samples. Nat Commun. 2017;8(1):1377.

45. Raphael BJ, Dobson JR, Oesper L, Vandin F. Identifying driver mutations in sequenced cancer
genomes: computational approaches to enable precision medicine. Genome Med. 2014;6(1):5.

46. Boscolo Bielo L, Trapani D, Repetto M, Crimini E, Valenza C, Belli C, et al. Variant allele frequency:
a decision-making tool in precision oncology? Trends Cancer. 2023;9(12):1058-68.

47. Berrino E, Balsamo A, Pisacane A, Gallo S, Becco P, Miglio U, et al. High BRAF variant allele
frequencies are associated with distinct pathological features and responsiveness to target therapy in
melanoma patients. ESMO Open. 2021;6(3):100133.

48. Satzger |, Marks L, Kerick M, Klages S, Berking C, Herbst R, et al. Allele frequencies of BRAFV600
mutations in primary melanomas and matched metastases and their relevance for BRAF inhibitor
therapy in metastatic melanoma. Oncotarget. 2015;6(35):37895-905.

49. Stagni C, Zamuner C, Elefanti L, Zanin T, Bianco PD, Sommariva A, et al. Gene Copy Number and
Mutant Allele Frequency Correlate with Time to Progression in Metastatic Melanoma Patients Treated
with MAPK Inhibitors. Mol Cancer Ther. 2018;17(6):1332-40.

50. Friedlaender A, Tsantoulis P, Chevallier M, De Vito C, Addeo A. The Impact of Variant Allele
Frequency in EGFR Mutated NSCLC Patients on Targeted Therapy. Front Oncol. 2021;11:644472.

51. Gieszer B, Megyesfalvi Z, Dulai V, Papay J, Kovalszky |, Timar J, et al. EGFR variant allele frequency
predicts EGFR-TKI efficacy in lung adenocarcinoma: a multicenter study. Transl Lung Cancer Res.
2021;10(2):662-74.

52. Lennartsson J, Ronnstrand L. Stem cell factor receptor/c-Kit: from basic science to clinical
implications. Physiol Rev. 2012;92(4):1619-49.

53. Maeda H, Yamagata A, Nishikawa S, Yoshinaga K, Kobayashi S, Nishi K. Requirement of c-kit for
development of intestinal pacemaker system. Development. 1992;116(2):369-75.

54. Martin-Broto J, Rubio L, Alemany R, Lépez-Guerrero JA. Clinical implications of KIT and PDGFRA
genotyping in GIST. Clin Transl Oncol. 2010;12(10):670-6.

55. Horikawa S, Ishii Y, Hamashima T, Yamamoto S, Mori H, Fujimori T, et al. PDGFRa plays a crucial
role in connective tissue remodeling. Sci Rep. 2015;5:17948.

56. Sun Y, Yue L, Xu P, Hu W. An overview of agents and treatments for PDGFRA-mutated
gastrointestinal stromal tumors. Front Oncol. 2022;12:927587.

57. Corless CL, Schroeder A, Griffith D, Town A, McGreevey L, Harrell P, et al. PDGFRA mutations in
gastrointestinal stromal tumors: frequency, spectrum and in vitro sensitivity to imatinib. J Clin Oncol.
2005;23(23):5357-64.

58. Blay Y, Kang YK, Nishida T, von Mehren M. Gastrointestinal stromal tumours. Nat Rev Dis Primers.
2021;7(1):22.

59. Kelly CM, Gutierrez Sainz L, Chi P. The management of metastatic GIST: current standard and
investigational therapeutics. ] Hematol Oncol. 2021;14(1):2.

60. Pantaleo MA, Nannini M, Corless CL, Heinrich MC. Quadruple wild-type (WT) GIST: defining the
subset of GIST that lacks abnormalities of KIT, PDGFRA, SDH, or RAS signaling pathways. Cancer Med.
2015;4(1):101-3.

61. D'Alpino Peixoto R, Medeiros BA, Cronemberger EH. Resected High-Risk Rectal GIST Harboring
NTRK1 Fusion: a Case Report and Review of the Literature. ) Gastrointest Cancer. 2021;52(1):316-9.

55



62. Demetri GD, Antonescu CR, Bjerkehagen B, Bovée JVMG, Boye K, Chacén M, et al. Diagnosis and
management of tropomyosin receptor kinase (TRK) fusion sarcomas: expert recommendations from the
World Sarcoma Network. Ann Oncol. 2020;31(11):1506-17.

63. Huang W, Yuan W, Ren L, Xu C, Luo R, Zhou Y, et al. A novel fusion between CDC42BPB and ALK in
a patient with quadruple wild-type gastrointestinal stromal tumor. Mol Genet Genomic Med.
2022;10(5):e1881.

64. Amatu A, Sartore-Bianchi A, Bencardino K, Pizzutilo EG, Tosi F, Siena S. Tropomyosin receptor
kinase (TRK) biology and the role of NTRK gene fusions in cancer. Ann Oncol. 2019;30(Suppl_8):viii5-
viiil5.

65. Deinhardt K, Chao MV. Trk receptors. Handb Exp Pharmacol. 2014;220:103-19.

66. Urfer R, Tsoulfas P, O'Connell L, Shelton DL, Parada LF, Presta LG. An immunoglobulin-like domain
determines the specificity of neurotrophin receptors. EMBO J. 1995;14(12):2795-805.

67. Hechtman JF. NTRK insights: best practices for pathologists. Mod Pathol. 2022;35(3):298-305.

68. Cocco E, Scaltriti M, Drilon A. NTRK fusion-positive cancers and TRK inhibitor therapy. Nat Rev Clin
Oncol. 2018;15(12):731-47.

69. Amatu A, Sartore-Bianchi A, Siena S. gene fusions as novel targets of cancer therapy across
multiple tumour types. ESMO Open. 2016;1(2):e000023.

70.  Kummar S, Lassen UN. TRK Inhibition: A New Tumor-Agnostic Treatment Strategy. Target Oncol.
2018;13(5):545-56.

71.  Marchio C, Scaltriti M, Ladanyi M, lafrate AJ, Bibeau F, Dietel M, et al. ESMO recommendations on
the standard methods to detect NTRK fusions in daily practice and clinical research. Ann Oncol.
2019;30(9):1417-27.

72.  Fu M, HuY, Lan T, Guan KL, Luo T, Luo M. The Hippo signalling pathway and its implications in
human health and diseases. Signal Transduct Target Ther. 2022;7(1):376.

73. Lv L, Zhou X. Targeting Hippo signaling in cancer: novel perspectives and therapeutic potential.
MedComm (2020). 2023;4(5):e375.

74. Kwon Y, Vinayagam A, Sun X, Dephoure N, Gygi SP, Hong P, et al. The Hippo signaling pathway
interactome. Science. 2013;342(6159):737-40.

75. Boopathy GTK, Hong W. Role of Hippo Pathway-YAP/TAZ Signaling in Angiogenesis. Front Cell Dev
Biol. 2019;7:49.

76.  Yuen HF, McCrudden CM, Huang YH, Tham JM, Zhang X, Zeng Q, et al. TAZ expression as a
prognostic indicator in colorectal cancer. PLoS One. 2013;8(1):e54211.

77. Kim HB, Myung SJ. Clinical implications of the Hippo-YAP pathway in multiple cancer contexts.
BMB Rep. 2018;51(3):119-25.

78. Guo J, WuY, Yang L, Du J, Gong K, Chen W, et al. Repression of YAP by NCTD disrupts NSCLC
progression. Oncotarget. 2017;8(2):2307-19.

79. Lorenzetto E, Brenca M, Boeri M, Verri C, Piccinin E, Gasparini P, et al. YAP1 acts as oncogenic
target of 1122 amplification in multiple cancer subtypes. Oncotarget. 2014;5(9):2608-21.

80. Noguchi S, Saito A, Horie M, Mikami Y, Suzuki HI, Morishita Y, et al. An integrative analysis of the
tumorigenic role of TAZ in human non-small cell lung cancer. Clin Cancer Res. 2014;20(17):4660-72.

81. Xie M, Zhang L, He CS, Hou JH, Lin SX, Hu ZH, et al. Prognostic significance of TAZ expression in
resected non-small cell lung cancer. J Thorac Oncol. 2012;7(5):799-807.

82. Malik SA, Khan MS, Dar M, Hussain MU, Shah MA, Shafi SM, et al. Molecular Alterations and
Expression Dynamics of LATS1 and LATS2 Genes in Non-Small-Cell Lung Carcinoma. Pathol Oncol Res.
2018;24(2):207-14.

83. Liang K, Zhou G, Zhang Q, Li J, Zhang C. Expression of hippo pathway in colorectal cancer. Saudi J
Gastroenterol. 2014;20(3):188-94.

84. Zanconato F, Cordenonsi M, Piccolo S. YAP/TAZ at the Roots of Cancer. Cancer Cell.
2016;29(6):783-803.

85. Chen T, Ni N, Yuan L, Xu L, Bahri N, Sun B, et al. Proteasome Inhibition Suppresses KIT-
Independent Gastrointestinal Stromal Tumors Via Targeting Hippo/YAP/Cyclin D1 Signaling. Front
Pharmacol. 2021;12:686874.

86. Ou WB, Ni N, Zuo R, Zhuang W, Zhu M, Kyriazoglou A, et al. Cyclin D1 is a mediator of
gastrointestinal stromal tumor KIT-independence. Oncogene. 2019;38(39):6615-29.

56



87. Guérin A, Martire D, Trenquier E, Lesluyes T, Sagnol S, Pratlong M, et al. LIX1 regulates YAP
activity and controls gastrointestinal cancer cell plasticity. J Cell Mol Med. 2020;24(16):9244-54,

88. Vandenberghe P, Delvaux M, Hagué P, Erneux C, Vanderwinden JM. Potentiation of imatinib by
cilostazol in sensitive and resistant gastrointestinal stromal tumor cell lines involves YAP inhibition.
Oncotarget. 2019;10(19):1798-811.

89. Delvaux M, Hagué P, Craciun L, Wozniak A, Demetter P, Schoffski P, et al. Ferroptosis Induction
and YAP Inhibition as New Therapeutic Targets in Gastrointestinal Stromal Tumors (GISTs). Cancers
(Basel). 2022;14(20).

90. Hirota S, Isozaki K, Moriyama Y, Hashimoto K, Nishida T, Ishiguro S, et al. Gain-of-function
mutations of c-kit in human gastrointestinal stromal tumors. Science. 1998;279(5350):577-80.

91. Khosroyani HM, Klug LR, Heinrich MC. TKI Treatment Sequencing in Advanced Gastrointestinal
Stromal Tumors. Drugs. 2023;83(1):55-73.

92. Wu CE, Tzen CY, Wang SY, Yeh CN. Clinical Diagnosis of Gastrointestinal Stromal Tumor (GIST):
From the Molecular Genetic Point of View. Cancers (Basel). 2019;11(5).

93. Incorvaia L, Badalamenti G, Fanale D, Vincenzi B, Luca |, Algeri L, et al. Not all. Ther Adv Med
Oncol. 2021;13:17588359211049779.

94. Incorvaia L, De Biase D, Nannini M, Fumagalli E, Vincenzi B, De Luca I, et al. KIT/PDGFRA Variant
Allele Frequency as Prognostic Factor in Gastrointestinal Stromal Tumors (GISTs): Results From a Multi-
Institutional Cohort Study. Oncologist. 2024;29(1):e141-e51.

95. Brci¢ I, Argyropoulos A, Liegl-Atzwanger B. Update on Molecular Genetics of Gastrointestinal
Stromal Tumors. Diagnostics (Basel). 2021;11(2).

96. Martin J, Poveda A, Llombart-Bosch A, Ramos R, Lépez-Guerrero JA, Garcia del Muro J, et al.
Deletions affecting codons 557-558 of the c-KIT gene indicate a poor prognosis in patients with
completely resected gastrointestinal stromal tumors: a study by the Spanish Group for Sarcoma
Research (GEIS). J Clin Oncol. 2005;23(25):6190-8.

97. Bachet JB, Hostein I, Le Cesne A, Brahimi S, Beauchet A, Tabone-Eglinger S, et al. Prognosis and
predictive value of KIT exon 11 deletion in GISTs. Br J Cancer. 2009;101(1):7-11.

98. Joensuu H, Wardelmann E, Sihto H, Eriksson M, Sundby Hall K, Reichardt A, et al. Effect of KIT and
PDGFRA Mutations on Survival in Patients With Gastrointestinal Stromal Tumors Treated With Adjuvant
Imatinib: An Exploratory Analysis of a Randomized Clinical Trial. JAMA Oncol. 2017;3(5):602-9.

99. MaYY, Cunningham ME, Wang X, Ghosh |, Regan L, Longley BJ. Inhibition of spontaneous receptor
phosphorylation by residues in a putative alpha-helix in the KIT intracellular juxtamembrane region. J
Biol Chem. 1999;274(19):13399-402.

100. Li B, Chen H, Yang S, Chen F, Xu L, Li Y, et al. Advances in immunology and immunotherapy for
mesenchymal gastrointestinal cancers. Mol Cancer. 2023;22(1):71.

101. Luo J, Deng L, Zou H, Guo Y, Tong T, Huang M, et al. New insights into the ambivalent role of
YAP/TAZ in human cancers. J Exp Clin Cancer Res. 2023;42(1):130.

57



Scientific Products

1. Incorvaia L, De Biase D, Nannini M, Fumagalli E, Vincenzi B, De Luca I, Brando C,
Perez A, Pantaleo MA, Gasperoni S, D'Ambrosio L, Grignani G, Maloberti T, Pedone E,
Bazan Russo TD, Mazzocca A, Algeri L, Dimino A, Barraco N, Serino R, Gristina V,
Galvano A, Bazan V, Russo A, Badalamenti G. KIT/PDGFRA Variant Allele Frequency
asPrognosticFactor in GastrointestinalStromalTumors (GISTs): Results From a Multi-
Institutional  Cohort  Study. Oncologist. 2024 Jan 5;29(1):el41-e151. doi:
10.1093/oncolo/oyad206. PMID: 37463014; PMCID: PMC10769785.

2. Dimino A, Brando C, Algeri L, Gristina V, Pedone E, Peri M, Perez A, De Luca |,
Sciacchitano R, Magrin L, Bazan Russo TD, Bono M, Barraco N, Contino S, La Mantia M,
Galvano A, Badalamenti G, Russo A, Bazan V, Incorvaia L. Exploring the Dynamic
Crosstalk between the Immune System and Genetics in Gastrointestinal Stromal Tumors.
Cancers (Basel). 2022 Dec 29;15(1):216. doi: 10.3390/cancers15010216. PMID: 36612211;
PMCID: PMC9818806.

3. L. Incorvaia, G. Badalamenti, D. Fanale, B. Vincenzi, I. De Luca, L. Algeri, N. Barraco,
C. Brando, A. Bonasera, M. Bono, M. Castiglia, D. Cancelliere, M. Cani, L.R. Corsini, A.
Fiorino, A. Galvano, E. Pedone, A. Perez, A. Pivetti, G. Graceffa, G. Pantuso, D. Cabibi, A.
Russo, V. Bazan. Not all KIT 557/558 codons mutations have the same prognostic
influence on recurrence-free survival: breaking the exon 11 mutations in gastrointestinal
stromal tumors (GISTs).TherAdvMedOncol, 2021; 13:17588359211049779. doi:
10.1177/17588359211049779

ABSTRACTS

1. L. Incorvaia, C. Brando, L. Algeri, A. Dimino, E. Pedone, R. Schiacchitano, L. Magrin,
A. Fiorino, A. Perez, N. Barraco, M. Bono, D. Cancelliere, A. Pivetti, T. Bazan Russo, S.
Contino, V. Gristina, A. Galvano, V. Bazan, A. Russo, G. Badalamenti. The molecular-
metabolic interplay in metastatic gastrointestinal stromal tumors (GISTs): The predictive
role of body mass index. Conference abstract. E-poster presentationat ESMO 24th World
Congress on Gastrointestinal Cancer 2022, Barcelona, Spain, 29 June -2 July 2022 doi:
10.1016/j.annonc.2022.04.354

2. C.Brando, D. Fanale, L. Incorvaia, L. Algeri, N. Barraco, L.R. Corsini, A. Cucinella, A.
Dimino, C. Filorizzo, A. Fiorino, G. Madonia, L. Magrin, E. Pedone, M.R. Ricciardi, R.
Sciacchitano, R. Scalia, G. Badalamenti, V. Bazan, A. Russo. Can circulating immune
checkpoints and KIT exon 11 mutations be prognostic factors in metastatic gastrointestinal

58



stromal tumors? Annals of Oncology. Volume 32, Suppl. 7: S1386. Abstract Book of the
ESMO  Immuno-Oncology Congress 2021, 08-11 December 2021. doi:
10.1016/j.annonc.2021.10.048.

3. C.Brando, D. Fanale, L. Incorvaia, L. Algeri, N. Barraco, L.R. Corsini, A. Cucinella, A.
Dimino, C. Filorizzo, A. Fiorino, G. Madonia, M. Luigi, E. Pedone, A. Perez, M.R. Ricciardi,
R. Sciacchitano, R. Scalia, G. Badalamenti, V. Bazan, A. Russo. Role of circulating immune
checkpoints in KIT mutated metastatic gastrointestinal stromal tumor (GIST) patients.
Tumori Journal, Volume 107, Number 2S, 2021. Abstract Book of the XXIII National
Congress of Medical Oncology-AIOM 2021, Roma, ltalia, 22-24 Ottobre 2021.

4. L. Incorvaia, G. Badalamenti, D. Fanale, C. Brando, L. Algeri, A. Dimino, R. Scalia, N.
Barraco, M. Bono, E. Pedone, D. Cancelliere, A. Fiorino, A. Galvano, V. Gristina, A. Perez,
F. Li Pomi, L.R. Corsini, A. Pivetti, V. Bazan, A. Russo. Exploring the dynamic crosstalk
between immune system and genetics in a cohort of 116 completely resected
gastrointestinal stromal tumors (GISTs). Annals of Oncology. Volume 32, Suppl. 5: S361-
S1344. Abstract Book of the ESMO Virtual Congress 2021 (ESMO 2021), 16-21 September
2021. doi: 10.1016/j.annonc.2021.08.865.

59



	UNIVERSITÀ DEGLI STUDI DI PALERMO
	Table 3 . Preparation of the reaction mix
	Table 4. Thermal cycling conditions


