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ABSTRACT

Gastrointestinal Stromal Tumors (GIST) are the most frequent mesenchymal neoplasia of the digestive tract.
Genomic alterations in KIT, PDFGRA, SDH, and BRAF genes are essential in GIST oncogenesis. Therefore, the
mutations in these genes have demonstrated clinical implications. Tumors with deletions in KIT-exon 11 or
duplications in exon 9 are associated with a worse prognosis. In contrast, KIT-exon 11 substitutions and dupli-
cations are associated with a better clinical outcome. Moreover, mutations in Kit exon 9 and 11 are actionable,
due to their response to imatinib, while mutations in PDGFRA respond to sunitinib and/or avapritinib. Although,
molecular testing on tissue samples is effective; it is invasive, requires adequate amounts of tissue, and a long
experimental process is needed for results. In contrast, liquid biopsy has been proposed as a simple and non-
invasive method to test biomarkers in cancer. The most common molecule analyzed by liquid biopsy is circu-
lating tumor DNA (ctDNA). GISTs ctDNA testing has been demonstrated to be effective in identifying known and
novel KIT mutations that were not detected using traditional tissue DNA testing and have been useful in
determining progression risk and response to TKI therapy. This allows the clinician to have an accurate picture of
the genetic changes of the tumor over time. In this work, we aimed to discuss the implications of mutational
testing in clinical outcomes, the methods to test ctDNA and the future challenges in the establishment of al-
ternatives of personalized medicine.

Introduction

Synopsis

Molecular testing is fundamental to assessing therapeutic de-
cisions in GIST patients. Liquid biopsy as a feasible clinical these tumors is estimated at two cases per 100,000 and the prevalence is

biomarker with clinical applications in improving diagnosis, estimated at 13 cases per 100,000 [1]. Most GISTs are derived from
clinical management, and outcomes in GIST patients.

Gastrointestinal stromal tumors (GIST) are the most frequent
mesenchymal cancer of the gastrointestinal tract, worwilde incidence of

interstitial cells of Cajal (ICC), meanwhile, a less proportion is developed
from telocytes, and smooth muscle cells [2]. The main location of pri-

mary GISTs is the stomach (60 %), followed by the small intestine (20
%); while the rectum, colon, and esophagus are less frequent sites re-
ported [3,4]. The gold standard technique for diagnosis is the fine needle
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aspiration, that had demonstrated clinical advantages compared to
traditional biopsies [5]. Additionally, the analysis of immunohisto-
chemistry (IHC) and immunophenotype markers as CD-117, DOG1,
CD-34, and KIT are essential to a proper tumor classification [3]. After
diagnosis, the establishment of risk stratification through the evaluation
of tumor size, anatomical site, and mitotic index is fundamental to
assessing treatment response, progression, and overall survival [2,6].
Furthermore, molecular profiling is essential for GIST prognosis [7], the
most frequent mutations are located in KIT (80 %), platelet-derived
growth factor receptor alpha (PDGFRA) (10 %), and BRAF, KRAS,
PIK3CA, NF-1 [6] (altogether 10 %) genes [8]. Mutation analysis is often
carried out in a tumor tissue sample, notwithstanding, it has some
limitations including the quality of samples, the amount of tissue
required, and the time to perform the test [9]. On the other hand, a
recently proposed method called liquid biopsy allows the detection,
analysis and monitoring of tumor mutations through a peripheral blood
sample [10-12]. Using this method, the measurement of circulating
tumoral cells (CTCs), free circulating nucleic acids (DNA, mRNA,
non-coding RNA), "tumor-educated platelets" (TEPs) or vesicles such as
exosomes can be tested [13]. Along these lines, the main of this review is
to provide a comprehensive analysis of the oncogenic drivers in GIST,
outstanding the launching of liquid biopsy as an alternative method for
molecular testing that improves the stratification, clinical management
and outcome of GIST.

Landscape of genomic and epigenomic alterations in GIST

Neoplastic transformation and progression of GIST involve several
molecular modifications such as genetic mutations, chromosomal al-
terations, and epigenetic abnormalities. For an appropriated clinical
management of GISTs the genomic profiling and molecular classification
are fundamental. Approximately 80 % of GISTs harbor activating mu-
tations in KIT gene, [14,15]. KIT encodes the 145 kDa receptor tyrosine
kinase c-KIT that is member of the type III tyrosine kinase receptor
family [16]. Its cytoplasmic domain is constituted by a Juxta-membrane
domain (JM) and tyrosine kinase domains 1 and 2 (TK1 and TK2). TK
domains contain a binding site for ATP and a phosphotransferase region
separated by a kinase insert. In the absence of the KIT ligand Stem cell
factor (SCF), the JM domain inhibits the tyrosine kinase activity of KIT
[17]. SCF-KIT pathway activates downstream MAP kinase, PI3K/AKT,
and STATS3 signaling pathways, signals leading to cell growth [16]. The
most prevalent mutations in the KIT gene are located in exons 8, 9, 11,
13, and 17, among them, mutations in exon 11 are the most frequent and
affect the juxta-membrane (JM) domain of the protein [18]. The JM
domain normally functions to stabilize the KIT receptor in an inactive
conformation and inhibits dimerization. Mutations that cause loss of
function of the JM domain induce dimerization and autophosphor-
ylation [7], leading to a constant autonomous activation, uncontrolled
proliferation, and apoptosis inhibition. Mutations in the JM domain are
mostly caused by in-frame deletions in codon GIn550 and Glu560,
known as a hot spot region [18]. Besides, codons 557-558 are also known
as hot spots, deletions of W557 and/or K558 have been reported in 28 %
of all GISTs and are associated with high-risk tumors due to their clin-
icopathological features such as higher mitotic index (>50 HPF), larger
tumor size, the high incidence in young populations (<60 years), met-
astatic phenotype, and poor recurrence-free survival [7,16,18]. On the
other hand, mutations in exon 9 are found in approximately 10 % of
cases and are characterized by tandem duplication of six nucleotides at
codons 502-503 (p. A502_Y503dup) and are reflected in extracellular
domains of protein [18]. These types of GISTs arise commonly in the
small bowel and are often associated with more aggressive character-
istics such as larger tumor size, advanced age (>60 years), female sex,
and spindle cell morphology [16,18]. Other less frequent KIT spots are in
exon 13, 17, and 8, and occur in approximately 1 %-2 % of KIT-GISTs.
Exon 13 mutations (TK[I]: ATP-binding pocket), result in p.K642E, and
therefore suppressing auto-inhibition of the JM domain [7]. These
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tumors are most often found in the small intestine, usually have a
spindle cell morphology, are slightly larger, and are more aggressive
tumors than other types of GIST. Regarding exon 17, the 70 % of mu-
tations are c¢.2487T>A substitution mutation, affecting codon 822 (TK
[1I]: kinase activation loop). These tumors arise frequently in the small
intestine and usually present a spindle cell morphology. Furthermore,
mutations in exon 8 occur rarely in GIST. These tumors are associated
with a malignant phenotype, and multiple peritoneum metastasis [16].

As we mentioned before mutations in the PDGFRA gene are the
second most common molecular subtype of GIST. The mutations are
described in exon 12 (1 %) which codifies a portion of the JM domain of
the protein, in exon 14 (<1 %) coding ATP binding domain, and in exon
18 (5 %) which comprises the activation loop. All these mutations cause
constitutive activation of PDGFRA in the absence of ligand binding [19].
Similar to KIT mutations, PDGFRA mutations can activate a number of
signal transduction molecules, including MAPK, AKT, STATI1, and
STAT3 [16]. GISTs with PDGFRA mutations originated mainly in the
stomach (90 %-93 %), are histologically characterized by epithelioid or
mixed epithelioid and spindle cell tissue, and are often with myxoid
stromal change [20,21]. The mutation in p. D842V originated in exon 18
(accounts for 60-65 % of all PDGFRA mutations in GIST), a region that
encodes the second kinase domain and is associated with extremely
favorable disease-free survival compared to other types of mutations
[16]. Also, exon 12 PDGFRA mutation is account for 1-2 % of overall
GISTs. This mutation is more frequently detected as a deletion than a
duplication, and the most frequent site is 1821T>A, resulting in a
Val561Asp substitution at the protein level. Otherwise, exon 14 muta-
tion induces N659K substitution in protein, this mutation is relatively
rare compared to others and is associated with a better clinical outcome
[21].

Other GIST mutations (BRAF, KRAS, and PIK3CA) are detected in less
than 10 % of cases. BRAF and KRAS genes play a crucial role in
tumorigenesis, known as the most deregulated genes among different
types of cancer [22]. The BRAF gene codes for a serine/threonine pro-
tein kinase controls proliferation and differentiation through the
Ras-Raf-MAPK kinase pathway [23]. BRAF is a member of the
RAS-RAF-MEK-ERK pathway that is involved in cell cycle regulation and
oncogenic modulation of cellular responses to growth signals by acti-
vating the mitogen-activated protein kinase (MAPK) pathway [24]. Most
GIST-BRAF mutations cluster in a hot spot at nucleotide 1799 of exon 15
leading to the substitution of valine for glutamic acid at codon 600
(V60OE) [24]. Besides, it has been reported that patients with BRAF
mutations were also detected wild type for the BRAF gene, confirming
the exclusivity of these 2 gene mutations [24]. KRAS gene is frequently
mutated at codon 12 (G12D) or 13 (G13D and G12A/G13D). The tumors
carrying the G12D and G12A/G13D substitutions also show deletions in
exon 11 of KIT (A570-576 and A579), while the tumor with the G13D
substitution had additional mutations in exon 18 (D842V) of PDGFRA
gene [24]. BRAF-KRAS mutated GISTs are often found in small GISTs (4
mm long) thus this mutation is described to appear on the onset of GIST
development [25]. In addition to mutations, up to 70 % of GISTs have
been associated with alterations in chromosome 14, including loss of
14q and monosomy 14. The loss of 14q is associated with gastric
localization, predominantly stable karyotypes, and favorable clinical
outcomes [26]. Moreover, almost half of GISTs show loss of 22q, while
losses of 1p, 9p, 10q, 11p, 13q, 15q and 17p are less frequent [26]. On
the other hand, epigenetic changes such as significant hypomethylation
in LINE-1 have been observed in high-risk GISTs, especially in those with
metastases, worse prognosis, and resistance to treatment due to rapid
cell proliferation, high mitotic index, and large tumor size [26]. Another
molecular subtype of GIST is succinate dehydrogenase (SDH) deficient,
these types of GISTs have specific clinical features, morphological and
immunohistochemical characteristics including the absence of
KIT/PDGFRA, but positive staining for cKIT, DOG1 [26], and defects in
energy metabolism as a key oncogenic mechanism. Another molecular
marker is the insulin-like growth factor 1 receptor (IGF1R), which is
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Fig. 1. Molecular landscape in GIST is related to treatment response. (A)
principal signaling pathways involved in GIST development and progression.
The hyperactivity of tyrosine kinase receptors triggers Jack/Stat, K-ras/MAPK
and NF-1 signaling pathways to induce cell proliferation. (B) Drug response of
GIST tumors is related to KIT or PDGFRA gene mutations. Tyrosine kinase in-
hibitors are directed to alterations in cytoplasmic domain of the codified-
receptors. Color circles represent sensitivity (green) or resistance (red) to the
respective pharmacologic agent.

overexpressed in GISTs with KIT/PDGFR and is particularly elevated in
SDH-deficient GISTs [14]. The IGF family consists of two ligands (IGF1
and IGF2), two receptors (IGFR1 and IGFR2) and 6 IGF-binding proteins
(IGFBPs). The IGF and IGFR binding activates downstream signaling,
including MAPK and PI3K/AKT pathways [14,27]. Inhibition of IGF1R
induces apoptosis and represses AKT and MAPK signaling of
SDH-deficient GISTs [26,18]. SDH-deficient GISTs diagnosis is consid-
ered mostly in gastric GIST and is particularly common in childhood and
adolescence [21]. This kind of tumor is commonly multifocal and/or
show a lobulated and multinodular growth pattern, are often associated
with metastatic disease, and resistance to treatment [21]. A syndrome
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associated in 7 % of GISTs is neurofibromatosis type 1 (NF1), these
patients show somatic mutations or loss of the remaining neurofibromin
1 (NF1) allele, leading to increased signal transduction through
MAP-kinase pathway [27,28]. These GISTs are often located in small
intestine and metastatic, nevertheless, have low mitotic rate and are
associated to a good prognosis [29,30]. In Fig. 1A the principal signaling
pathways activated in GIST development and progression, by conse-
quence of genomic alterations described above, are schematized.

Therapeutic outline: challenges in primary and second-line
resistance to treatment

Tyrosine kinase inhibitors (TKI) are the gold standard treatment for
advanced GISTs. The first line treatment approved worldwide is imati-
nib, followed by sunitinib, regorafenib, and ripretinib approved as the
second, third, and fourth line respectively [31]. Resistance to treatment
represents a challenge for therapeutic approaches, compromising the
quality of life and overall survival rates for GISTs patients. On behalf of
this, progression has been studied to underline primary and secondary
resistance. Both can be explained by mutations that carry out variant
conformational changes in the KIT and PDFGRA kinase domain trig-
gering a constitutively activated state [18]. Primary resistance (PR) is
defined as the tumor progression within the first 6 months of treatment
[32]. Due that imatinib binds only to the inactive conformation of KIT
and PDGFRA receptors, patients with mutations in PDGFRA D842V and
KIT exon 9-mutated GISTs (codify active forms of protein receptors) are
reported to have primary resistance to treatment [18,32]. On the other
hand, secondary resistance (SR) appears to be after 12-36 months of
first-line treatment and has been reported in up to two-thirds of GISTs
[32]. This resistance is driven by secondary mutations or genomic am-
plifications of KIT/PDGFRA genes that lead to alterations in the kinase
domain of the receptor to trigger the oncogenes activation. KIT sec-
ondary mutations are non-randomly distributed single nucleotide sub-
stitutions in 2 regions: (1) The encoded by exons 13 and 14 that codify
ATP-interaction pocket and interfere with the TKI binding; (2) Muta-
tions in exon 17 induce the stabilization of KIT in the active confor-
mation and thus preclude TKI interaction [19]. These SR-KIT mutations
are found in 50-67 % of patients with secondary imatinib-resistant.
Therefore, the monitoring of them during treatment is essential to
make timely decisions about therapeutic options in GIST [19]. Fig. 1B,
summarizes the therapy response to the five tyrosine kinase inhibitors
currently approved for GIST treatment depending on the molecular
profiling. The drugs resistance is represented in red light and the
sensitivity is highlighted in green. In this context, the molecular land-
scape determination in GIST is relevant not only at the time of diagnosis
to the establishment of prognostic assessment, but also in monitoring the
diseases during pharmacological treatment. The gold-standard method
of profiling tumors historically involves obtaining tumor samples from
surgery. Nevertheless, the limitations of these invasive procedures
include the difficulty of obtaining the quality and quantity of tumor
samples required. In addition, in case of high burden or metastatic dis-
ease, multiple biopsies may be needed. Due to the challenges described
before with traditional biopsies, oncology research has focused on
analyzing other biological fluids, also known as liquid biopsy, for
tumor-derived components [33]. This method has been demonstrated to
be feasible and non-invasive to screening resistant mutations and
therefore enhance progression-free survival and overall survival for
GIST patients [18].

Liquid biopsy: the future of GIST diagnosis and prognosis

Precision medicine has led to monumental breakthroughs in
oncology. The aim of precision oncology is to individualize treatment
based on molecular profiling, identifying the main drivers of progression
and metastasis. Even though immunohistochemistry is useful to assess
GIST diagnosis, it is not enough to determine specific harbor mutations.
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Fig. 2. Liquid biopsy implications in genomic profiling of GIST. The utility of liquid biopsy in diagnosis and monitoring of GIST is schematized. Liquid biopsy is one
of the most useful techniques to determine molecular profiling, define the optimal choice of therapy, and predict response to treatment based on resistance mutations,

representing a master key in the era of personalized medicine.

Consequently, molecular profiling analysis is fundamental to guiding
treatment and assessing the prognosis of GIST patients [34]. Neverthe-
less, mutational testing from tissue biopsy has some limitations,
including large time to response and accessibility. Thus, novel, fast,
accurate, and affordable techniques remain fundamental to include
mutational testing in gist diagnosis [35,36]. Contrary to tumor tissue
biopsy, liquid biopsy is a novel technique characterized for being
noninvasive, safe, and rapid to assess for genetic mutations at the time of
diagnosis, during treatment, and progression. This technique can be
used to determine genomic and proteomic tumor-derived moieties,
including circulating tumor DNA (ctDNA), circulating tumor cells
(CTCs); tumor-derived extracellular vesicles (EVs); tumor-educated
platelets (TEPs), and circulating cell-free RNA (cfRNA), composed of
small RNAs/miRNAs in liquid tissues as peripheral blood. For instance,
ctDNA assessments have been demonstrated to be effective in non-small
cell lung cancer (NSCLC) [37], colon [38], and GISTs [39]. Regarding
GIST, Arshad et al, compared ctDNA and solid tissue with next genera-
tion sequencing (NGS) technique, demonstrating a positive predictive
value (PPV) of 100 %, a specificity concordance of 100 %, and a sensi-
tivity of 56 % in metastatic patients or high burden tumor [39]. Besides,
other clinical characteristics have been correlated with the positivity
rate of CTCs in liquid biopsies, such as Ki 67 expression, mitotic count,
and tumor diameter, all three characteristics used to evaluate progres-
sion risk in GIST tumors. Furthermore, ctDNA analysis has also been
demonstrated to be effective in monitoring tumor burden and the
response to treatment in cKIT and PDGFRA-mutated GISTs [40]. Addi-
tional to NGS, ctDNA can be analyzed by other techniques as qPCR,
BEAMing, and droplet digital PCR (ddPCR) [41,42]. Recently, ddPCR
has been proposed as a reliable and affordable method to the detection
of GIST mutations that mediate TKI-response showing high analytical
sensitivity [42-47]. All this evidence supports the idea that ctDNA
analysis, either by NGS or ddPCR, can complement early diagnosis,
predict response evaluation, and detection of progression, representing
a master key in the era of personalized medicine [42]. Fig. 2, represents
the most frequent tumor locations, workflow and clinical applications of
liquid biopsy in GIST tumors. Even though, some limitations challenge

the use of liquid biopsy as a feasible clinical biomarker, including
experimental design, variety of methodology, and preanalytical
handling of samples the use of this technique has demonstrated to have
great potential to improve clinical management and outcome in GIST
patients.

Conclusions and perspectives

Mutational testing is fundamental for clinical management and
monitoring responses to the treatment of GIST patients. Nevertheless,
genomic profiling is not a mandatory procedure in clinical guidelines
worldwide, due to the limitations involved in tumor tissue biopsies such
as high costs, not accessible tumors, and the tissue complex quality
standards for its proper analysis. Besides, in patients with non-resectable
tumors, the determination of the genomic landscape is crucial to phar-
macological treatment decisions. However, GIST diagnosis in the met-
astatic scenario is performed through a tru-cut needle biopsy accessing to
a low quantity and quality of the sample which precludes the analysis.
On the other hand, liquid biopsy is an accessible, feasible, noninvasive,
novel method that can be an alternative to making a proper diagnosis. In
addition, the ctDNA detection rates in metastatic disease, particularly in
primary and secondary resistance landscapes, have increased ctDNA
shedding with higher mutated allele fractions. Consequently, liquid bi-
opsy is a feasible alternative not only in the detection of primary de-
tections, but also in monitoring resistance to treatment and therefore to
enhancing the quality of life and progression-free survival of patients
with metastatic disease. For the reasons mentioned above, the imple-
mentation of genomic profiles using liquid biopsy can improve clinical
treatment decisions, progression-free survival, and the overall survival
of GIST patients. Moreover, ctDNA analysis should be studied prospec-
tively in real-world clinical-genomic trials to propose the routine clinical
use of liquid biopsy.
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