FGF/FGFR Pathway in GIST

Subjects: Pathology

Contributor: Annalisa Astolfi

Gastrointestinal stromal tumors (GIST) are rare neoplasms of mesenchymal origin arising in the gastrointestinal tract. The
vast majority are characterized by mutually-exclusive activating mutations in KIT or Platelet-derived growth factor alpha
(PDGFRA) receptors, or less frequently by succinate dehydrogenase complex (SDH) or NF1 inactivation, with very rare
cases harboring mutant BRAF or RAS alleles. Approximately 5% of GISTs lack any of such mutations and are called
quadruple wild-type (WT) GISTs. Recently, Fibroblast Growth Factor (FGF)/FGF-receptor (FGFR) signaling emerged as
an activated pathway in different molecular subgroups of GISTs due to activating mutations, oncogenic gene fusions, or
autocrine/paracrine signaling.
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| 1. Introduction

Gastrointestinal stromal tumors (GIST) are the most common mesenchymal tumors of the Gl tract, arising from the
interstitial cells of Cajal (ICCs) or their precursors. Although the vast majority of GISTs harbors KIT mutations, that confer
the highest sensitivity to Tyrosine Kinase Inhibitors (TKIs) or more rarely PDGFRA mutations, about 10-15% of adult
cases do not harbor any of these driver mutations and have historically been called as wild-type (WT). Among them, from
20% to 40% show loss of function of the succinate dehydrogenase complex (SDH), therefore defined as SDH-
deficient GISTs WE Conversely, about 15% of KIT/PDGFRA WT cases harbor mutations in BRAF/RAS or NF1 and are
referred to as RAS-pathway (RAS-P) mutant GISTs [BREIEIE, The remaining cases, accounting for about 5% of all GISTs,
are usually referred to as KIT/PDGFRA/SDH/RAS-P WT or quadruple WT (qWT) GISTs . Notably, this specific subgroup
shares a distinct transcriptome profile that is profoundly different from other GIST subtypes . However, to date a
consensus on the recurrent oncogenic driver has still not been found, whereas many different and often private mutational
events have been reported, confirming the great molecular heterogeneity of this subgroup of GISTs [,

Indeed, an ETV6-NTRK3 gene fusion was the first rearrangement to be described 294 Moreover, two fusion genes
involving FGFR1 (FGFR1-HOOK3 and FGFR1-TACC1) and other chimeric fusions (KIT-PDGFRA, MARK2-PPFIAl and
SPRED2-NELFCD) have been reported [2[111(12]

The fibroblast growth factor signaling pathway relies on a family of receptor tyrosine kinases (FGFR) and eighteen
extracellular ligands (FGFs) and has been implicated in the oncogenic process of different tumor histotypes. It regulates
many physiological processes, in both the embryonic and adult stages of development, such as tissue differentiation and
homeostasis, angiogenesis, and wound healing 23],

In this scenario, there is a growing interest on FGFR pathway deregulation in GISTs, since FGFR fusion events, together
with FGFR mutations and FGFR ligand overexpression represent the most frequent molecular alterations identified in
KIT/PDGFRA WT GISTs so far, suggesting its likely pathogenetic role and providing a rationale for targeted therapeutic
approaches. Moreover, some evidences on FGFR events and imatinib resistance in KIT/PDGFRA mutant GISTs have
been described.

| 2. FGFIFGFR Family

The human FGFR family consists of four members: FGFR1-4, which are transmembrane receptors with tyrosine kinase
activity belonging to the immunoglobulin (Ig) superfamily that can be stimulated and activated by extracellular ligands.
FGFR family members display an amino acid sequence highly conserved between members and throughout evolution
and differ in their ligand binding capacity and tissue-specific distribution 4. A fifth family member, lacking the tyrosine
kinase domain, FGFR5 or FGFRL1, was discovered on the basis of interaction with FGFR-binding ligands 12, FGFRL1 is
thought to act as a decoy receptor negatively regulating FGFR signaling, therefore inhibiting cellular proliferation and
inducing differentiation (3],



Structurally, FGF-receptors are composed of a large extracellular ligand-binding domain, a single transmembrane helix
and an intracellular portion containing two split tyrosine kinase domains (Figure 1) 41,

Igl C )
Acid box

U e TS

B E |
u "MEK"
| |

‘Gab1’

"PIBK
w ' |
e 0 E 26

m

Figure 1. Schematic representations of FGF receptor tyrosine kinase structure, composed of several domains including
three extracellular immunoglobulin-like domains (Igl, Igll, and Iglll) and the acid-box, a transmembrane domain, and two
intracellular tyrosine kinase domains (TK1 and TK2). The basic structure of the FGF/FGFR complex includes two receptor
molecules, two FGFs, and one heparan sulphate proteoglycan (HSPG) chain. The signal transduction network activates
four key downstream pathways: RAS/RAF/MAPK, PI3K/AKT, STATs and PLCy.

The extracellular portion contains three immunoglobulin-like (Ig-like) domains, with a linker region between the first and
second Ig-loop containing a highly conserved stretch of glutamate-, aspartate-, and serine-rich sequence, called the acid-
box (Eigure 1) 8. The second and third Ig-domains are involved in FGF binding and regulate ligand-binding specificity,

while the first one and the acid-box mediate receptor auto-inhibition 14161,

FGFs, the native ligands of FGF receptors, belong to a family that includes 22 members identified by sequence homology,
which were grouped into subfamilies based on function or phylogenetic relation. Eighteen of these ligands encode
molecules known to signal through FGF tyrosine kinase receptors. The canonical secreted FGFs can belong to the Fgfil,
Fofd, Fgf7, Fgf8 and Fgf9 subfamily, and exert the prototypical FGF functions that control cell proliferation, differentiation
and survival, by binding and activating FGFRs 4. Canonical FGFs are tightly bound to heparin/heparan sulfate (HS)
proteoglycans (HSPGs), which function to limit diffusion through the extracellular matrix (ECM), but also serve as
cofactors since cell surface HPSGs stabilizes the FGF ligand—receptor interaction, forming a ternary complex with FGFR
that enhances receptor binding and signaling 18],

Upon ligand binding the receptor undergoes dimerization, which leads to a conformational shift in receptor structure that
subsequently induces a trans-autophosphorylation event of the intracellular kinase domain, driving the activation of
downstream signal transduction pathways (Figure 1) 191,

Deregulation of FGF signaling can be caused by mutations that drive ligand-independent receptor signaling or alterations
that support ligand-dependent receptor activation, and is responsible for tumor development and progression or
resistance to therapies across many tumor types 23120121

| 3. FGFR Mutations and Gene Fusions in GIST

Activating alterations in FGF receptors were found only in some cases of the so-called qWT GISTs [17].In fact, in a
comprehensive genomic study of a total of 14 qWT GIST patients performed by using whole-exome sequencing (WES), a
FGFR1 somatic missense mutation (c.1638C > A; p.N546K) was found in one case, being the only oncogenic event
identified 121,



Similarly Shi et al. analyzed 17 KIT/PDGFRA/SDH/RAS-pathway WT GISTs, finding one patient with an activating
missense FGFR1 mutation (p.K656E) and two gene fusions: One case harboring FGFR1-HOOKS3 (in-frame fusion of
FGFR1 intron 17 and HOOKS3 intron-4) and two patients carrying FGFR1-TACC1 (in-frame fusion of FGFR1 intron 17 and
TACC1 intron-6) (111,

The presence of these clear oncogenic events in tumors lacking any other known molecular alteration strongly supports
the driver role of FGFR mutations and gene fusions in a small percentage of qWT GISTs.

| 4. FGFR Ligand Overexpression

The search of the driver oncogenic event of gWT GISTs led to the very recent identification of the first shared alteration
among multiple samples. A high-throughput copy number analysis in eight gWT GISTs highlighted the presence of a
recurrent focal gain of one copy in chromosome 11q13.3 cytoband overlapping the FGF3/FGF4 locus in six samples 22,
The cryptic duplication, that was absent in KIT/PDGFRA-mutant and SDH-deficient GISTs, led to the marked
overexpression of FGF4 with respect to the other two categories. SDH-deficient GISTs, even if negative for the
duplication, showed enhanced FGF4 expression with respect to KIT/PDGFRA-mutant 22, Given that all quadruple WT
GISTs expressed both FGFR1 and FGFR2, and showed phosphorylated-AKT, the existence of an oncogenic autocrine
loop supporting tumor growth is conceivable.

Recently, the relevance of FGF-based autocrine loop emerged also in SDH-deficient GISTs. Flavahan et al. in fact
showed that genomic hypermethylation induced by SDH loss disrupts CTCF binding at the DNA regions located on the
boundaries of the FGF3/FGF4 locus. CTCF is an insulator protein able to bind the boundaries of topologically associated
domains (TADs) in the human genome, that are regions where DNA sequences preferentially contact each other and
whose genes are generally co-regulated. Hypermethylation prevents CTCF binding, thus disrupting the TAD and allowing
the active ANO1 super-enhancer to contact and activate the FGF genes (23l Therefore, the FGF3—FGF4 locus topology is
profoundly altered in SDH-deficient GISTs, with CTCF insulator loss allowing aberrant expression of FGFR ligand genes.
As a matter of fact, SDH-deficient GISTs show marked upregulation of FGF3 and FGF4, coupled to high FGFR1
expression and evidence of MAPK signature activation. Moreover, BGJ-398, a potent and selective inhibitor of FGFR1—4,
completely suppressed tumor growth in a PDX model derived from an SDH-deficient GIST (23,

These data highlight the relevance of FGF signaling in GISTs devoid of KIT/PDGFRA mutations or RAS-pathway
activation, suggesting that FGF4 autocrine loop or FGFR mutations in SDH-deficient and qWT GISTs act as a surrogate of
KIT/PDGFRA alterations in sustaining GIST tumor growth (Figure 2).
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Figure 2. Mechanisms of oncogenic FGFR signaling in gastrointestinal stromal tumors (GISTs). FGFR signaling
contributes to oncogenesis through several ligand-dependent and -independent mechanisms in GISTs, signaling through
RAS/MAPK, PI3K/AKT, signal transducers and activator of transcription (STATs), phospholipase Cy (PLCy). (A) Activating
mutations resulting in increased kinase activity in absence of ligand are present in quadruple WT GISTs. (B)
Chromosomal translocations drive the fusion of parts of FGFR1 to other genes, thereby resulting in receptor
hyperactivation in a ligand-independent manner in quadruple WT GISTs (C) FGFRs can be stimulated by their ligands
either in a paracrine fashion, through FGFs produced by stromal cells, or in an autocrine manner, when FGFs are



produced directly from the tumor cells that also express FGFRs. In quadruple WT GISTs, FGF4 is overexpressed through
genomic duplication of the FGF4 locus, while SDH-deficient GISTs overexpress FGF3/FGF4 by an epigenetic mechanism
linked to hyper-methylation of the FGF4 insulator that disrupts CTCF binding, thus allowing the ANO1 super-enhancer to
activate the FGF genes. In KIT-mutant GISTs, a role for autocrine or paracrine FGFR signaling has been proposed driving
imatinib resistance.

| 5. FGFR Events and Imatinib Resistance in KIT/PDGFRA Mutant GIST

Although imatinib has revolutionized the treatment of advanced GISTs, the majority of patients develop resistance to
imatinib within 2 to 3 years. Even if acquired mutations in KIT or PDGFRA represent the most frequent event underlying
secondary resistance, a signaling crosstalk between KIT and FGFR has been suggested as an alternative mechanism
promoting resistance to imatinib 4. Interestingly, FGFR3 silencing restored imatinib response in imatinib-resistant GIST
cells, whereas the addition of FGF2 to GIST cells induced KIT signaling, increased cell proliferation and desensitized
GIST cells to imatinib, suggesting the existence of a crosstalk between the two receptors. Notably, the authors also found
that rescue of cell growth by FGF2 was ineffective after KIT knockdown, and FGF2-induced imatinib resistance was
inhibited by FGFR3 silencing. Moreover, increased protein levels of FGF2 were found in imatinib-resistant with respect to
imatinib-sensitive GIST cells, a finding that was also confirmed in GIST patient samples [24. Similarly, Li et al. have
confirmed that FGF2 rescues the effect of KIT inhibition and reduces the sensitivity of imatinib in GIST cells, and
conversely, the antiproliferative activity of imatinib was enhanced by cotreatment with BGJ398, a potent FGFR1-3
inhibitor, alone or in the presence of added FGF2 (23],

The crosstalk between KIT and FGFR in playing an important role in imatinib resistance has been also extensively studied
by Boichuck and co-workers [28127]128129] | fact, they found that FGFR inhibition reduced cellular viability, induced
apoptosis, and affected the growth kinetics of imatinib-resistant GIST cells in vitro, while inhibition of FGF-signaling
restored the susceptibility to imatinib in resistant GIST cells 28, Moreover, the authors tested the efficacy of BGJ398 in
xenograft models of GISTs exhibiting secondary imatinib resistance due to loss of KIT/gain of FGFR2, showing that
inhibition of FGFR signaling combined with imatinib treatment had a striking effect on tumor growth in vivo.

| 6. Clinical Perspectives

Given that the deregulation of FGFR signaling has been observed in a subset of many cancers, in the last decade,
several multi-target compounds that inhibit vascular endothelial growth factor and PDGF receptors, in addition to FGFRs,
have been developed. Many such inhibitors, both multi-target as well as FGFR-specific tyrosine kinase inhibitors (TKIs),
monoclonal antibodies, and FGF ligand traps are already in clinical trials or already approved for the treatment of many
cancers.

Currently regorafenib, an oral multi-kinase inhibitor that blocks the activity of multiple protein kinases, including FGFR, is
the only one approved in metastatic-resistant GISTs, after failure of imatinib and sunitinib Y. Notably, it has been shown
that, together with patients carrying the KIT exon 11 altogether with exon 17 activation loop resistance mutation, SDH-
deficient GISTs experienced greater clinical benefit from regorafenib, suggesting that this subtype may be more addicted
to FGF/FGFR signaling [21. According to this biological rationale, the ongoing REGISTRI trial is evaluating if KIT/PDGFRA
WT may benefit from regorafenib upfront in first line.

Beside regorafenib, in the last decade other multi-TKIs active also against FGFR, such as dovitinib, masitinib, ponatinib
and pazopanib, have been tested in GISTs.

The recent accumulating evidence of the specific role of the FGF/FGFR pathway in almost all molecular subgroups of
GIST patients has raised much more interest in the evaluation of selective FGFR inhibitors, besides the known multi-TKiIs.
However, the only available results came from a single-center, phase IB study, evaluating the combination of BGJ398, a
selective FGFR1—4 inhibitor, with imatinib in patients with imatinib-refractory advanced GISTs B, Clinical response was
limited, with stable disease as the best response observed in seven patients by RECIST 1.1, and a median PFS of 12.1
weeks with the combination therapy, that is anyway superior to that achieved with imatinib re-challenge B, The study
population included a series of heavily pre-treated KIT-mutant patients, irrespective of molecular-based selection, and the
high toxicity encountered with the drug combination does not allow to draw conclusions on specific molecular subtypes’
response to FGFR inhibition.



| 7. Conclusions

Taken together, all these findings show that the FGF/FGFR pathway activation may play a role in the pathogenesis of

specific molecular subsets of GISTs, therefore its inhibition may have some windows of opportunity also in GIST

management.
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