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Abstract

The fibroblast growth factor receptor (FGFR) signaling pathway represents a
key regulator of numerous cellular processes frequently deregulated in cancer.
In pancreatic ductal adenocarcinoma (PDAC)-derived cells, the aberrant
expression of the mesenchymal FGFR2 isoform, FGFR2c, promotes epithelial-
to-mesenchymal transition (EMT), cell survival, and invasiveness through the
activation of the PKCe-mediated signaling cascade. Recent studies have also
demonstrated that other membrane proteins, including members of the
transient receptor potential (TRP) channel family, can modulate receptor
tyrosine kinase signaling. In the context of PDAC, it has recently been
suggested that both TRPA1 and FGFR2 contribute to the regulation of cell
motility and invasion. Moreover, some studies indicate the possible existence
of a functional link between FGFR2 and TRPA1, which would also involve a
direct interaction between the two and the consequent ligand-independent
amplification of FGFR2 downstream signaling, as described in lung
adenocarcinoma. However, another study proposed that the oncogenic role of
TRPAL primarily depends on its ion channel function and would be completely
independent of any interaction with FGFR2; this mechanism has been reported

in breast and lung cancers.

Therefore, in this research project we focused our attention in PDAC context,
investigating the contribution of TRPA1 to the FGFR2c/PKCe oncogenic axis

in PDAC-derived cell lines and its possible involvement in the regulation of
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FGFR2c recruitment in plasma membrane lipid rafts, cholesterol-enriched
membrane microdomains that function as signaling platforms in physiological

and pathological conditions, including cancer.

Biochemical and immunofluorescence analyses revealed that either the
inhibition and the sustained ligand-dependent activation of the FGFR2c
signaling modulates TRPAL1 protein expression, suggesting a possible
functional dependence between them. In addition, the transient silencing of
TRPA1 was sufficient to reduce FGFR2c downstream ERK1/2/mTOR and
MCL1/SRC oncogenic signaling, resulting in decreased EMT marker
expression and cell invasive behaviour: all phenotypic traits displayed by
PDAC-derived cells and significantly exacerbated by FGF2 stimulation only in
those PDAC cell lines highly expressing FGFR2c. Focusing our attention on
lipid rafts function, immunofluorescence and biochemical approaches revealed
that FGF2 stimulation promoted the recruitment of the activated FGFR2c into
lipid rafts, while raft disruption by methyl-B-cyclodextrin (MBCD) treatment
markedly inhibited FGFR2c-mediated signaling and the enhancement of both
EMT and cell invasive behavior. Finally, co-immunoprecipitation experiments
combined with gene-silencing approaches demonstrated that, independently
of its channel function, TRPAL is required for the recruitment of the activated
FGFR2c in the lipid rafts, ensuring a proper spatial organization and an

efficient oncogenic signal transduction.

Overall, these findings suggest that the tumorigenic activity of FGFR2c in
PDAC is strictly dependent on both lipid raft integrity and TRPA1 presence.
The functional cooperation among FGFR2c, TRPAL, and lipid rafts enables

the coordinated activation of signaling pathways that promote and enhances



EMT and cellular invasiveness. These results identify FGFR2c, TRPAL, and
lipid rafts as potential synergistic therapeutic targets, whose modulation could
represent a promising strategy for the development of innovative and effective

treatments against PDAC progression and resistance.



1.Introduction

1.1FGFR Family

Fibroblast growth factor receptors (FGFRs) are receptor tyrosine kinases
(RTKs) that comprise a family of four highly conserved transmembrane
proteins (FGFR1, FGFR2, FGFR3, and FGFR4) each encoded by a separate
gene. These receptors play key roles in regulating a variety of cellular
processes, including proliferation, differentiation, migration, and survival and
are expressed on several tissues (Turner and Grose, 2010; Goetz and
Mohammadi, 2013). FGFRs are activated by members of the fibroblast growth
factor (FGF) family, which consists of 18 ligands divided into five paracrine
subfamilies and one endocrine subfamily. Paracrine FGFs are secreted
glycoproteins that bind to heparan sulfate proteoglycans (HSPGs) within the
extracellular matrix near their secretion site. These FGFs are released from
the matrix through the action of specific enzymes or FGF-binding proteins,
working in concert with HSPGs, which also stabilize the FGF-FGFR
interaction by forming a ternary complex. Structurally, FGFRs consist of an
extracellular ligand-binding domain, a single-pass transmembrane domain,

and an intracellular tyrosine kinase domain (Figure 1).

The extracellular domain of FGFRs is composed of three immunoglobulin (1g)-
like domains (I-lll), an acidic serine-rich “acid box” region linking domains |

and I, and a conserved heparin-binding site (Schlessinger et al., 2000). The
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first Ig-like domain, together with the acid box, appears to play a role in
receptor autoinhibition (Olsen et al., 2004), whereas the second and third Ig-
like domains form the binding site for FGF ligands (Mohammadi et al., 2005).
Ligand specificity of FGFR1, FGFR2, and FGFR3 is modulated by alternative
splicing of the third Ig-like domain, resulting in the generation of FGFRb and
FGFRc isoforms (Figure 1). Specifically, for FGFR2, the N-terminal portion of
the Ig-lll domain is encoded by exon 7 (also called exon llla), while the C-
terminal portion is alternatively encoded by exon 8 (exon lllIb) or exon 9 (exon
llic), producing FGFR2Illb and FGFR2llIc isoforms with distinct ligand-binding

specificities.

Signal Peptide
FGFR4 FGFR3 FGFR2 FGFR1

Figure 1. (modified from Tiong et al., 2013) The structure of FGFR and splice variants.
FGFRs consist of three extracellular immunoglobulin-like domains (D1-D3), a single
transmembrane a-helix, a bipartite intracellular tyrosine kinase domain (TK1 and TK2), and
an acidic segment referred to as the acidic box. The D2 and D3 domains constitute the
ligand-binding region and contain distinct sites for interaction with both FGFs and heparan
sulfate proteoglycans (HSPGs). The acidic box is critical for coordinating bivalent cations,
which enhance the affinity and stability of the FGFR-HSPG interaction. Alternative splicing
of the Ig domain Il (D3) primarily accounts for the generation of FGFR isoforms. Domain D3

can be encoded by an invariant exon 7 (red), producing the FGFR-Illa isoform, or
alternatively spliced with exon 8 (green) or exon 9 (yellow) to yield the FGFR-Illb or FGFR-
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llic isoforms, respectively. llib is predominantly expressed in epithelial tissues, while llic is
typically found in mesenchymal tissues. FGFR4 exists as a single isoform, structurally similar
to FGFR-Illlc.The hatched box illustrates a truncated segment at the carboxy-terminal region.

FGFR2IIIb recognizes FGF7/KGF and FGF10, in contrast to FGFR2lllc, which
binds FGF2 (Rubin et al., 1989; Igarashi et al., 1998; Yayon et al., 1992)

(Figure 2).

FGFR specificity
FGFR2

llib lllc

FGF1
FGF3

Figure 2. (Modified from Turner and Grose 2010) FGFR2Illb and FGFR2llic isoform
structure and control of ligand specificity The specificity of the FGF—FGFR interaction
depends both on the receptor’s selective ligand-binding capacity and on alternative splicing of
the FGFR Ig lll domain. This domain includes a constant exon (llla) followed by either exon
[lIb or lllc, which determines ligand specificity. The lllb isoform is mainly expressed in epithelial
tissues, while llic is typical of mesenchymal tissues. FGFR2 isoforms display distinct ligand
preferences: for example, FGF2 binds selectively to FGFR2-llIc, but not to FGFR2-Il1b.

Alternative splicing also determines the tissue specificity of FGFRs. The
FGFR2IlIb isoform is expressed exclusively in epithelial cells, while FGFR2llIc

is primarily found in mesenchymal cells (Miki et al., 1992; Orr-Urtreger et al.,
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1993). The binding of FGFs to FGFR induces receptor dimerization and brings
the intracellular kinase domains close together, allowing them to
phosphorylate each other (Goetz and Mohammadi, 2013). This process
requires the cofactor heparan sulphate proteoglycan (HSPG), which protects
the ligands from degradation and promotes the formation of a stable ternary
complex on the cell surface (Schlessinger et al., 2000). The FGF/FGFR
interaction causes a conformational change in the receptor, activating the
kinase domain and triggering transphosphorylation between the tyrosine
kinase domains and the carboxy-terminal tail (Turner and Grose, 2010; Brooks
et al., 2012). Some tyrosine residues may then undergo autophosphorylation
(Lew et al., 2009), serving as docking sites for adaptor proteins and activating
various signaling pathways (Turner and Grose, 2010). The main downstream
substrates of FGFR include FGFR substrate 2 (FRS2) and phospholipase Cy
(PLCy).

The FRS2 family comprises two isoforms, FRS2a and FRS2B (Gotoh et al.,
2008), both characterized by an N-terminal consensus sequence for
interaction with plasma membrane lipids (Gotoh et al., 2008), a
phosphotyrosine-binding (PTB) domain, and multiple tyrosine phosphorylation
sites located in the C-terminal domain, which are necessary for interaction with
receptor tyrosine kinases (RTKs). FRS2 proteins interact with a limited set of
RTKSs, including neurotrophic receptors, RET, and ALK, with a strong
preference for FGFRs. FRS2a serves as the principal mediator of intracellular
signal transduction via FGFRs. The PTB domain of FRS2 constitutively binds
to unphosphorylated peptides present in the juxtamembrane domain of the
FGFR. FRS2a contains four phosphorylatable tyrosine sites that mediate the

recruitment of the adaptor protein growth-factor-receptor-bound protein 2
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(Grb2) and two binding sites for the SH2-containing tyrosine phosphatase
Shp2. Grb2, in turn, can interact with numerous proteins through two SH3
domains, including Gabl, SOS, and Cbl. The interaction between Gabl and
Grb2 forms a ternary complex with FRS2a, promoting the recruitment and
activation of phosphatidylinositol 3-kinase (PI3K), thereby facilitating activation
of the PIBK/AKT pathway (Figure 3) (Altomare and Testa, 2005). SOS, a
guanine nucleotide exchange factor (GEF), activates the Ras protein.
Recruitment of the Grb2-SOS complex to FGFR triggers the Ras/mitogen-
activated protein kinase (MAPK) signaling cascade (Figure 3) (Eswarakumar
et al., 2005). Tyrosine phosphorylation of Shp2, mediated by its interaction with
FRS2a following FGF stimulation, induces robust activation of the ERK kinase,
a critical component of the MAPK family (Hadari et al., 1998). ERK activation
can be transient or sustained depending on the cellular context (Marshall et
al.,, 1995). An FRS2-independent signaling pathway downstream of
FGF/FGFR activation involves phospholipase Cy (PLCy) (Figure 3). This
enzyme autophosphorylates via its Src homology 2 (SH2) domain, leading to
its activation. It has been demonstrated that tyrosine residue 766 in the C-
terminal region of FGFR1 is essential for PLCy binding (Mohammadi et al.,
1991), corresponding to tyrosine 769 in FGFR2b (Ceridono et al., 2005; Cha
et al., 2009; Brooks et al., 2012).

FGFRs can activate multiple additional signaling pathways, including the
signal transducer and activator of transcription (STAT) pathway, ribosomal
protein S6 kinase 2 (RSK2), as well as the p38 MAP kinase and Jun N-terminal
kinase (JNK) cascades (Touat et al., 2015). These pathways can be triggered

downstream of RAS via the MAP kinase kinases (MAPKKs) MKK4 and MKK7
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(Katz et al., 2007), and can also be activated through protein kinase C delta

(PKCDd) (Liu et al., 2006; Chen et al., 2008).

FGR FGF signalling pathways FGER

Target genes

« Negative feedback. For example, through
SPRY, SEF, MAPKP3 and MKPI :
» Downstream transcription factors.

Bhades For example, FOS, JUN and PEA3

Figure 3. (modified from Turner and Grose 2010) FGFR signaling pathway. The FGFR
signaling pathway is activated upon binding of the FGF ligand. These macromolecular
interactions promote the dimerization or oligomerization of FGFRs, triggering multiple signal
transduction pathways, including those involving FRS2, RAS, p38 MAP kinases, ERK, JNK,
Src, PLCy, Crk, PKC, and PI3K.

From this, it emerges that the FGF/FGFR signaling pathway is multifactorial

and complex. It has evolved to support the numerous biological functions of
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FGFs. Dysregulation of the FGF/FGFR signaling pathway has been

associated with various developmental disorders and cancer.

1.2 FGFR2 isoforms in epithelial cancers

Deregulation of the FGF-FGFR axis can be involved in several pathologies,
including tumours. FGFRs are known to be overexpressed across various
cancer cell types. In certain contexts, genetic alterations affecting FGFRs
confer oncogenic properties, rendering tumor cells dependent on aberrant
FGFR signaling for proliferation and survival. (Brooks et al. 2012) FGFR
signaling drives tumor development through both ligand-dependent and
independent routes, such as autocrine/paracrine signaling, angiogenesis, and
EMT (Babina and Turner, 2017). FGFR gene amplification is frequently
associated with receptor overexpression, leading to its aberrant accumulation
at the cell membrane and consequent constitutive activation of downstream
signaling pathways. This event occurs with notable frequency for FGFRL1 in
squamous non-small cell lung carcinoma (NSCLC) (Weiss et al., 2010; Yang
et al., 2014) and in small cell lung carcinoma (Peifer et al., 2012). Moreover,
FGFR1 amplification is considered an adverse prognostic marker in early-
stage NSCLC (Cihoric et al.,, 2014) and has been observed in a significant
subset of breast cancers, including both hormone receptor-positive and triple-
negative subtypes (Courjal et al., 1997; Reis-Filho et al., 2006; Lee et al.,

2014). FGFR2 amplification is less frequent than that of FGFR1, but it has
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been documented in an aggressive subtype of gastric carcinoma (Matsumoto
et al., 2012) and in approximately 2% of breast cancers (Turner et al., 2010).
In contrast, FGFR3 and FGFR4 amplifications are rarely reported in the
literature. As an alternative to gene amplification, activating mutations in the
FGFR receptor can lead to increased receptor dimerization in the absence of
ligand, or to constitutive activation of the tyrosine kinase domain.FGFR2
mutations have been identified in 10—-12% of endometrial carcinomas (Dutt et
al., 2008; Helsten et al., 2015), approximately 4% of non-small cell lung
cancers (NSCLCs) and gastric cancers (Greenman et al., 2007), and 2% of
urothelial carcinomas (Gao et al., 2013). Another oncogenic mechanism
involves an alternative splicing event of the FGFR gene, characterized by cell
type-specific regulation and significant functional consequences.This process
leads to a mutually exclusive splicing of the Iglll loop, resulting in a shift from
the epithelial 1llb isoform to the mesenchymal llic isoform. Such a switch alters
the ligand-binding specificity of the receptor, thereby inducing dysregulated
autocrine signaling, which can contribute to cellular transformation and tumor
progression. The splicing switch from the epithelial FGFR2Illb isoform to the
aberrant mesenchymal FGFR2Illic isoform endows the cell with a new
sensitivity to ligands such as FGF2, while it no longer responds to FGF7.

This alteration promotes the activation of the epithelial-to-mesenchymal
transition (EMT) in both normal murine mammary cells (Shirakihara et al.,
2011) and human epithelial cells (Ranieri et al., 2015; Ranieri et al., 2016),
leading to the acquisition of tumorigenic features (Oltean et al., 2006; Zhao et
al., 2013; Ranieri et al., 2015; Ranieri et al., 2016). FGFs may also play an
active role in oncogenesis, overstimulating their receptors through autocrine

or paracrine mechanisms. Specifically, FGF2 can induce pathological
14



epithelial-to-mesenchymal transition (EMT), wound healing (Broadley et al.,
1989; Ortega et al., 1998; Ranieri et al., 2016), and angiogenesis, thereby
promoting tumor progression (Zhao et al., 2013; Oltean et al., 2006;
Shirakihara et al., 2011) in epithelial cells alone (Ranieri et al., 2018) or in
combination with vascular endothelial growth factor (VEGF) (Pepper et al.,
1998; Yan et al., 2008). The Epithelial Splicing Regulatory Proteins 1 and 2
(ESRP1 and ESRP2) regulate alternative splicing events of various genes
(Warzecha et al., 2009), including FGFR2 (Warzecha et al., 2009). These
RNA-binding proteins (RBPs) generate alternative mRNA transcripts from a
single gene by influencing the selection of exon sequences to be included or
excluded from the mature mRNA. This post-transcriptional regulation of RBPs'
target MRNAs can also impact cell type-specific splicing decisions. The
epithelial FGFR2b isoform is regulated by ESRP1 and ESRP2 (Warzecha et
al., 2009), and their silencing promotes a switch to the FGFR2IllIc isoform
(Ranieri et al., 2015). One of the factors contributing to the downregulation of
ESRP1/2 expression and the resulting isoform switch from epithelial to
mesenchymal phenotype in an epithelial context is HPV16 infection,
particularly through the expression of the viral oncoprotein E5 (16E5) (Ranieri
et al., 2015). The aberrant isoform switch of FGFR2 leads to a reprogramming
of downstream signaling, profoundly altering both cell morphology and cellular
behaviour. In previous studies conducted by our research group, it was
demonstrated that in epithelial contexts, FGFR2b, when activated by FGF7,
elicits distinct cellular responses. These include the induction of autophagy
through a JNK1-mediated, mTOR-independent signaling pathway (Nanni et
al., 2018), as well as the promotion of cell proliferation (Belleudi et al., 2011)

and differentiation (Belleudi et al., 2011; Rosato et al., 2018). The
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FGFR2b/FGF7 signaling axis is involved in regulating both early and late
stages of keratinocyte differentiation (Belleudi et al., 2011; Purpura et al.,
2013), through the sequential activation of two Protein Kinase C isoforms,
PKCd and PKCa (Rosato et al., 2018). In contrast, the isoform switch from
FGFR2b to the ectopic expression of the mesenchymal isoform FGFR2c
significantly alters the cellular response to FGF2. The FGFR2c/FGF2 axis has
been shown to promote epithelial-mesenchymal transition (EMT) (Ranieri et
al., 2015; 2016), inhibit differentiation while enhancing cellular invasiveness
(Ranieri et al., 2018), and negatively regulate autophagy (Nanni et al., 2019).
More recently, it has been demonstrated that FGF2 stimulation in the presence
of FGFR2c does not lead to PKC® activation, likely interfering with the
differentiation process, but instead affects PKCe activity (Ranieri et al., 2020).
Protein Kinase C (PKCs) are a family of highly regulated serine/threonine
kinases that play a crucial role in controlling both the intensity and spatial
distribution of intracellular signaling (Isakov et al., 2018; Rosse et al., 2010).
These kinases can be recruited to membrane-associated scaffolding
structures, where they modulate the behavior of protein complexes by
influencing their assembly status, subcellular localization, and ability to recruit
downstream effectors (Rosse et al., 2010).

A study demonstrated that the distinct specificity in the activation of PKC
isoforms mediated by FGFR2b and FGFR2c supports the hypothesis that
alternative splicing may represent a powerful mechanism to diversify FGFR
signaling (Latko et al., 2019). PKCe is overexpressed in various carcinomas,
including squamous cell carcinomas (SCCs) (Gorin et al., 2009; Isakov et al.,
2018). Among the PKC isoforms, PKCe exhibits the highest oncogenic

potential (Isakov et al., 2018); indeed, its overexpression is sufficient to
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enhance the growth rate and motility of human keratinocytes (HKs) (Papp et
al., 2004). PKCe regulates multiple cellular processes not only by
phosphorylating its downstream targets but also by modulating their
intracellular localization (Newton et al., 2010). Furthermore, it has been shown
to induce an epithelial-mesenchymal transition (EMT) phenotype in normal
mammary epithelial cells (Jain et al., 2014a; Jain K et al., 2014b). It has been
demonstrated that, downstream of FGFR2c, PKCe activates an oncogenic
signaling network leading to the induction of EMT-associated transcription
factors such as STAT3 (Signal Transducer and Activator of Transcription 3),
Snaill, and FRAL (Fos-Related Antigen-1). These transcription factors appear
to be induced sequentially and act cooperatively to initiate and sustain the EMT

program (Figure 5) (Ranieri et al., 2020).
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Figure 5. (modified from Ranieri et al., 2020) FGFR2c downstream signaling pathway
inducing EMT. PKCe acts downstream of FGFR2c by upregulating three EMT-related
transcription factors — STAT3, Snaill, and FRA1 — which are induced sequentially and
cooperate in activating and sustaining the EMT program.

1.3 Pancreatic Ductal Adenocarcinoma (PDAC) and
FGFR2 isoform switch

The term adenocarcinoma is used for all tumors of the exocrine glands.
Approximately 95% of pancreatic cancers involve the exocrine component and

originate in the ducts when cells begin to proliferate uncontrollably (Singhi and
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Wood, 2021). Pancreatic ductal adenocarcinoma (PDAC), due to its poor
prognosis, is becoming one of the most lethal cancers worldwide,
characterized by a high mortality-to-incidence ratio. Among the numerous
factors contributing to its lethality is the inability to detect the disease at an
early stage. Moreover, it is largely asymptomatic or presents with nonspecific
symptoms, and currently, there are few diagnostic biomarkers available for
early-stage tumors (Javadrashid, 2021; Halbrook, 2023). Almost 90% of PDAC
cases are diagnosed at an advanced stage, when systemic metastases are
already present and the disease is no longer surgically curable (Singhi and
Wood, 2021). To date, chemotherapy and surgical resection appear to be the
only therapeutic options, although only a small fraction of patients (15—20%)
are eligible for surgery at the time of diagnosis. Furthermore, the 5-year
survival rate after surgery remains very low, both due to distant metastases,
which reduce the curative potential of resection, and because of the high
likelihood of recurrence. To increase the success rate of surgery, patients are
treated with adjuvant chemotherapy using original FOLFIRINOX or regimens
containing gemcitabine, such as gemcitabine plus cisplatin, or gemcitabine

plus nab-paclitaxel (Halbrook, 2023).

The combination of molecular profiling with histology has allowed the
development of a proposed pathological progression model of PDAC,
analogous to that of colorectal adenocarcinoma (Figure 6). PDAC arises from
non-invasive precancerous lesions that have not yet breached the basement
membrane. Intraductal precursors, by acquiring cytological atypia and genetic

mutations, can progress from low-grade to high-grade lesions. Pancreatic
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precancerous lesions can be divided into microscopic and macroscopic
categories. About 85% of PDAC originates from microscopic pancreatic
intraepithelial neoplasia (PanIN), which cannot be detected by abdominal
imaging. The other type of precancerous lesion is the macroscopic mucinous

neoplasm (IPMN), which arises within the pancreatic duct.

Pancreatic cancer Precursor lesions Pancreatic ductal
putative cells of origin adenocarcinoma

PanIN
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Figure 6. (modified from Halbrook, 2023) Progression of PDAC. It arises from the exocrine
tissue of the pancreas; both acinar and ductal cells can give rise to PDAC after the acquisition
of oncogenic mutations or the loss of a tumor suppressor.
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PDAC is considered the epitome of treatment-resistant malignancies, driven
by mutations in the Kirsten rat sarcoma viral oncogene (KRAS), detected in
90-95% of patients. Such mutations have been observed in the majority of
low-grade PanINs and IPMNs, suggesting that activating KRAS mutations
represent a hallmark of PDAC. Additional mutations are commonly found in
tumor suppressor genes such as TP53, SMAD4, and CDKN2A. Typically,
TP53 and SMAD4 alterations arise in the context of high-grade lesions, both
in PanINs and IPMNs. Among these, KRAS mutations exert pleiotropic effects,
whereas alterations in other genes mainly contribute by adding one or more

features to the malignant phenotype (Javadrashid, 2021; Halbrook, 2023).
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KRAS encodes a small GTPase that becomes activated upon binding to GTP
and translocating to the plasma membrane, cycling between an active (GTP-
bound) and inactive (GDP-bound) state. Most KRAS mutations occur at
codons 12, 13, and 61, leading to constitutive activation of downstream
signaling. The protein becomes insensitive to GTPase-activating proteins
(GAPs), which normally promote its inactivation. It is well established that
KRAS downstream signaling engages both the RAF/MEK/ERK cascade and
the PISK/AKT/mTOR pathway. Acting in concert, these two pathways strongly
intersect and regulate several oncogenic processes, including cell growth
dysregulation, EMT induction, and enhancement of autophagy (Butler et al.,
2015; Mollinedo et al., 2019; Safa, 2020).

EMT appears to be equally important across all stages of tumor progression,
as it represents a central hub of cellular plasticity and intratumoral
heterogeneity. Single-cell analyses on human PDAC surgical samples
identified distinct phenotypic clusters of cancer cells distributed along the
epithelial-to-mesenchymal continuum based on their transcriptional profile.
Epithelial clusters showed increased expression of genes associated with
differentiation and proliferation, while mesenchymal clusters exhibited an
expression pattern consistent with EMT activation (Palamaris et al., 2021).
An additional oncogenic event in pancreatic carcinogenesis is the FGFR2
isoform switch, whose contribution to EMT induction and cell invasion has
been documented (Ishiwata et al., 2012; Ueda et al., 2014; Ishiwata et al.,
2018). Dysregulation of the FGF/FGFR axis, and in particular FGFR2 isoform
switching, seems to play a significant role in PDAC development. In this
regard, FGF2 secreted by cancer-associated fibroblasts (CAFs) has been

shown to critically modulate both cell survival and motility (Awaji et al., 2019).
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Moreover, several studies have highlighted that aberrant expression of the
mesenchymal FGFR2c isoform represents a key event in pancreatic
carcinogenesis.

Both the epithelial FGFR2b isoform and the mesenchymal FGFR2c variant
have been detected in PDAC (Ishiwata et al., 2012), and FGFR2c expression
has been observed in several pancreatic cancer cell lines (Ishiwata et al.,
2012). Forced expression of FGFR2c in cell lines with low endogenous
receptor levels resulted in increased proliferation, enhanced sphere-forming
capacity in vitro, and accelerated tumor growth in vivo (Ishiwata et al., 2012).
However, treatment with anti-FGFR2c antibodies failed to reduce the invasive
behavior of cells with high FGFR2c expression (Ishiwata et al., 2012).
Conversely, this invasive potential was attenuated by ESRP1 transfection, an
epithelial splicing regulatory protein that directs isoform switching toward
FGFR2b (Ueda et al., 2014; Warzecha et al., 2009).

The role of FGFR2c in cell proliferation and tumor growth is now well
established, as is its influence on cellular invasiveness. Recent studies have
further clarified the contribution of FGFR2c and its downstream oncogenic
signaling mediated by PKCe in the regulation of EMT, autophagy, and cell
invasion—three tightly interconnected processes critical for PDAC progression

(Ranieri et al., 2021; Ranieri et al., 2022).
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Figure 7. (modified from Ranieri, 2022) FGFR2¢c/PKCe signaling in PDAC cells. When highly
expressed and stimulated by paracrine FGF2, FGFR2c activates the FGFR2¢/PKCe axis,
regulating EMT, suppressing autophagy, and promoting MCL-1-dependent survival and
invasion, possibly via ERK1/2.
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1.4 The TRPs ion channel functions and involvement

In cancer

Transient receptor potential (TRP) channels are multimodal ion channels,
widely distributed across various tissues, and act as sensors for a variety of
cellular and environmental signals. TRPs can be divided into seven
subfamilies based on amino acid sequence homology: TRPA (Ankyrin), TRPC
(Canonical), TRPM (Melastatin), TRPML (Mucolipin), TRPN (NO-
mechanopotential, NOMP), TRPP (Polycystin), and TRPV (Vanilloid) (Zhang

et al. 2023).

TRPs are permeable to multiple cations such as Caz*, Mg?*, Na*, and K*, and
are responsible for sensory responses to heat, cold, stress, pain, and related

stimuli.

Structurally, TRPs are composed of six transmembrane domains (S1-S6),
following the same evolutionary pattern as voltage-gated potassium channels,
with the pore located between S5 and S6 and both the C- and N-termini
positioned intracellularly. The S1-S4 domains can occlude the pore in

response to ligand binding.
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In addition to surface receptors and adhesion molecules involved in the
perception and transduction of extracellular signals, ion channels located on
the plasma membrane (PM) also play a crucial role in cellular communication
(Vrenken et al.,, 2016). Among these, TRP (Transient Receptor Potential)
channels are particularly notable for their ability to function as sensors and
integrators of environmental cues, thereby modulating a wide range of cellular

processes.

TRP channels are regulated by numerous intra- and extracellular stimuli and
can be activated by diverse and combined signals, allowing them to respond
dynamically to an ever-changing cellular microenvironment (Van den Eynde et
al., 2021). Within this context, growth factors, such as FGF2 (Fibroblast Growth
Factor 2), represent key biochemical messengers that contribute to the

modulation of TRP activity. Indeed, it has been shown that growth factors,
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receptor tyrosine kinases (RTKs), and TRP channels can interact directly at
the plasma membrane level, giving rise to molecular crosstalk. In particular,
co-expression of TRPC1 and the FGFRL1 receptor has been observed in the
rat telencephalon. Activation of FGFR1 by FGF2 in this context leads to
attenuated cell proliferation, suggesting a modulatory role for the TRPC1
channel in the mitogenic response (Van den Eynde et al., 2021). Beyond the
modulation of TRP channel activity through RTK-activated signaling pathways,
it has also been reported that stimulation by growth factors can affect the
number of TRP channels expressed on the membrane, indicating an additional
level of regulation through membrane trafficking or turnover. Given the central
role of growth factors in regulating cell proliferation and differentiation, it is not
surprising that genetic or functional alterations in these pathways are
frequently associated with tumor pathologies. Therefore, since TRP channels
are involved in the regulation of essential processes during embryonic
development and tissue homeostasis, as well as in response to growth factor
signaling, it is plausible that their dysregulation contributes to the progression
of pathological conditions, including cancer. To date, the role of TRPs in the
tumor context, particularly in carcinomas, is still highly debated; in the context
of PDAC, the channels TRPA1, TRPM8 and TRPC1 show variably high
expression levels in tumors and their derived tumor cell lines (Cojocaru et al.,
2021; Mesquita et al., 2021, Schnipper et al., 2022). The role of TRPM8 in the
invasion of PDAC cells is still debated (Ulareanu et al., 2017), while for TRPC1
a pore-dependent contribution in migration/invasion (Hofschréer et al., 2021)
and a pore-independent one in the deregulation of proliferation (Shnipper et
al., 2022) has been proposed. The literature shows that FGFR2 and TRPA1

expression is positively correlated across several tumor types (Cucu, 2024),
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and protein—protein interaction studies in lung cancer (Berrout et al., 2017;
Kyriakopoulou & Gamper, 2019) have outlined a complex mechanistic
landscape that may support the possibility of a functional cooperation between
them. However, although the involvement of TRPAL in the acquisition of
various cancer hallmarks is widely acknowledged, particularly in lung cancer,
the hypothesis of a cross-talk with FGFR2 remains debated (Berrout et al.,
2017; Takahashi et al., 2018; O’Connor et al., 2025), especially in light of
recent molecular evidence reporting both positive and negative correlations
between the two, depending on the tumor context (Cucu, 2024). In pancreatic
cancer, the existence of a mechanistic connection between FGFR2 and
TRPAL is currently poorly explored. Nonetheless, their expression profiles in
PDAC-derived cells appear variable yet partially overlapping, with PANC-1
cells displaying high levels of both the receptor and the cation channel
(Ishiwata et al., 2012; Cojocaru et al., 2021). Moreover, it has recently been
suggested that both may contribute to the regulation of PANC-1 cell motility
and invasion (Cojocaru et al., 2021; Ranieri et al., 2022), making the
hypothesis of a functional FGFR2/TRPA1 cross-talk in this model plausible.
Therefore, investigating this possibility and elucidating the underlying
molecular mechanisms represents a relevant challenge, necessary to fully
understand the contribution of the FGFR2c-mediated oncogenic axis to the
exacerbation of EMT and cellular invasiveness. Therefore, the question of the
possible oncogenic function of TRPs and especially of their possible interplay

with FGFR family receptors remains an interesting open question.
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1.5 Lipid Raft and their involvement in cancer

Lipid rafts are small microdomains of the plasma membrane enriched in
cholesterol, sphingolipids, gangliosides, including GM1,and signaling proteins;
therefore, they contribute to the modulation of signaling pathways involved in

numerous biological processes (Sezgin et al., 2017).
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Figure 9. (modified from Sezgin et al.,, 2017) Schematic representation of lipid rafts:
dynamic and transient microdomains of the plasma membrane enriched in saturated lipids,
cholesterol, lipidated proteins, and GPI-anchored proteins.

Studies have shown that the loss of lipid raft integrity contributes to
dysfunctional cellular signaling observed in various diseases, including cancer

(Codini et al.,, 2021; Vona et al., 2021; Duranti, 2024). These membrane
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microdomains act as dynamic platforms that facilitate the clustering of
receptors, adhesion molecules, and signaling proteins, thereby contributing to
the activation of key pathways involved in cell proliferation, survival, migration,
and invasion. In epithelial tumors, lipid raft integrity appears to be essential for
the establishment of multiple aberrant signaling pathways originating at the
plasma membrane, ultimately leading to oncogenic outcomes such as
dysregulated proliferation, epithelial-to-mesenchymal transition (EMT), and
cell invasion (Jiang et al., 2019; Mollinedo & Gajate, 2020). In pancreatic ductal
adenocarcinoma (PDAC) cells, cell survival is supported by sustained
activation of the EGFR/Akt signaling axis, which is maintained through lipid
raft-mediated inhibition of EGFR endocytosis (Gyoten, 2023). Furthermore, it
has been shown that reducing cellular cholesterol levels through statin
treatment impairs PDAC cell proliferation and migration by disrupting lipid raft
organization and leading to dissociation of the B1 integrin~hERG1 channel
complex (Duranti, 2024). The potential involvement of lipid rafts in EMT
acquisition and in migration/invasion processes is further supported by
evidence that key structural proteins of these domains, such as flotillin and
caveolin, may actively promote these cancer hallmarks across various tumor
types (Greenlee, 2021). However, despite growing research interest in this
area, the role of lipid rafts in cancer remains controversial and may be cell type

dependent (Ding, 2019).

The potential involvement of lipid rafts in the acquisition of epithelial-to-
mesenchymal transition (EMT) features and in cell migration/invasion

processes is further supported by evidence that some of their key structural
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proteins, such as flotillin and caveolin, can actively promote these cancer-

related traits in various tumor contexts (Greenlee, 2021).

However, despite growing research interest in this field, the role of lipid rafts in

cancer remains controversial and may be highly dependent on the specific cell

type.

It has been shown that, under physiological conditions, FGFRs, including
FGFR2c, are localized and activated within lipid rafts (Bryant et al., 2009).
From these membrane microdomains, FGFR2c is capable of initiating signal
transduction, suggesting that lipid rafts can serve as functional platforms for its

tyrosine kinase activity.

Additionally, TRP channels, including TRPAL, have been demonstrated to
associate with lipid rafts, which in turn modulate their function (Horvath et al.,
2021; Bobkov & Semenova, 2022). This implies that lipid rafts may act as
regulatory hubs for TRP channel activity and responsiveness to extracellular

stimuli.

Therefore, it is reasonable to hypothesize a complex interplay between
FGFRs, TRP channels, and lipid rafts, which could contribute to the

emergence of aberrant receptor signaling during carcinogenesis.
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Aims

On the light of all these evidences, in this thesis project we have proposed:

To assess the contribution of TRPAL in the triggering of FGFR2c oncogenic

signaling and in the establishment of its tumorigenic outcomes

To assess the role played by the Lipid Rafts in FGFR2c-dependent
exacerbation of PDAC cell tumorigenic traits (EMT and cell invasion),

assessing the possible involvement of TRPAL in this multiple interplay.
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2. Materials and Methods

2.1 Cells and treatments

The pancreatic adenocarcinoma cell line PANC-1 and MIA PaCa-2, purchased
from American Type Culture Collection (ATCC), were cultured in DMEM 10%
bovine fetal serum (FBS) plus antibiotics. Cellular clones stably silenced for
TRPA1, were generated taking advantage of the use of Third-Generation
Lentiviral Vectors, the most valid tool for stable modulation of target gene
expression in mammalian cells. This strategy will allow to stably silence TRPAL
gene in PANC-1 and MiaPaCa-2 cells, using the specific short hairpin RNAs
(shRNA), cloned into a lentiviral transfer plasmid. Packaging plasmids (pSAX2
and pMD2.G) and the transfer plasmids will be co-transfected in HEK293T
cells and virus-containing supernatants will be collected after 48h and used for
transduction of PANC-1 and MiaPaCa-2 cells. Clone selection was finally
performed using blasticidin (Merck, S-15205-25MG). For TRPAL silencing,
clones were transiently transfected with TRPAL1 small interfering RNA (Santa
Cruz Biotechnology, Dallas, TX, USA; sc-44780), or stably transfected with
PKCe Plasmid shRNA (h) vector (Santa Cruz Biotechnology, Inc., CA, USA;
SC-36251-SH), with Bek/FGFR2 shRNA (h) (Santa Cruz, SC-29218-V) or an
unrelated siRNA/shRNA as a control, using Lipofectamine 2000 transfection
reagent (Life Technologies, Carlsbad, CA, USA; 11668-019). For the
overexpression of TRPAl1 and FGFR2c, cells were transfected with

pcDNA3.1+hsTRPA1 myc dTom (Addgene, Watertown, MA, USA; plasmid
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#183179) and with pCl-neo expression vector containing human FGFR2c
(FGFR2c) using JetPei DNA Tranfection Reagent (Polyplus Transfection,
llIkirk, France; 101-42N) according to the manufacturer’s protocol. For growth
factor stimulation, cells were left untreated or incubated with FGF2
(PeproTech, London, BFGF 100-188) 25 ng/mL for 24 hours, 100 ng/mL for 1
hour, or 10 minutes at 37°C. For inhibition of TRPAL activity , cells were pre-
incubated with a specific blocker of TRPA1l channels, A-967079
(MedChemExpress, Monmouth Junction, NJ, USA; HY-108463). For the
inhibition of proteasomal or lysosomal degradation activity, cells were
incubated with 10nM bortezomib (BZ) (Sigma-Aldrich, Saint Louis, MO, USA,
Cat. N 5.04314) for the last 3 h or with 10 yM chloroquine (Sigma Aldrich, Cat.
N. C6628). For perturbation of Lipid Raft cells, they were incubated with
Cyclodextrin (MBCD) (Sigma-Aldrich; St. Louis, Missouri, USA; C4555) at 5

UM for 20 min or 2.5 uM for 24 h at 37°C.

2.2 MTT assay

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay
protocol was previously described (Mosmann ,1983) and was used to
determine the MBCD concentration to be used for a long time. Briefly, cells
were incubated for 3 h with MTT solution 5 mg/ml in DMEM, washed with PBS
and then incubated with of 100 ul DMSO, gently shaking for 5 minutes.

Absorbance was read on the GloMax plate reader. Results are reported as

33



mean values + SD from three different experiments in triplicate and all were

normalized on blank.

2.3 Cholesterol extraction by high-performance thin

layer chromatography (HPTLC)

Cells, previously treated or untreated with different concentrations of MBCD,
were lysed in a lysis buffer containing 1% Triton X-100 for 20 minutes at 4 °C.
After determining protein concentration, the lysate was subjected to
cholesterol analysis. Neutral lipid extracts were separated by HPTLC using a
solvent system composed of hexane/diethyl ether/acetic acid (70:30:1, v/v/v)
and detected by staining with a 2% copper acetate solution in 8% phosphoric
acid, followed by heating at 120 °C for 15 minutes. Quantification was
performed using NIH Image 1.62 software (Mac OS X, Apple Computer
International). The HPTLC analyses for cholesterol determination were carried
out in collaboration with Prof. Garofalo at the Policlinico Umberto |, Department

of Experimental Medicine.

2.4 Immunofluorescence

Cells were grown on coverslips, fixed with 4% paraformaldehyde in PBS for 30
min at 25 °C followed by treatment with 0.1 M glycine for 20 min at 25 °C and

with 0.1% Triton X-100 for an additional 5 min at 25 °C to allow
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permeabilization. Cells were then incubated with the following primary
antibodies: monoclonal antibody anti-vimentin (1:50 in PBS; Dako, Glostrup,
Denmark; M0725) Cholera Toxin B subunit FITC conjugate (CTxB-FITC) (1:50
in PBS, Sigma-Aldrich; St. Louis, Missouri, USA; C1655) for 1 h at 25° C;
polyclonal antibodies anti-Bek (H-80) (1:25 in PBS, Santa Cruz Biotechnology,

Inc., Santa Cruz, CA, USA; sc-20735) for 1 h at 4° C.

The quantitative evaluation of cell morphological changes in PANC-1 and
MIAPaCa-2 cells was assessed by Fiji ImageJ software (version 1.54h)
(Schindelin et al, 2012). Cell circularity index was calculated as 41 x
(area)/(perimeter)?, where a score of 1 corresponded to a circular shape, and
smaller scores corresponded to a progressively elongated shape. Binary
images were created by thresholding the images to remove background noise.
Then, measurements were performed on the binary images considering, for
each sample, 100 randomly chosen cells from 3 independent experiments

(Nurmagambetova et al, 2023). Results are expressed as mean values + SD.

Quantitative analysis of vimentin fluorescence intensity and that of FGFR2
colocalization with cholera toxin-FITC were performed using dedicated
functions of the Axiovision software (Zeiss), delimiting single cell areas with
Imaged in 5 fields from 3 independent experiments. For Fluorescence intensity
analysis, the results were expressed as mean values + SD and reported in
graph as fold change respect to the control value. For colocalization analysis,

the results were expressed as mean percentage + SD.
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2.5 Isolation of Triton X-100 soluble and insoluble

fractions

Triton X-100-soluble and —insoluble fractions were isolated according to
Skibbens et al. (Skibbens et al.,, 1989). Cells, either ligand-treated or
untreated, were lysed in 1 mL of extraction buffer (25 mM HEPES, pH 7.5, 0.15
M NacCl, 1% Triton X-100, and 100 U/mL aprotinin) for 20 min on ice. Lysates
were collected and centrifuged for 2 min in a Brinkmann microcentrifuge at
12,000 rpm at 4 °C. The supernatants, containing Triton X-100-soluble
material, were collected, while the pellets were subjected to a second
centrifugation (30 s) to remove residual soluble material. Pellets were then
solubilized in 100 pL of buffer containing 50 mM Tris-HCI, pH 8.8, 5 mM EDTA,
and 1% SDS. DNA was sheared by passage through a 22-gauge needle.
Triton X-100-insoluble and —soluble fractions were considered as raft and non-
raft fractions, respectively, as confirmed by Western blot analysis using a

polyclonal anti-flotillin antibody.

Isolation of Triton X-100-soluble and —insoluble fractions was performed in
collaboration with Prof. Manganelli at the Policlinico Umberto I, Department of

Experimental Medicine.
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2.6 Immunoprecipitation

Cellular pellets were lysed as previously described (Manganelli et al., 2018).
The lysates were mixed with protein A/G-conjugated acrylic beads (Sigma-
Aldrich, St. Louis, Missouri, USA; P3296) and rotated for 2 hours at 4 °C to
remove nonspecific binding. After centrifugation (500 x g for 1 minute), the
supernatant was collected and subjected to immunoprecipitation with mouse
Bek/FGFR2 (C-8) antibodies (sc-6930, Santa Cruz) and protein A/G-
conjugated acrylic beads. A mouse IgG isotype control (Sigma-Aldrich, St.
Louis, Missouri, USA; 15006) was used as a negative control. The
immunoprecipitates (IPs) were divided into two aliquots: the first was analyzed
by Western blot for FGFR2 or TRPA1l detection, while the second was
analyzed by dot blot for GM1 detection. Immunoprecipitation was carried out
in collaboration with Prof. Manganelli at the Policlinico Umberto |, Department

of Experimental Medicine.

2.7 Western blot analysis

Cells were lysed in RIPA Lysis and Extraction Buffer (Life Technologies,
Carlsbad, CA, USA; 89900) supplemented with protease inhibitors (Life
Technologies, Carlsbad, CA, USA; A32953) and phosphatase inhibitors (Life

Technologies, Carlsbad, CA, USA; A32957). A range of 20 to 80 ug of total
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protein was resolved under reducing conditions by 8 or 12% SDS-PAGE and
transferred to reinforced nitrocellulose (Life Technologies, Carlsbad, CA, USA;
NW04120). The membranes were blocked with EveryBlot Blocking Buffer (Bio-
Rad Laboratories, Hercules, CA, USA, 12010020) and incubated with anti-
Flotillin (Abcam Cambridge, UK; ab13493), anti-E-cadherin (GT311 GeneTex,
Irvine, CA, USA), anti-vimentin (M0725, Dako, Glostrup, Denmark), anti-alpha-
smooth muscle actin (1A4,Thermo Scientific, Rockford, IL, USA), anti-
phospho-fibroblast growth factor receptor substrate 2 a (FRS2-a) (Tyr196)
(Cell Signaling Technology, Beverly, MA, USA, #3864), the anti-
phosphosarcoma kinase (Src) family (Tyr416, D49G4) (Cell Signaling
Technology, Beverly, MA; USA, #6943), anti-TRPC1 (Santa Cruz; #SC-
133076) monoclonal antibodies or anti-p-MTOR (Ser 2448; Cell Signaling;
5536S), anti-p-p44/42 mitogen-activated protein kinase (MAPK) (p-ERK1/2)
(Thr202/Tyr204; Cell Signaling; 9101S), anti-Bek (Santa Cruz Biotechnology;
C17, sc-122), anti-p-S6K (ser 371, Cell Signaling, #9208), anti p-PKCe
(Ser729, Abcam, Cambridge, UK; ab63387), anti-myeloid cell leukemia 1 (Mcl-
1) (D35A5) (Cell Signaling; #5453), anti-TRPA1 (Abcam; #ab62053), and anti-
TRPM8 (Abcam; #ab3243) polyclonal antibodies. The membranes were
stripped as reported (Ranieri et al., 2021) and probed again with antip44/42
MAPK (ERK1/2) (Cell Signaling; 4695S), anti-S6K (Cell Signaling; #9202),
anti-PKCe (Abcam; #ab124806), anti-FRS2 (H-91) (Santa Cruz Biotechnology;
sc-8318), anti-a/B-tubulin (Cell Signaling; 2148S), anti-HSP90 (Proteintech
Inc., Rosemont, IL, USA,13171-1-AP), anti-MTOR (Cell Signaling; #2983S)
polyclonal antibodies or anti-Src (Cell Signaling; #36D10), and anti-ACTB
(Sigma-Aldrich; A5441) monoclonal antibodies for protein equal loading.

Densitometric analysis was performed using Quantity One Program version
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4.6.8 (Bio-Rad). The resulting values from three different experiments were
normalized, expressed as fold increase respect to the control value and
reported in graph as mean values + standard deviation (SD). Student's t test

was performed, and significance levels have been defined as P < 05.

2.8 RNA extraction and cDNA synthesis

Total RNA from PANC-1 and MiaPaCa-2 cells was extracted using the TRIzol
method (Invitrogen, 15596018) according to the manufacturer’s instructions
and eluted with 0.1% diethylpyrocarbonate (DEPC)-treated water. The total
RNA concentration was quantitated by spectrophotometry; 1 ug of total RNA
was used for reverse transcription using the iScriptTM cDNA synthesis kit (Bio-

Rad, T100 Thermal Cycler) according to the manufacturer’s instructions.

2.9 Primers

Oligonucleotide primers necessary for target genes and the housekeeping
gene were chosen by using the online tool Primer-BLAST (Ye J. et al., 2012)
and purchased from Invitrogen. The following primers were used: for the Snaill
target gene: 5'GCTGCAGGACTCTAATCCAGA-3’ (sense), 5'-
ATCTCCGGAGGTGGGATG3' (antisense); for the STAT3 target gene: 5'-
CAGAGATGTGGGAATGGGGGY (sense), 5-TGGCAAGGAG
TGGGTCTCTA-3' (antisense); for the FRA1 target gene: 5'-

GCAGGCGGAGACTGACAAA-3' (sense), for the TRPA1 target gene: 5'-
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TAATGGGAAAGCCACCCCTC-3' (sense) and 5'-
GCACCTTCCCTTCTCCACTG-3', 5-GAACTATTTATCCCCGAGTGCTTG-3'
(antisense); for FGFR2c target gene: 5'-TGAGGACGCTGGGGAATATACG-3'
(sense), 5-TAGTCTGGGGAAGCTGTAATCTCCT-3' (antisense) ; for the 18S
rRNA housekeeping gene: 5-CGAGCCGCCTGGATACC-3' (sense) and
5'CATGGCCTCAGTTCCGAAAA-3' (antisense). For each primer pair, we
performed no-template control and no-reverse-transcriptase control (reverse

transcription [RT]-negative) assays, which produced negligible signals.

2.10 PCR amplification and Real-Time quantification

Real-time RT-PCR was conducted using the iCycler iQ5 real-time detection
system (Bio-Rad) under optimized conditions. Reactions were performed in
96-well plates with iQ™ SYBR® Green Supermix (Bio-Rad, 1708882),
incorporating gene-specific forward and reverse primers, along with 1 pL of
diluted cDNA template, for a total reaction volume of 15 pyL. Each experiment
included a no-template negative control and was carried out in triplicate.
Thermal cycling parameters followed the protocol previously described by
Persechino et al. (2021). Quantitative analysis was carried out using the
iCycler iQ Optical System Software, version 3.0a (Bio-Rad), in accordance

with the manufacturer's guidelines. Data are presented as mean * standard
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deviation (SD) from three independent experiments, each performed in

triplicate.

2.11 Invasion assay

Cell migration assays were performed using 24-well Transwell Boyden
chambers with 8 um pore size inserts (Costar, Cambridge, MA, USA), pre-
coated with Matrigel diluted 1:2 in DMEM (BD Biosciences, Bedford, MA,
USA), as previously reported (Ranieri et al., 2016). Migrated cells were
guantified by counting ten randomly selected microscopic fields per sample
(20x objective) from three independent experiments. Data are expressed as
mean * standard deviation (SD). Statistical analysis was performed using

Student’s t-test, with significance considered at P < 0.05.

2.12 Statistics

Statistical analysis was performed using one-way analysis of variance
(ANOVA) to evaluate overall differences among group means. Pairwise
comparisons between selected groups were subsequently assessed using
Tukey’s multiple comparison test. Statistical significance was defined as a p-

value < 0.05.
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3.RESULTS

3.1 Among the analysed TRPs, TRPALl is a possible

candidate for a functional cross-talk with FGFR2c

To determine whether there could be a potential dependence between TRP
channels and FGFR2c in cells derived from PDAC (pancreatic ductal
adenocarcinoma), we utilized cellular models derived from primary PDAC,
specifically the PANC-1 and MIA PaCa-2 cell lines, previously selected by us
due to their opposing behaviors in the expression of the mesenchymal
FGFR2c variant and the very low levels of the epithelial counterpart FGFR2b

(Ranieri et al, 2021; Ishiwata et al,2012;Ueda et al,2014).

TRPA1, TRPC1, and TRPM8 were chosen for the study, as they represent the
TRP channels predominantly expressed in PDAC tumors and cells (Cojocaru
et al, 2021, Schnipper et al,2022;Mesquita et al 2021; Hofschroer et al 2021;

Hwang et al,2019).

Repression of FGFR2c signaling and its main downstream signaling molecule,
PKCe, was achieved by depleting FGFR2 and PKCe through stable
transfection with specific short hairpin RNAs (shRNAs) targeting FGFR2 and

PKCe. Molecular analysis performed by real-time RT-PCR on untransfected
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cells confirmed the divergent expression of the mesenchymal FGFR2c
isoform, as well as the negligible expression of the epithelial FGFR2b variant
(Figure 10A). The efficiency of shRNA-induced gene silencing was then

evaluated by Western blot (Figure 10B).

Western blot analysis conducted on shRNA clones from both PANC-1 and MIA
PaCa-2 cell lines showed that TRPA1 expression, but not that of TRPC1 or
TRPMS8, was reduced following depletion of either FGFR2 or PKCe (Figure
11A). This effect was observed exclusively in PANC-1 cells (Figure 11A),
further supporting the hypothesis of its dependence on high FGFR2c

expression.

These results motivated further investigation aimed at evaluating a potential
functional interaction between the TRPAL channel and the FGFR2c receptor.
For this purpose, the influence of prolonged FGFR2c-mediated signaling on

TRPAL expression was analyzed.

PDAC-derived cells were stimulated for 24 hours with FGF2, a ligand that
selectively binds FGFR2c without interacting with its epithelial isoform
FGFR2b. Biochemical analysis showed a repressive effect on TRPAL protein
levels (Figure 11B). The decrease in TRPAL protein was observed only in
PANC-1 cells and was accompanied by a significant downregulation of
FGFR2c, suggesting a possible common fate between receptor and channel.
This refers to the possibility that stimulation with FGF2 induces the recycling
of FGFR2c through a degradative endocytic pathway, which could also be
followed by TRPAL. This mechanism might direct both the receptor and the
channel to lysosomes, where their degradation occurs. To verify this, Western

blot analysis was performed after prolonged stimulation with FGF2 in the
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presence and absence of selective inhibitors for each intracellular degradative
pathway, specifically lysosomal and proteasomal routes. The results revealed
that TRPA1 downregulation depends on its targeting to the proteasome,
whereas FGFR2c downregulation depends on its targeting to lysosomes

(Figure 11C).

Overall, the data obtained, although not demonstrating a direct interaction
between FGFR2c and TRPAL, indicate that high expression and activation of
FGFR2c are essential conditions for the induction of TRPA1 mRNA and the
stability of its protein. Consequently, following significant receptor
downregulation caused either by prolonged ligand stimulation or gene

silencing, TRPAL is likely targeted to the proteasome for degradation.
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Figure 10. Efficiency of stable FGFR2 and PKCze silencing using specific ShRNAs.PANC-
1 and MIA PaCa-2 cells were stably transfected with shRNAs specifically targeting Bek/FGFR2
and PKCe to achieve sustained protein depletion. A non-targeting shRNA (Cx shRNA) was
used as a negative control.(A) Real-time RT-PCR analysis revealed that untransfected PDAC
cell lines express variable levels of the mesenchymal isoform FGFR2c, while the epithelial
variant FGFR2b is expressed at negligible levels. Data are presented as mean +* standard
deviation (SD) from three independent experiments performed in triplicate. p < 0.01.(B) The
efficiency of shRNA-mediated gene silencing was assessed by Western blot analysis.
Densitometric values obtained from three independent experiments were normalized,
expressed as fold change, and plotted as mean + SD. Statistical significance was determined
using Student’s t-test, with the following thresholds: p < 0.05; p < 0.01; p < 0.001.
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Figure 11. FGFR2c expression and the impact of its FGF2-mediated signaling on TRPA1
expression. (A) Western blot analysis showed that gene silencing of FGFR2c or PKCe
modulates TRPAL expression, but not that of TRPC1 or TRPM8. This effect was evident
exclusively in PANC-1 cells, which exhibit high levels of FGFR2c expression. Densitometric
and statistical analyses were performed as described in the Materials and Methods section.
Results are expressed as mean * standard deviation (SD); ***p < 0.001.(B,C) PANC-1 and
MIA PaCa-2 cells were stimulated with FGF2 for 24 hours. (B) Western blot analysis revealed
that, upon FGF2 stimulation, protein levels of TRPA1 and FGFR2c decreased only in PANC-
1 cells. Densitometric and statistical analyses were conducted as previously described; *p <
0.05. (C) PANC-1 cells were stimulated with FGF2 for 24 hours in the presence or absence of
the proteasome inhibitor bortezomib, or in the presence of the lysosome inhibitor chloroquine.
Western blot analysis showed that FGF2-induced downregulation of TRPA1 was reversed in
the presence of the proteasome inhibitor (bortezomib), whereas FGFR2c downregulation was

reversed only in the presence of the lysosome inhibitor (chloroquine). Neither inhibitor
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significantly affected TRPAL or FGFR2c protein levels in unstimulated cells. Densitometric and

statistical analyses were performed as previously described; **p < 0.01; ***p < 0.001.

3.2 TRPA1 contributes to the aberrant signaling of the
FGFR2c/PKCe axis and to the consequent

enhancement of EMT and invasive traits

Recent studies have shown that, when highly expressed in PDAC cells,
FGFR2c activates an aberrant signaling pathway transduced by PKCeg, which
simultaneously contributes to inhibiting mTOR-dependent autophagy and
enhancing EMT, directly converging on and amplifying ERK1/2 signaling
(Ranieri et al., 2021; Ranieri et al., 2022).

To evaluate the contribution of TRPA1 to this aberrant signaling, transient
gene silencing of TRPAL was performed in PANC-1 and MIA PaCa-2 cell lines
using specific small interfering RNAs (siRNAS). A transient transfection with an
unrelated siRNA (CxRNA) was used as a negative control. The efficiency of
gene silencing was assessed by quantitative RT-PCR (Figure 12A) and
Western blot analysis (Figure 12B).

Further Western blot analyses revealed that the transient depletion of the
channel did not affect FGFR2c expression, either at the mRNA or protein level,
unlike what was observed for TRPAL expression following FGFR2c silencing
(Figures 12C, D).

Western blot analysis of cells stimulated with FGF2 showed that TRPA1
silencing suppressed FGF2-induced phosphorylation of the FRS2 platform that
internally binds FGFR2c, as well as that of PKCe and ERK1/2, in addition to
MTOR and its substrate S6K (Figure 12E), indicating a general inhibitory effect
on all FGFR2c-mediated oncogenic signaling pathways.
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Figure 12. TRPA1 depletion interferes with FGFR2c oncogenic signaling. PANC-1 and
MIA PaCa-2 cells were transiently transfected with TRPA1-specific SiRNA or unrelated siRNA
(Cx siRNA), used as a negative control, and then either left untreated or stimulated with FGF2
to induce FGFR2c activation and signaling. Gene silencing efficiency was assessed by real-
time RT-PCR (A) and Western blot analysis (B); *p < 0.05; **p < 0.01.Western blot analysis
showed that TRPA1 depletion did not affect FGFR2c expression at either the mRNA (C) or
protein (D) level.(E) Biochemical analysis revealed that, only in PANC-1 cells, TRPAL silencing
suppressed the FGF2-mediated phosphorylation of the FGFR2c-associated signaling platform
FRS2, as well as that of PKCe and ERK1/2, in addition to mTOR and its substrate S6K.Results
are expressed as mean = SD. Densitometric and statistical analyses were performed as
described in the Materials and Methods section; *p < 0.05; ***p < 0.001.

We next focused on the effects of TRPAL depletion on the EMT phenotype,
which, as previously demonstrated, is enhanced by activation of the
FGFR2c/PKCe axis in cells with high FGFR2c expression (Ranieri et al.,
2021).Western blot analysis revealed that the decrease in the epithelial marker
E-cadherin and the increase in the mesenchymal marker vimentin, both
induced by FGF2 stimulation in PANC-1 cells, were significantly counteracted
by TRPAL depletion (Figure 13A).A similar effect was also observed in terms
of cellular morphological changes (loss of cell-cell adhesion and acquisition of
a spindle-shaped morphology) detected in PANC-1 cells in response to FGF2
(Figure 13B).
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Figure 13. TRPAL1 depletion affects the FGFR2c-mediated enhancement of the EMT
phenotype in response to FGF2. PANC-1 and MIA PaCa-2 cells were transfected with
TRPAL1-specific siRNA or control (Cx) siRNA, and subsequently left untreated or treated with
FGF2 for 24 hours. (A) Western blot analysis showed that, only in PANC-1 cells, the FGF2-
induced decrease in the epithelial marker E-cadherin and increase in the mesenchymal marker
vimentin were counteracted by TRPA1 gene silencing. No significant changes in E-cadherin
or vimentin expression were observed in MIA PaCa-2 cells. Results are expressed as mean *
SD. Densitometric and statistical analyses were performed as described in the Materials and
Methods section; *p < 0.05. (B) Immunofluorescence analysis showed that the effects of FGF2
stimulation — including changes in cell morphology (loss of adhesion and acquisition of a
spindle-like shape) and increased vimentin staining intensity — observed only in PANC-1 cells,
were reversed following TRPAL depletion. Scale bar: 10 uym. Quantitative analysis of cell
circularity and statistical evaluation were performed as described in the Materials and Methods
section; **p < 0.01.

Additional biochemical analyses revealed that TRPA1 protein depletion also
had a negative impact on the increased expression levels of the anti-apoptotic
protein MCL-1 and on SRC phosphorylation (Figure 14A); both events were
observed exclusively in PANC-1 cells in response to FGF2 stimulation. The
MCL-1/SRC pathway is widely recognized as a key regulator of cell
invasiveness in several types of cancer (Young et al., 2016; Roskoski et al.,
2015), including PDAC (Will et al., 2014), for which we recently demonstrated
a dependency on the FGFR2c/PKCe axis (Ranieri et al., 2022). Based on this
evidence, we investigated whether TRPA1 might also contribute to the
enhancement of MCL-1/SRC downstream effects on cell invasion. Using an in
vitro assay with Matrigel-coated Boyden chambers, we found that TRPA1
depletion was sufficient to attenuate the FGF2-induced increase in cell

invasion, an effect observed only in PANC-1 cells (Figure 14B).
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Figure 14. TRPAl repression counteracts FGF2-mediated cell invasion. PANC-1 and MIA
PaCa-2 cells were transfected with TRPA1-specific sSiRNA or control (Cx) siRNA and then
treated or not with FGF2 for 24 hours. (A) Western blot analysis showed that the increase in
MCL-1 levels and SRC phosphorylation, observed only in PANC-1 cells after FGF2
stimulation, was counteracted by TRPAL gene silencing. Densitometric analysis and statistical
evaluation were performed as reported in the Materials and Methods section; *p < 0.05; ***p
< 0.001. (B) PANC-1 and MIA PaCa-2 cells transfected with TRPA1 siRNA or control (Cx)
SiRNA were seeded on Matrigel-coated Boyden chamber filters. After 24 hours, FGF2 was
added to the lower chamber for 48 hours to stimulate cell chemotaxis. Cell invasion in
response to FGF2, visible only in PANC-1 cells, was strongly reduced by TRPA1 depletion.
Quantitative analysis and statistical evaluation were performed as reported in the Materials
and Methods section; ***p < 0.001; scale bar: 50 ym.

To determine whether these effects depended on a pore-dependent or pore-
independent function of TRPAL, we used a highly selective TRPAL antagonist,
A-967079 (Koivisto et al., 2018), which has been effectively used to inhibit
TRPAL in the same PANC-1 cell model (Cojocaru et al., 2021). To ensure
effective channel inhibition in PANC-1 cells, the same experimental conditions
previously confirmed by calcium microfluorimetry assays were applied
(Cojocaru et al.,, 2021). Parallel biochemical and immunofluorescence
analyses demonstrated that specific inhibition of TRPA1’s pore function did not
affect the response of PANC-1 cells to FGF2 in terms of modulation of E-
cadherin and vimentin (Figure 15A) and cellular morphological changes
(Figure 15B). Moreover, it had no effect on activation of the MCL-1/SRC
pathway, being ineffective against the FGF2-induced increase in MCL-1
protein expression and SRC phosphorylation (Figure 16). These results
suggest that all effects observed upon TRPA1l depletion on oncogenic
outcomes mediated by the FGFR2c/PKCe axis derive from a pore-independent
function of the channel, the nature of which remains a complex and open topic

to be further explored in future studies.
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Figure 15. The channel-dependent function of TRPAL1 is not required for its contribution
to both the FGF2-mediated enhancement of the EMT signature and cell invasion. PANC-
1 and MIA PaCa-2 cells were pretreated with the selective TRPAL pore function inhibitor (A-
967079) for 1 hour and then either left untreated or treated with FGF2 for 24 hours. (A) Western
blot analysis showed that inhibition of TRPA1 pore function did not affect the response of
PANC-1 cells to FGF2 in terms of modulation of E-cadherin/vimentin toward EMT
enhancement. Densitometric analysis and statistical evaluation were performed as reported in
the Materials and Methods section; * p < 0.05; *** p < 0.001. (B) Immunofluorescence analysis
showed that the effects of FGF2 on PANC-1 cells, in terms of morphological changes and
increased vimentin staining intensity, were not affected by the TRPAL inhibitor. Scale bar: 10
um. Quantitative analysis of cell circularity and statistical evaluation were performed as
reported above; ** p < 0.01.
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Figure 16. The channel-dependent activity of TRPA1 is not required for its involvement
in cell invasion. PANC-1 and MIA PaCa-2 cells were pre-treated with the selective TRPA1
pore function inhibitor (A-967079) for 1 hour and then left untreated or treated with FGF2 for
24 hours. Western blot analysis showed that the TRPA1 inhibitor did not affect the increase in
MCL-1 levels or SRC phosphorylation, which were observed only in PANC-1 cells after FGF2
stimulation. Densitometric analysis and statistical evaluation were performed as described
above; * p < 0.05; *** p < 0.001.
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3.3 Ligand-dependent signaling of FGFR2c requires

intact lipid rafts

To investigate the receptor distribution on the cell surface and its possible
relocalization following activation, PANC-1 cells transiently overexpressing
FGFR2c (PANC-1/FGFR2c) were stimulated with FGF2 for 1 hour at 4°C in
order to induce receptor activation at the plasma membrane while preventing
its internalization. The efficiency of FGFR2c transient transfection was

assessed by Western blot analysis (Fig. 17A).

In immunofluorescence assays, surface FGFR2c was detected using an
antibody directed against the extracellular portion of the receptor, whereas lipid
rafts were visualized with CTxB-FITC, which labels the monosialoganglioside
GM1, a well-established marker of lipid rafts (Kenworthy et al., 2021).
Quantitative immunofluorescence analysis revealed that, in unstimulated cells,
FGFR2c exhibited minimal colocalization with CTxB-FITC; conversely, ligand
stimulation resulted in a significant increase in colocalization (Fig. 17B).
Moreover, receptor relocalization within lipid rafts was further suggested by a
change in its plasma membrane distribution pattern, which appeared
predominantly punctate following FGF2 treatment (Fig. 17B, right panels).

These findings were further supported by biochemical fractionation
experiments on Triton X-100—soluble and —insoluble fractions. Western blot
analysis showed that, in the insoluble fractions—corresponding to the lipid raft
domains—the band corresponding to FGFR2c (120 kDa) was markedly
increased after FGF2 stimulation. In contrast, the corresponding band in the
TX-100-soluble fractions, although more intense overall, remained unaffected
by ligand stimulation (Fig. 17C).
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Figure 17. The amount of FGFR2 in lipid rafts increases after its ligand-dependent
activation. PANC-1 cells transiently transfected with the pCl-neo-FGFR2c expression
plasmid (PANC-1 FGFR2c) were left untreated or stimulated with FGF2 for 1 hour at 4°C to
induce receptor activation while preventing its internalization. (A) Western blot analysis
showed that the 120 kDa band corresponding to FGFR2 was more prominent in cells
transiently transfected with the FGFR2c variant. Equal protein loading was verified using an
anti—B-actin (ACTB) antibody. For densitometric analysis, values obtained from three
independent experiments (n = 3) were normalized, expressed as mean + SD, and reported as
fold change relative to control. Statistical significance was determined using Student’s t-test,
with significance levels set at p < 0.05; *p < 0.01. (B) Quantitative immunofluorescence
analysis was performed using the anti-FGFR2 bek H80 antibody, directed against the
extracellular domain of the receptor, and CTxB-FITC, which binds the monosialoganglioside
GM1. Nuclei were counterstained with DAPI. Colocalization analysis was conducted by
imaging cells with an ApoTome System (Zeiss) and analyzing images from two independent
experiments (n = 2) using Axiovision software (Zeiss). FGF2 treatment increased the
colocalization of FGFR2c with GM1 and altered the plasma membrane distribution of the
receptor from continuous to punctate. Colocalization values are expressed as mean
percentage + SD. Statistical analysis was performed using Student’s t-test, with significance
levels defined as p < 0.05; *p < 0.001. Scale bars: 10 um. (C) PANC-1 FGFR2c cells were
lysed to obtain Triton X-100-soluble and —insoluble fractions. Fractionation efficiency was
verified by assessing the distribution of the lipid raft marker flotillin. Western blot analysis
showed a significant increase in FGFR2c levels in the insoluble fraction following receptor
activation with FGF2. Densitometric analysis was performed as described; p < 0.05.

Subsequently, we investigated the role of lipid raft integrity in FGFR2c-
mediated oncogenic signaling by using the well-known lipid raft—disrupting
agent methyl-B-cyclodextrin (MBCD) (Galbiati et al., 2001). To establish the
most suitable experimental conditions for achieving effective cholesterol
depletion both in the short and long term, PANC-1 cells were treated with
different concentrations of MBCD and for various incubation times (Fig. 18A,
B). The results confirmed that treatment with 5 yM MBCD for 20 minutes, as
previously reported (Garofalo et al., 2018), induced a significant reduction in
cellular cholesterol content (Fig. 18A) without affecting cell viability (Fig. 18B).
For prolonged treatments (24 h), a concentration of 2.5 yM MBCD was
selected based on its effects on cholesterol efflux and cell viability (Fig. 18A,

B). The effects of MBCD on early FGFR2c signaling were then analyzed by

58



comparing PANC-1 cells, which express high levels of FGFR2c, with MIA
PaCa-2 cells, which express very low levels of the receptor, as previously
demonstrated (Ranieri et al., 2021). Biochemical analyses revealed that
FGFR2 expression levels were not affected by lipid raft perturbation (Fig. 18C).
Conversely, in PANC-1 cells only, disruption of lipid rafts led to a marked
reduction in FGF2-induced phosphorylation of FRS2, as well as of PKCe and
the downstream substrates ERK1/2 (Fig. 18C). A comparable decrease in
phosphorylation/activation was also observed for mTOR and its downstream
target S6K (Fig. 18C), indicating a general inhibition of FGFR2c-mediated
signaling. As expected, MIA PaCa-2 cells did not show any significant
response to FGF2 stimulation, nor detectable changes following lipid raft
perturbation (Fig. 18C).
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Figure 18. Lipid raft perturbation by MBCD inhibits FGFR2c-mediated oncogenic
signaling. (A, B) PANC-1 cells were treated with the indicated concentrations of methyl-3-
cyclodextrin (MBCD) for the specified time intervals. Subsequently, the cells were processed
for free cholesterol (CHOL) analysis (A) or for the MTT viability assay (B), as described in
Materials and Methods. (A) For densitometric analysis of cholesterol levels, values obtained
from two independent experiments (n = 2) were expressed as mean + SD and represented in
the graph as fold change relative to the control value. (B) Cell survival rate was expressed as
the mean optical density (O.D.) obtained from three independent experiments (n = 3) + SD.
The concentrations of 5 mM for 20 minutes and 2.5 mM for 24 hours were selected for short-
term and long-term experiments, respectively. Student’s t-test was performed, and statistical
significance levels were defined as p < 0.05: p < 0.05; p < 0.01; p < 0.001. (C) PANC-1 and
MIA PaCa-2 cells were treated with 5 mM MBCD for 20 minutes and either left untreated or
stimulated with FGF2 for 10 minutes at 37°C to induce receptor activation and downstream
signaling. Western blot analysis shows that, only in PANC-1 cells, lipid raft perturbation inhibits
phosphorylation of the FGFR2c signaling platform FRS2, as well as phosphorylation of PKCg,
ERK1/2, mTOR, and its substrate S6K. MIA PaCa-2 cells, which express very low levels of
FGFR2c, did not display significant changes in substrate phosphorylation/activation, either in
response to FGF2 or to lipid raft perturbation. Densitometric analysis was performed as
described in Figure 1: p < 0.05; p < 0.01.
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3.4 Lipid raft perturbation by MBCD affects the
FGFR2c-mediated enhancement of the EMT phenotype

in response to FGF2

To investigate the downstream events triggered by FGFR2c signaling and their
dependence on lipid raft integrity, PANC-1 and MIA PaCa-2 cells were treated
or left untreated with FGF2 for 24 hours in the presence of 2.5 mM MBCD.
Real-time RT-PCR analysis showed that, only in PANC-1 cells, the previously
reported increase in the EMT-associated transcription factors Snaill, STAT3,
and FRA1 (Ranieri et al., 2021) was significantly reduced following MBCD
treatment (Fig. 19A). These results suggest that lipid raft disruption interferes

with the amplification of the EMT phenotype induced by FGFR2c.

Consistently, parallel biochemical and immunofluorescence experiments
revealed that the decrease in the epithelial marker E-cadherin and the increase
in the mesenchymal marker vimentin, induced by FGF2 stimulation exclusively
in PANC-1 cells, were significantly reduced by MBCD pre-treatment (Fig. 19B,
C).

Conversely, the expression of these EMT markers did not show significant
variations in MIA PaCa-2 cells, confirming that their modulation strictly
depends on FGFR2c expression and activation (Fig. 19B, C).

Another hallmark of cancer, closely related to EMT, is the invasive behavior,
which has previously been correlated with MCL-1 induction and SRC
phosphorylation/activation in PDAC cells (Ranieri et al., 2022). Interestingly,
SRC family members are known to participate in EMT processes in several
cancer types (Young et al., 2019; Ortiz et al., 2021), including PDAC, and their
activation through lipid rafts confers invasive potential to epithelial cancer cells
(Castillo et al., 2021). In line with these observations, we found that the
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increase in MCL-1 protein levels and SRC phosphorylation (Fig. 20A), as well
as the consequent enhancement of cell invasiveness (Fig. 20B) induced by
FGF2 treatment in PANC-1 cells, were significantly reduced by MBCD
treatment (Fig. 20A, B). The effect of MBCD on cell invasion was comparable
to that observed after stable silencing of FGFR2c by shRNA (Fig. 20B).

No significant changes in MCL-1/SRC signaling or cell invasiveness were
detected in MIA PaCa-2 cells in response to FGF2 stimulation, regardless of
lipid raft perturbation or FGFR2c depletion (Fig. 20A, B).
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Figure 19. Lipid raft perturbation by MBCD affects the FGFR2c-mediated enhancement
of the EMT phenotype in response to FGF2. PANC-1 and MIA PaCa-2 cells were treated
or not with FGF2 for 24 hours at 37°C, in the presence or absence of 2.5 mM MBCD. (A) Real-
time RT-PCR analysis shows that the induction of EMT-related transcription factors (Snaill,
STATS3, and FRAL) in response to FGF2 stimulation is detectable only in PANC-1 cells and is
reduced by MBCD treatment. mMRNA levels are expressed as mean values + SD (h = 3) and
shown in the graph as fold change relative to control. Student’s t-test was performed, with
significance levels defined as p < 0.05: p < 0.05; p < 0.01; p <0.001. (B) Western blot analysis
reveals that, only in PANC-1 cells, the decrease of the epithelial marker E-cadherin and the
increase of the mesenchymal marker vimentin induced by FGF2 stimulation are counteracted
by lipid raft perturbation. In MIA PaCa-2 cells, the expression of EMT-related genes E-cadherin
and vimentin does not show significant variations. Densitometric analysis was performed as
described above: p < 0.05; p < 0.001. (C) Quantitative immunofluorescence analysis shows
that the increase in immunostaining intensity for the mesenchymal marker vimentin, observed
only after FGF2 stimulation in PANC-1 cells, is inhibited by MBCD treatment. In MIA PaCa-2
cells, vimentin fluorescence intensity does not vary significantly, regardless of FGF2 and/or
MBCD treatment. Quantitative fluorescence intensity analysis was performed as described in
Materials and Methods. Results are expressed as mean values + SD and shown in the graph
as fold change relative to the control. Student’s t-test was performed, with significance levels
defined as p < 0.05: p < 0.05; p < 0.001.Scale bars: 20 um.
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Figure 20. Lipid raft perturbation by MBCD counteracts FGF2-mediated cell invasion.
PANC-1 and MIA PaCa-2 cells were treated or not with FGF2 for 24 hours at 37°C, in the
presence or absence of 2.5 mM MBCD. (A) Western blot analysis shows that the increase in
MCL-1 expression and SRC phosphorylation (Tyr416 site), observed only in PANC-1 cells in
response to FGF2, is significantly reduced by lipid raft perturbation. Densitometric analysis
was performed as described above: p < 0.05. (B) In vitro invasion assay was performed on
PANC-1 and MIA PaCa-2 cells stably transfected with a non-targeting shRNA (PANC-1 Cx
ShRNA; MIA PaCa-2 Cx shRNA) or with shRNA specific for FGFR2c (PANC-1 FGFR2c
ShRNA; MIA PaCa-2 FGFR2c shRNA) to achieve FGFR2c depletion. Cells were stimulated
with FGF2 in the presence or absence of MBCD, as described above. The increase in cell
invasion in response to FGF2, observed only in PANC-1 cells, was significantly reduced by
lipid raft perturbation. The effect of MBCD is comparable to that observed after FGFR2c
depletion. No significant effects were observed in MIA PaCa-2 cells in response to FGF2,
regardless of lipid raft perturbation or FGFR2c depletion. Quantitative analysis was performed
by counting migrated cells in 10 microscopic fields for each sample from two independent
experiments (n = 2). Results are expressed as mean + SD. Student’s t-test was performed,
with significance defined as p < 0.05: p < 0.05. Scale bar: 20 um.

3.5 TRPALl is required for the recruitment of the

activated receptor within lipid rafts

It has been recently shown that the expression of the cation channel TRPAL
is necessary for FGFR2c-mediated oncogenic effects in PDAC cells (Mancini
et al., 2024). However, although the role of this channel appeared relevant and
independent of its pore function (Mancini et al., 2024), the molecular
mechanism underlying the TRPA1/FGFR2c crosstalk remains unknown. Since
TRP channels contribute to the compartmentalization of signaling molecules
in plasma membrane domains, including lipid rafts (Bobkov et al., 2022), we
explored the potential role of TRPA1 in directing FGFR2c to lipid rafts. PANC-
1 cells stably transduced with either TRPA1 shRNA or an unrelated shRNA
were transiently transfected with pCl-neo FGFR2c (PANC-1 TRPAl
SshRNA/FGFR2c; PANC-1 Cx shRNA/FGFR2c), stimulated or not with FGF2
for 1 h at 4°C, and then subjected to sucrose gradient fractionation, as
described in Materials and Methods. The efficiency of both stable TRPAl
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knockdown and FGFR2c overexpression was assessed by Western blot
analysis of whole-cell lysates (Fig. 21 A). Biochemical analyses performed on
the extracted fractions showed that TRPA1 silencing impaired the increase of
FGFR2c levels in TX-100-insoluble fractions after FGF2 stimulation (Fig. 21
B).Furthermore, HPTLC analysis to evaluate free cholesterol (CHOL) content
in PANC-1 TRPA1 shRNA and PANC-1 Cx shRNA cells, treated or not with
the TRPA1 antagonist A907079, showed no significant changes in cholesterol
levels (Fig. 22), confirming that TRPAL1 knockdown or functional inactivation
does not affect lipid raft stability. Therefore, results obtained from soluble and
insoluble fractions suggest that TRPA1 is required for FGFR2c recruitment into
lipid rafts following ligand-dependent activation. To clarify the molecular
mechanisms driving this interplay, we investigated whether FGFR2c can
physically interact with TRPAL. To this end, PANC-1 cells overexpressing both
FGFR2c and TRPAL by transient transfection were stimulated or not with
FGF2 for 1 h at 4°C and then subjected to immunoprecipitation using an anti-
FGFR2 antibody (anti-Bek C8). Western blot analysis of cell
immunoprecipitates revealed that the band corresponding to the molecular
weight of TRPAL was significantly increased after FGF2 stimulation (Fig. 21
C). Therefore, the interaction between FGFR2c and TRPA1 was enhanced by
receptor activation with its ligand. Cell immunoprecipitates were then
transferred onto nitrocellulose strips and analyzed by dot blot using CTxB-
Peroxidase to detect the lipid raft component, the ganglioside GM1. The
results showed that both GM1 and TRPA1 were significantly enriched in the
FGF2-stimulated sample (Fig. 21 D). Overall, the co-immunoprecipitation
experiments indicate that FGFR2c physically interacts with TRPAL; this
interaction is significantly enhanced by receptor activation and may be

essential for its targeting to GM1-enriched lipid rafts.
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Figure 21. TRPAL is required for the recruitment of the activated receptor within lipid
rafts PANC-1 cells, stably transduced with TRPA1 (PANC-1 TRPA1 shRNA) or with a control
ShRNA (PANC-1 Cx shRNA), were transiently transfected with pCl-neo FGFR2c (PANC-1 Cx
ShRNA/FGFR2c; PANC-1 TRPA1 shRNA/FGFR2c), stimulated or not with FGF2 for 1 h at
4°C, and then processed for fraction extraction or immunoprecipitation, as previously
described. (A) Western blot analysis performed on whole cell lysates using anti-Bek and anti-
TRPAL antibodies shows the efficiency of both FGFR2c overexpression and TRPAL silencing.
Densitometric analysis was performed as reported above: *p < 0.05. (B) Western blot analysis
on cell fractions shows that the increase in FGFR2c levels in the total TX-100 insoluble
fraction, induced by FGF2 activation, is not observed in cells where TRPA1 has been silenced.
(C) Western blot analysis of cell immunoprecipitates, obtained using the anti-FGFR2 Bek-C8
antibody, shows that the band corresponding to TRPA1 increases after ligand stimulation. (D)
Dot blot analysis, performed using Cholera Toxin B Subunit-Peroxidase conjugate, anti-
TRPAL antibody, or anti-FGFR2 Bek-C8 antibody, shows that both GM1 and TRPAL are
consistently enriched in the FGF2-stimulated sample. STD = pure GM1 standard.
Densitometric analysis was performed as reported above: *p < 0.05; **** p < 0.0001.
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Figure 22. Lipid raft stability is not affected by TRPA1 silencing or inhibition. PANC-1
cells, stably transduced with TRPA1 shRNA (PANC-1 TRPA1 shRNA) or control shRNA
(PANC-1 Cx shRNA), were treated or not with the TRPA1 antagonist A907079 for 1 h at 37°C.
Free cholesterol (CHOL) analysis by TLC shows that neither TRPA1l expression nor its
channel activity affects lipid raft stability. For densitometric analysis, values from two
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independent experiments (n = 2) were expressed as mean = SD and reported in the graph as
fold change relative to the control. Student’s t-test was performed to assess statistical
significance, with p < 0.05.
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4. Discussion

Pancreatic ductal adenocarcinoma (PDAC) represents one of the most
aggressive malignancies and one of the most resistant to conventional
therapies. The delayed diagnosis, often occurring at advanced stages, limits
therapeutic options mainly to systemic chemotherapy, whose outcomes
remain unsatisfactory due to the development of resistance mechanisms
(Javadrashid et al., 2021; Halbrook et al., 2023; Hennig et al., 2022). Despite
recent advances in understanding the molecular profiles and tumor subtypes
of PDAC—achieved through detailed analysis of tumor specimens and the use
of genetically engineered mouse models (GEMMs)—the complexity of its
biology and the presence of multiple compensatory signaling pathways
continue to pose a major challenge for the identification of effective targeted
therapies (Hosein et al., 2022; Espiau-Romera et al., 2020; Espinet et al.,

2022).

Immunotherapy has also shown limited promise to date (Le et al., 2017;
Balachandran et al., 2019), mainly due to the highly organized structure of the
PDAC stroma, in which cancer-associated fibroblasts (CAFs), macrophages,
and a dense extracellular matrix envelop tumor cells, creating a
microenvironment that fosters intense molecular cross-talk while hindering T
cell infiltration into the tumor core (Liudahl et al., 2021; Vayrynen et al., 2017).
Therefore, identifying the molecular components involved in the tumor—stroma
interaction network could represent a crucial step toward uncovering potential

vulnerabilities of PDAC and disrupting its complex support system.
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Among the therapeutic targets of interest identified in recent years, the
crosstalk between fibroblast growth factors (FGFs) and their receptors
(FGFRs) within the tumor—stromal exchange appears to play a central role
(Zhang et al., 2014; Carter et al., 2021). In particular, the mesenchymal isoform
FGFR2c has been shown to play a key role in regulating oncogenic processes
such as epithelial-mesenchymal transition (EMT), cell survival, and
invasiveness. Its aberrant activation promotes the recruitment of downstream
signaling cascades, including the PKCe—-ERK axis and the MTOR/S6K
pathway, both associated with the maintenance of more aggressive

phenotypes (Ranieri et al., 2021; Ranieri et al., 2022).

Recent studies have also highlighted the specific role of TRP channels in
cancer, suggesting that receptor tyrosine kinases (including FGFRs) may
interact with these channels to define certain cancer hallmarks (Van den
Eynde et al.,, 2021), through both channel-dependent and -independent
functions (Lastraioli et al., 2015; Vrenken et al., 2016). Since TRPA1, TRPC1,
and TRPM8 are among the most overexpressed TRP channels in PDAC
(Cojocaru et al., 2021; Schnipper et al., 2022; Mesquita et al., 2021), this study

focused on their potential role in PDAC.

Biochemical analyses demonstrated that, among the three TRPs investigated,
only TRPAL expression was downregulated at the protein level either following
inhibition of the FGFR2/PKCe¢ axis via stable gene silencing or in response to
sustained activation by prolonged FGF2 stimulation. These effects were

observed exclusively in PANC-1 cells, which exhibit high levels of FGFR2c,
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further supporting the hypothesis of a dependency on this receptor’s

overexpression and aberrant signaling.

Subsequent biochemical evaluation of FGFR2c and TRPAL1 protein levels after
selective inhibition of proteasomal or lysosomal degradation pathways
revealed that these two proteins follow distinct degradation fates upon FGF2
stimulation. However, FGFR2c expression and moderate signaling activity
appear necessary for TRPALl stability, reinforcing the hypothesis of a

functional interdependence between the two.

Although the canonical role of TRPA1 is that of a Ca2"-permeable cation
channel, experimental data suggest that, in PDAC, it may exert a “pore-
independent” function, i.e., independent of its ion channel activity. The
interaction between FGFR2c and TRPAL1 is important for receptor stability and
localization upon activation, significantly influencing the downstream
oncogenic signaling cascades. Indeed, TRPAL silencing was associated with
a marked reduction in the phosphorylation of key components of FGFR2c
signaling (FRS2-PKCe—ERK and MTOR/S6K), suppression of EMT-related
transcription factors (Snaill, STAT3, FRA1), and restoration of the epithelial
phenotype. These effects were accompanied by decreased expression of the
anti-apoptotic protein MCL-1 and reduced SRC phosphorylation, both known

to enhance cellular invasiveness (Ranieri et al., 2022).

Moreover, the use of A-967079, a highly selective TRPA1 antagonist (Koivisto

et al., 2018), clearly demonstrated that all the effects observed upon TRPA1
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silencing—such as increased EMT, morphological changes, and activation of

the MCL-1/SRC pathway—do not require TRPA1 ion channel function.

These findings are consistent with previous evidence from lung
adenocarcinoma, suggesting that cell invasion involves an interaction between
FGFR2 and TRPA1 through a pore-independent mechanism (Berrout et al.,
2017). Conversely, more recent studies have proposed a pore-dependent role
for TRPAL in pro-survival signaling in lung and breast cancers, apparently
independent of FGFR2 involvement (Takahashi et al., 2018). Collectively,
these observations confirm that TRPAL acts as a crucial modulator of aberrant
FGFR2c-mediated signaling, contributing to the acquisition of a more
aggressive neoplastic phenotype. However, the molecular mechanisms
underlying this function remain to be elucidated and warrant further

investigation.

In parallel, our data revealed the importance of cholesterol-rich membrane
domains, known as lipid rafts, in the regulation of FGFR2c-driven oncogenic
signaling. These membrane microdomains play a key role in the spatial
compartmentalization of plasma membrane proteins, including receptor
tyrosine kinases and their intracellular substrates, acting as essential platforms
for signal transduction (Mollinedo & Gajate, 2018; Barbat et al., 2007; Ruzzi et
al., 2024). It is therefore not surprising that the loss of raft integrity can lead to
deregulated signaling, a phenomenon commonly observed in many diseases,

including cancer. However, despite the extensive evidence available, the

74



specific role of cholesterol metabolism and lipid rafts in different tumor contexts

remains controversial (Ding et al., 2019; DuBroff & de Lorgeril, 2015).

Through immunofluorescence and biochemical analyses, we observed that
although FGFR2c is predominantly distributed outside lipid rafts, the receptor
is recruited into these membrane domains upon ligand-dependent activation.
Interestingly, raft disorganization, experimentally induced by cholesterol
depletion through methyl-B-cyclodextrin (MBCD), resulted in inhibition of
FGFR2c-PKCe—ERK1/2 signaling and suppression of the EMT phenotype,

suggesting that lipid raft integrity is essential for FGFR2c oncogenic activity.

Lipid raft disruption also led to reduced expression of key EMT-associated
transcription factors (Snaill, STAT3, and FRAL) and a reversal of epithelial
and mesenchymal marker modulation, consistent with the restoration of an
epithelial phenotype. Thus, lipid raft integrity appears necessary for both
FGFR2c signaling and the enhancement of FGFR2c-mediated EMT. These
observations align with previous data from prostate cancer, where lipid rafts
were identified as essential platforms for sustaining the EGFR/ERK1-2 axis
and promoting EMT (Jiang et al., 2019). The idea that lipid rafts contribute to
EMT is further supported by evidence implicating structural proteins such as
flotillin-1/2 and caveolin-1 in the induction of this hallmark of tumor cells

(Greenlee et al., 2021; Liang et al., 2014; Li et al., 2017).

Moreover, lipid raft disruption via MBCD treatment inhibited MCL-1/SRC

pathway activation and, consequently, the invasive capacity of PANC-1 cells.
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These findings are consistent with prior studies showing a tight association
between lipid rafts, cytoskeletal filament dynamics, and focal adhesion
components (Head et al., 2014). This is particularly true for the SRC kinase
family, whose activation within lipid rafts confers a high invasive potential to
epithelial tumor cells (Kajiwara et al., 2022). From this perspective, our data
support the hypothesis that SRC acts as a central signaling node linking lipid

rafts, FGFR2c oncogenic signaling, and cell motility/invasion.

In summary, FGFR2c recruitment into lipid rafts represents a crucial event for
its oncogenic activity in PDAC cells, although the molecular mechanisms

governing this trafficking remain to be clarified.

In this regard, another relevant finding emerging from our study concerns the
functional link between FGFR2c and TRPAL in regulating receptor localization
within lipid rafts upon activation. TRP channels, including TRPAL, are known
to localize in lipid rafts, where they can functionally interact with various
receptors and signaling substrates, including SRC family kinases (Bobkov &
Semenova, 2022). Moreover, lipid raft destabilization can significantly impair

TRP channel function (Horvath et al., 2021; Startek & Talavera, 2020).

We therefore explored the possibility that TRPA1 contributes to FGFR2cC’s
oncogenic effects by promoting receptor targeting to lipid rafts. Western blot
data indicated that stable TRPAL silencing prevents FGFR2c recruitment into
raft-enriched membrane fractions in response to FGF2 stimulation, without

altering overall lipid raft stability. Consistently, free cholesterol analysis by
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HPTLC confirmed that TRPAL depletion does not affect raft integrity, indicating
that TRPAL is required for ligand-dependent trafficking of FGFR2c to these
cholesterol-rich membrane domains. This suggests that TRPAL1 may act as a
structural or adaptor element essential for proper FGFR2c localization to lipid

signaling platforms.

Finally, immunoprecipitation experiments combined with Western blot and dot
blot analyses showed that FGF2 stimulation increases the interaction between
FGFR2c, TRPAL, and the lipid raft marker GM1, confirming the formation of a

functional complex potentially important for propagating oncogenic signaling.
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5. Conclusions

Overall, these results describe a model in which the tumorigenic activity of
FGFR2c in PDAC is closely dependent on both the integrity of lipid rafts and
the presence of TRPA1, suggesting the existence of a functional network
involving the receptor, the cation channel, and lipid rafts. The fine regulation of
this multiple cross-talk ensures the proper spatial relocalization of FGFR2c in
plasma membrane platforms from which an efficient oncogenic signaling can
be properly trasduced. This finely regulated interplay results in a coordinated
activation of PKCe/ERK1/2/MTOR and MCL1/SRC pathways that exacerbated
the EMT program, andcell invasiveness, respectively. Moreover, for the first
time, a crucial role of the physical interaction between TRPA1 and FGFR2c
has been demonstrated in determining the correct targeting of the receptor to

cholesterol-enriched signaling platforms.

Although further studies are required to elucidate the molecular mechanisms
governing the described functional network (and in vivo models and clinical
samples analysis will be essential to validate these findings), the available data
provide a first evidence indicating FGFR2c, TRPA1, and lipid rafts as
promising molecular targets for the development of future combined

therapeutic strategies in counteracting PDAC progression and resistance.
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