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Abstract

The aberrant expression of the mesenchymal FGFR2c variant in pancreatic ductal adenocarcinoma
(PDAC)-derived cells enhances EMT and tumorigenic features, with PKCe-dependent signaling
emerging as the main downstream pathway involved. Since lipid rafts are specialized
microdomains functioning as signaling hubs and considering their relevance in the induction of
EMT and cell invasion in cancer, their potential contribution in FGFR2c-mediated tumorigenesis
cannot be excluded. In this study, we aimed to assess whether a possible link between lipid rafts
stability and the oncogenic activity of FGFR2c, by analyzing the impact of rafts perturbation on
the establishment of the aberrant FGFR2¢/PKCe axis in PDAC cells. Immunofluorescence and
biochemical analyses revealed that ligand-dependent activation of FGFR2c¢ lead to an increased
localization of the receptor within lipid rafts. Moreover, disruption of lipid rafts, by methyl beta
cyclodextrin (MBCD), attenuated the FGFR2c downstream signaling, as well as the consequent
enhancement of EMT and of MCL1/SRC-mediated cell invasion. In addition, co-
immunoprecipitation experiments, coupled to gene silencing approaches, highlighted the cation
channel TRPAI as a potential contributor to FGFR2c oncogenic signaling by regulating its
recruitment to cholesterol-enriched signaling platforms. Overall, our findings indicate that
FGFR2c, TRPA1 and lipid raft components represent promising targets for the development of

novel cancer type-specific therapeutic strategies.
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Introduction

Fibroblast growth factor receptors (FGFRS) are receptor tyrosine kinases whose aberrant signaling
is a widespread event in cancer. This phenomenon is triggered by receptor mutations or the
establishment of abnormal autocrine/paracrine loops, resulting from receptor isoform switching
[1]. The relevance of FGFRs in cancer is highlighted by the success of target therapies using next-
generation small inhibitors or antibodies, which show a low side effect risk and can overcome
resistance [1].

The in vitro efficacy of antibodies against FGFs or FGFRs in inhibiting some malignant features
of the pancreatic ductal adenocarcinoma (PDAC) suggests their role in tumor/stroma crosstalk,
identifying the FGF/FGFR axis as a suitable therapeutic target for combination therapies in this
cancer type [2]. However, while anti-FGFR preclinical studies are encouraging, clinical research
is still emerging and further investigations are urgently required to identify additional molecular
players for more effectives target therapies [3]. Among FGFRs the aberrantly expressed
mesenchymal isoforms of FGFR1 and FGFR2 appear to be the mainly involved in pancreatic
oncogenesis [2]. In this regard, previous studies from our group have proposed that the FGFR2
isoform switch and the consequent expression of the mesenchymal FGFR2c¢ variant, which induces
EMT and invasion in human normal keratinocytes [4,5], can also exacerbate these oncogenic
features in human pancreatic ductal adenocarcinoma (PDAC) cells [6]. In both these cancer
contexts, an aberrant FGFR2¢/PKCe axis was shown to affect the signaling pathway [6-8]. More
recently, we also demonstrated that the oncogenic role of FGFR2c in PDAC cells is supported by
a pore-independent activity of the cation channel TRPA1, whose protein stability is, in turn,
dependent on FGFR2c expression and signaling [9]. Our findings are consistent with literature-
based evidences, suggesting a potential functional link between FGFR2 and TRPA1. In fact, the
expression of FGFR2 and TRPA1 is positively correlated in several cancers [10] and protein—
protein interaction studies in lung cancer [11,12] have revealed a complex mechanistic picture that
could underlie their possible interplay. However, although the involvement of TRPAI1 in the
acquisition of cancer hallmarks is generally accepted, particularly in lung cancer, the possibility
of a crosstalk between the channel and FGFR2 remains debated [11,13,14], especially in light of
recent molecular studies highlighting both positive and negative correlation between them,

depending on the tumor contexts [10].



As regards the pancreatic cancer, at the moment, the existence of a mechanistic connection
between FGFR2 and TRPA1 are poorly investigated. However, their expression profile in PDAC-
derived cells appear similarly variable and partially overlapping, with PANC-1 cells expressing
high levels of both the receptor and the cation channel [15,16]. Furthermore, both TRPA1 and
FGFR2 have recently been proposed to play a role in regulating PANC-1 cell motility/invasion
[16,17], making it reasonable to suppose that a FGFR2/TRPAI1 functional cross-talk could exist
also in these cells. Therefore, exploring this possibility and elucidating the underlying molecular
mechanisms represents a challenge worth addressing , in order to fully understand the contribution
of the FGFR2c-mediated oncogenic axis in the exacerbation of EMT and cell invasion.

Lipid rafts are small cholesterol-enriched plasma membrane microdomains enriched in cholesterol,
sphingolipids, gangliosides, including GMI, and signaling proteins. They contribute to the
modulation of signaling pathways involved in several biological processes [18]. Interestingly, the
loss of lipid rafts integrity leads to cell signaling dysregulation in a variety of diseases, including
cancer [19-21]. In fact, in epithelial tumors, intact lipid rafts appeared to be essential for the
establishment of multiple and aberrant signaling axis, stemming from the plasma membrane,
which in turn results in various oncogenic outcomes, such as dysregulated proliferation, EMT and
cell invasion [22-25]. This is also the case of cell survival in PDAC cells, which is triggered by a
sustained EGFR/AKkt axis, resulting from lipid raft-mediated inhibition of EGFR endocytosis [26].
The involvement of lipid rafts in the acquisition of EMT traits and cell migration/invasion is further
supported by evidence that their key structural proteins, such as flotillin and caveolin, can play a
role in promoting these cancer hallmarks in different tumor contexts [27]. However, despite the
broad research interest in this field, the role of lipid rafts in cancer remains controversial and may
dependent on the cell type [28,29].

Interestingly, under physiological conditions, FGFRs, including FGFR2c, are localized and
activated within the lipid rafts [30,31], and TRPs, including TRPA1, interact with lipid rafts, which
in turn affect their function [32,33]. Therefore, it is reasonable to hypothesize that a complex
interplay between FGFRs, TRPs, and lipid rafts may occur, contributing to the establishment of
receptor-mediated aberrant signaling during carcinogenesis. Identifying the mechanisms
underlying this crosstalk and providing new key molecular targets could be clinically relevant for

advancing cancer therapy.



2 Materials and Methods:

2.1. Cells and treatments

The PANC-1 and MIA PaCa-2 cell lines (ATCC, Manassas, VA, USA) were cultured and
subjected to gene silencing approaches, to generate FGFR2 and TRPA1 stable depletion, as
previously reported [6].

For both TRPAl1 and FGFR2c overexpression, cells were transfected with
pcDNA3.1+hsTRPA1 myc dTom (Addgene, Watertown, MA, USA; plasmid 183179) and/or
with pCl-neo expression vector containing human FGFR2c¢c (FGFR2c) using JetPei DNA
Tranfection Reagent (Polyplus Transfection, Illkirk, France; 101-42N), according to the
manufacturer’s protocol.

For growth factor stimulation, cells were left untreated or incubated with fibroblast growth factor
2 (FGF2) (PeproTech, London, UK, BFGF 100-188) 100 ng/mL for 10 min at 37°C, to trigger
receptor activation and signaling, or with FGF2 25 ng/ml for 24 h at 37° C, to assess the
downstream effects. In order to in parallel obtain FGFR2c activation and the inhibition of its
internalization, cells were stimulated with FGF2 100 ng/ml for 1h at 4°C.

For lipid raft perturbation, cells were incubated with 5 uM or 2.5 uM methyl-B-cyclodextrin
(MBCD) (Sigma-Aldrich; St. Louis, Missouri, USA; C4555) for 20 min and 24 h at 37°C,

respectively.

2.2. MTT assay

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay protocol was
previously described [34]. 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.

2.3 Cholesterol extraction by high-performance thin layer chromatography (HPTLC)

Cells, either treated or untreated with MBCD, were lysed in a lysis buffer containing 1% Triton X-
100 for 20 minutes at 4 °C. Following protein concentration assessment, the lysate was subjected
to cholesterol analysis. Neutral lipid extracts were separated by HPTLC, using a solvent system of

hexane/diethyl ether/acetic acid (70:30:1, v/v/v) and were detected by staining with 2% copper



acetate solution in 8% phosphoric acid and subsequent heating at 120 °C for 15 min. Quantification
was carried out using NIH Image 1.62 (Mac OS X, Apple Computer International). (Mac OS X,

Apple Computer International).

2.4. Immunofluorescence.

Cells were grown on coverslips and processed as previously described [6]. 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 hat4° C.

The primary antibodies were visualized, and images were taken, as previously described [6].
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 in 5 fields from 3 independent experiment. 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.

2.5 Isolation of Triton X-100 soluble and -insoluble fractions.

Fractions were isolated according to Skibbens et al [35]. Briefly, cells, both treated and untreated,
were lysed with 1ml of extraction buffer (25 mM HEPES, pH 7.5, 0.15 NaCl, 1% Triton X-100
and 100 kallikrein U/ml aprotinin) for 20 min on ice. Lysates were collected and centrifuged for 2
min in a Brinkmann microfuge at 12,000 rpm at 4°C. Sovranatants, containing Triton X-100
soluble material, were collected; pellets were undertaken to a second centrifugation (30 s) in order
to remove the remaining soluble material. The pellets were then solubilized in 100 ml of buffer
containing 50mM Tris-HCI, pH 8.8, 5 mM EDTA and 1% SDS. DNA was sheared by passage
through a 22 ga. needle. The insoluble- and soluble-Triton X-100 fractions were considered as raft

fractions and non-raft fractions, respectively, as checked by Western blotting, using anti-Flotillin

pAbD.



2.6. Immunoprecipitation

Cells were lysed as previously reported [36]. The lysates were mixed with protein A/G-acrylic
beads (Sigma-Aldrich, St. Louis, Missouri, USA; P3296) and stirred by a rotary shaker for 2 h at
4°C to preclear nonspecific binding. After centrifugation (500 X g for 1 min), the supernatant was
recovered and immunoprecipitated with mouse anti-FGFR2 antibodies plus protein A/G-acrylic
beads. A mouse IgG isotypic control (Sigma-Aldrich; St. Louis, Missouri, USA; 15006) was used
as a negative control. The immunoprecipitates (IPs) were split into two aliquots. The first one was
subjected to Western blot analysis for FGFR2 or TRPAT1 detection; the second one was checked
by dot blot for GM1 detection.

2.7. Western blot analysis

Cells were lysed and total lysates were resolved and blotted as previously reported [17]. The
membranes were incubated with anti-Flotillin (Abcam Cambridge, UK; ab13493) anti-E-cadherin
(GT311 GeneTex, Irvine, California, USA), anti-vimentin (M0725, Dako, Glostrup, Denmark),
anti-phospho-Fibroblast Growth Factor Receptor Substrate 2 a (FRS2-a) (Tyr196) (Cell Signaling
Technology, Beverly, MA, USA, 3864), the anti-phospho-Sarcoma kinase (Src) Family (Tyr416,
D49G4) (Cell Signaling Technology, Beverly, MA; USA;6943), monoclonal antibodies anti-p-
MTOR (Ser 2448; Cell Signaling; Beverly, MA, USA; 5536S), anti-p-p44/42 mitogen-activated
protein kinase (MAPK) (p-ERK1/2) (Thr202/Tyr204; Cell Signaling; 9101S), anti-Bek (Santa
Cruz Biotechnology, Inc., Santa Cruz, CA, USA; Cl17, sc-122), anti-p-S6K (ser 371, Cell
Signaling, Beverly, MA, USA; 9208), and anti p-PKCe (Ser729, Abcam, Cambridge, UK;
ab63387), anti-Myeloid Cell Leukemia 1 (Mcl-1) (D35A5) (Cell Signaling; Beverly, MA, USA;
5453), anti-TRPA1 (Abcam; Abcam Cambridge, UK; ab62053),. The membranes were stripped
as reported [6] and probed again with anti-p44/42 MAPK (ERK1/2) (Cell Signaling; Beverly,
MA, USA; 4695S), anti-S6K (Cell Signaling; Beverly, MA, USA;9202), anti-PKCe (Abcam;
Abcam Cambridge, UK;ab124806), anti-FRS2 (H-91) (Santa Cruz Biotechnology, Inc., Santa
Cruz, CA, USA; sc-8318), anti-HSP90 (Proteintech Inc., Rosemont, IL, USA, 13171-1-AP), anti-
MTOR (Cell Signaling; Beverly, MA, USA; 2983S) polyclonal antibodies or anti-Src (Cell
Signaling; Beverly, MA, USA;36D10), anti-ACTB (Sigma-Aldrich; St. Louis, Missouri, USA;
A5441) monoclonal antibodies for protein equal loading. Densitometric analysis was performed

as previously described [17]. Mean values (= SD) from three different experiments were



normalized and expressed as fold increase respect to the control. All uncropped gels are reported

as Supplementary material.

2.8. Dot blot analysis

Briefly, aliquots of FGFR IPs, prepared as described above, were spotted onto nitrocellulose strips.
The strips were blocked for 1 h with 5% BSA in TBS/T (Bio-Rad Laboratories, Hercules, CA,
USA) to block the residual binding sites on the paper. The strips were rinsed for 10 min in TBS/T
and then incubated with Cholera Toxin B Subunit-Peroxidase conjugate (Sigma- Aldrich; St.
Louis, Missouri, USA; C3741) for 1 h at 25 °C, or with anti-FGFR pAb or with anti-TRPA1 pAb
and further incubated for 1 h at 37 °C with HRP-conjugated anti-rabbit IgG. Immunoreactivity

was assessed by chemiluminescence reaction, using the ECL Western detection system.

2.9. Scratch assay

Cells were seeded at 2.5x10° cells on 35 mm plates and grown until confluence. Confluent cells
were serum starved for 12 h and then a standardized cell-free area was introduced by scraping the
monolayer with a sterile tip. Plates were photographed immediately after scratching (TO = 100%
Open Area) and then left untreated or stimulated with FGF2 for 24 h in the presence or not of
MBCD. Phase contrast images were taken along the scratch at low magnification (10X) using an
Axiovert 200 inverted microscope (Zeiss). Cell migration was quantitated as previously described
[17]. The results are expressed as the mean values of three independent experiments + SD. p values

were calculated using Student’s t test and significance level has been defined as p>0.05.

2.10. In vitro invasion assay

The in vitro assay and its quantitative analysis was assessed as previously reported [6]. Briefly,
cells were seeded on Matrigel pre-coated Transwell Boyden chamber filters and left unstimulated
or stimulated with FGF2 in the presence or not of MBCD for 24h. FGF2 was added in the medium

of the bottom chamber, to stimulate cell chemotaxis.

2.11. Primers



Oligonucleotide primers were drowned with Primer-BLAST [37] and purchased from Invitrogen.
The  following  primers were wused: for the  Snaill target gene: 5'-
GCTGCAGGACTCTAATCCAGA-3' (sense), 5'- ATCTCCGGAGGTGGGATG-3' (antisense);
for the STAT3 target gene: 5'-CAGAGATGTGGGAATGGGGG- 3’ (sense), 5S'-TGGCAAGGAG
TGGGTCTCTA-3' (antisense); for the FRAI target gene: 5'-GCAGGCGGAGACTGACAAA-3’
(sense), 5'- GATGGGTCGGTGGGCTTC- 3, MMP2 target gene: 5'-
AGAAGGCTGTGTTCTTTGCAG-3' (sense), 5'-AGGCTGGTCAGTGGCTTG-3" (antisense),
MMP9 target gene: 5'- TGACAGCGACAAGAAGTG-3’ (sense), 5'-
CAGTGAAGCGGTACATAGG-3' (antisense). For the 18S rRNA housekeeping sequences were
previously reported [6].

2.12. RNA extraction and cDNA synthesis

Total RNA was obtained using the TRIzol (Invitrogen, Waltham, MA, USA) and prepared as
reported [6]. The total RNA concentration was evaluated by spectrophotometry; the c-DNA was
obtained with iScriptTM cDNA synthesis kit (Bio-Rad Laboratories, Hercules, CA, USA; 170-

8891) according to the manufacturer’s protocol.

2.13. PCR amplification and real-time quantitation
Real-time PCR and gene expression quantitation were performed as previously described [6] .

Results are reported as mean values + SD from three different experiments in triplicate.

2.14. Statistics

Statistical analysis was performed using GraphPad Prism software Inc. version 9.5.0 (San Diego,
CA, USA). The p-values for all graphs were determined using the Student’s t-test, as indicated in
the figure legends. Significance levels were denoted by asterisks: * p < 0.05, ** p <0.005, *** p

<0.001, and **** p <0.0001, corresponding to increasing levels of significance.

Results
Ligand-dependent signaling of FGFR2c¢ requires intact lipid rafts.
FGFR2c is highly and variably expressed in PDAC-derived cells and tissues, where its expression

correlates with clinical malignant features. FGFR2c expression also correlates with tumor growth



and metastasis in in vivo mouse models, as well as cell growth, stemness and invasion in in vitro
models [15,38]. In line with this evidence, we previously selected PANC-1 and MIA PaCa-2 cell
lines, which express divergent levels of FGFR2c¢ (high and very low, respectively) to demonstrate
that this receptor is a key player in the exacerbation of EMT profile, anchorage-independent
growth and cell invasion in PDAC cells [6,17]. In the present study, we took advantage of the same
two cell lines to investigate the possible involvement of lipid rafts in FGFR2c oncogenic function.
We first investigated the receptor distribution on the cell surface and its possible relocation
following its activation. To this aim, PANC-1 cells transiently overexpressing FGFR2c (PANC-
1/FGFR2c) were stimulated with FGF2 for 1h at 4°C, to trigger receptor activation at the plasma
membrane blocking its internalization. The efficiency of FGFR2c transient transfection was
assessed by Western blot analysis (Fig. 1A). In immunofluorescence assays, cell surface FGFR2c
was checked using an antibody recognizing the extracellular portion of the receptor, while lipid
rafts were detected using CTxB-FITC, which labels monosialoganglioside type 1 (GM1), a widely
recognized marker of lipid rafts [39]. Quantitative immunofluorescence analysis showed that,
although most of the receptor did not colocalize with CTxB-FITC in unstimulated cells, the rate
of colocalization was significantly increased following ligand stimulation (Fig.1B). Receptor
relocalization into lipid rafts was further supported by changes in plasma membrane distribution,
which became predominantly dotted after FGF2 stimulation (Fig. 1B, right panels). This
redistribution of FGFR2c was also assessed by biochemical experiments using Triton X-100
fractions. Western blot analysis showed that, in the TX-100 insoluble fractions containing lipid
rafts, the band corresponding to FGFR2c at 120 KDa, , was significantly increased by FGF2. On
the contrary, the corresponding band in TX-100 soluble fractions, although more intense, appeared
unaffected by ligand stimulation (Fig.1C).

We then investigated the relevance of the lipid raft integrity in FGFR2c oncogenic signaling using
the lipid raft-disrupting agent MBCD [40]. To determine suitable conditions for both short-term
and long-term cholesterol depletion, PANC-1 cells were treated with different concentrations of
MBCD for different times (Fig. 2A and B). The results confirmed that the treatment with SuM
MBCD for 20 minutes, as previously used [41], induced a significant depletion of cholesterol (Fig
2A), without affecting cell viability (Fig 2B). For long-term treatments (24h), the concentration
of 2.5uM MBCD was selected based on its effects on cholesterol efflux and cell viability (Fig
2A, B). To analyse the effects of MBCD on early FGFR2c¢ signaling, we compared PANC-1 cells



which express high levels of FGFR2c with MIA PaCa-2 cells, which express very low levels of
FGFR2c are, as expected [6]. Biochemical approaches showed that the difference in FGFR2
expression is not affected by lipid raft perturbation (Fig. 2C). In contrast, lipid raft perturbation
significantly inhibited the FGF2-mediated phosphorylation of the FRS2, a widely recognized
sensor of FGFR2c activation, as well as the phosphorylation of the hub signaling molecule PKCe
and downstream substrates ERK1/2 (Fig. 2C) in PDAC-1 cells. A comparable impairment of
phosphorylation/activation was also observed for MTOR and its downstream substrate S6K (Fig.
2C), indicating a general inhibition of FGFR2c signaling. As expected, MIA PaCa-2 cells
displayed no significant signaling response to FGF2 treatment, nor any effect as consequence of
lipid raft perturbation (Fig. 2C). The absence of an appreciable response to FGF2 in these cells
suggested that they express very low levels of all FGFRs able to bind FGF2, including FGFR3c¢
and FGFR4 [15]. Our molecular analysis, performed by real time RT-PCR, confirmed the FGFR
expression profile as previously described for PANC-1 and MIA PaCa-2 cells (Supplementary Fig.
1A) [15]. However, to confirm that the stronger signaling response to FGF2 treatment in PANC-
1 cells is primarily due to high expression of FGFR2c, we checked ERK1/2 phosphorylation in
stable FGFR2 shRNA clones. We previously demonstrated that, since both PANC-1 and MIA
PaCa-2 cells do not express appreciable levels of FGFR2b, the effect of FGFR2 shRNA is entirely
at the expense of FGFR2c expression [6]. Western blot analysis showed that the strong
enhancement of ERK signaling, detected in PANC-1 cells, was significantly dampened by FGFR2
depletion, while the more modest response in MIA PaCa-2 cells remained unaffected
(Supplementary Fig. 1B). This evidence confirmed that the signaling response of PANC-1 cells
can be ascribed to FGFR2c, whereas the modest response in MIA PaCa-2 does not. In addition,
our results also suggest that, regardless of the variability of FGFR profile, in both cell lines the
endogenous expression of other FGFRs able to recognize FGF2 (such as FGFR3c and FGFR4) is

not sufficient to generate an appreciable signaling response.

Lipid Raft perturbation counteracts FGFR2c-mediated enhancement of EMT phenotype
and cell invasion.

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 for 24h with FGF2 in the presence
of 2.5mM MPBCD. Real-time RT—PCR, showed that, only in PANC-1 cells, the previously



described increase in EMT—related transcription factors Snaill, STAT3 and FRA1 [6], was
significantly impaired by MBCD (Fig. 3A). These results suggested the lipid raft disruption
interferes with the enhancement of the EMT program controlled by FGFR2c.

Indeed, parallel biochemical and immunofluorescence experiments showed that the decrease of
the epithelial marker E-cadherin and the increase of the mesenchymal marker vimentin, enhanced
by FGF2 stimulation only in PANC-1 cells, were significantly counteracted by MBCD pre-
treatment (Fig. 3B, C). Otherwise, the expression of these EMT markers did not significantly
change in MIA PaCa-2 cells, confirming that their modulations is closely dependent on FGFR2c
expression and activation (Fig. 3B, C).

Since the acquisition of EMT phenotype is linked to the increased cell motility and we previously
demonstrated that FGF2 increases cell motility in PANC-1 cell line [17], we first analyzed the
impact of lipid raft perturbation on this event. The in vitro scratch assay confirmed that, only in
PANC-1 cells, FGF2 stimulation induced an increase in the migratory response, leading to cell
repopulation of the scratch area (Supplementary Fig. 2, arrows), which was significantly impaired
by MPBCD treatment (Supplementary Fig. 2). The inhibition of FGF2-induced cell motility in
response to lipid raft disruption was comparable to that obtained following stable depletion of
FGFR2c by shRNA. On the other hand, cell migration in MIAPaCa-2 cells appeared independent
of both FGF2 stimulation and MBCD presence (Supplementary Fig. 2). These results confirmed
that the increased cell motility in response to FGF2 can be attributed to the elevated expression of
FGFR2c, which in turn requires lipid raft integrity.

EMT and cell motility are single elements of a more complex cell reprogramming that leads to cell
invasion. We have previously proposed that, in PDAC cells, FGFR2c-mediated cell invasion is
linked to MCL-1 induction and SRC phosphorylation/activation [17]. Interestingly, it has been
found that the activation of SRC family members, which are involved in EMT in several cancers
[42,43], including PDAC [44], can take place in the lipid rafts, conferring invasive potential to
epithelial cancer cells [45]. In line with this observation, here we found that the increase of MCL-
1 protein expression and of SRC phosphorylation, induced by FGF2 stimulation in PANC-1 cells
(Fig. 4A), was significantly dampened by MBCD (Fig. 4A), suggesting its dependence from intact
lipid rafts.

The secretion of MMP-2 and MMP-9 is a crucial event connecting the EMT program to tumor cell

invasion in several carcinomas, including PDAC [46,47]. Therefore, to further assess the relevance



of the interplay between FGFR2c signaling and lipid rafts in the functional link between EMT and
invasion, we monitored the impact of receptor activation and of raft perturbation on the expression
of MMP-2 and MMP-9, which are the MMPs mainly represented in PDAC [48]. Real time RT-
PCR analysis highlighted that, only in PANC-1 cells, FGF2 stimulation induced an increase of
both MMP-2 and MMP-9 mRNA levels, which was significantly repressed by MBCD treatment
(Figure 4 B).

To assess if the effects induced by the lipid raft perturbation could actually result in an effective
impairment of cell invasive ability, we moved on the functional in-vitro invasion assay of the
transwell Boyden chambers pre-coated with matrigel. Upon seeding, cells were serum starved
overnight and then FGF2 was added in the bottom chamber for 48 hours in order to stimulate cell
chemotaxis. The results showed that the number of PANC- 1 cells invading the bottom side of the
filter was increased by FGF2 stimulation, but significantly reduced by the presence of MBCD
(Figure 4C). The effects of lipid raft disruption in these cells were comparable to that observed in
response to the stable depletion of FGFR2¢c by shRNA (Fig. 4C). No significant changes were
detected in MIAPaCa-2 cells in terms of MCLI1/SRC signaling, MMPs expression and cell
invasion, independently from lipid rafts perturbation or FGFR2¢ shRNA stable transduction (Fig.
4A, B, C), further confirming their dependence on FGFR2c high expression.

The enhanced targeting of active FGFR2c to lipid rafts requires TRPA1 expression.

We recently proposed that the expression of the cation channel TRPAI1 is required for FGFR2c-
mediated oncogenic outcomes in PDAC cells [9]. However, although the role of this channel
appeared to be relevant and independent of its pore-function [9], the molecular mechanism
underlying TRPA1/FGFR2c crosstalk remains still unknown.

Since TRP channels contribute to the compartmentalization of signaling molecule into plasma
membrane domains, including lipid rafts [33], we investigated the possible involvement of TRPA1
in FGFR2c targeting to lipid rafts. PANC-1 cells stably transduced with TRPA1 shRNA or with
an unrelated shRNA were transiently transfected with pCl-neo FGFR2c¢ (PANC-1 TRPAI1
shRNA/FGFR2c; PANC-1 Cx shRNA /FGFR2c¢), stimulated with FGF2 for 1h at 4°C and then
subjected to sucrose-gradient fractionation, as reported above. The efficiency of either stable

TRPA1 depletion and FGFR2c overexpression was assessed by Western blot analysis performed



using whole lysates (Fig. 5SA). The subsequent biochemical analysis performed on the extracted
fractions showed that TRPA1 depletion impaired the increase of FGFR2c amount in the TX-100
insoluble fractions after FGF2 stimulation (Fig. 5B). Furthermore, HPTLC analysis to evaluate
the free cholesterol (CHOL) content in PANC-1 TRPA1 shRNA and PANC-1 Cx shRNA, treated
or not with the TRPA1 antagonist A907079, showed not significant changes in cholesterol levels
(Supplementary Fig. 3), confirming that TRPA1 depletion or inactivation did not affect the
stability of lipid rafts. Therefore, the results obtained by sucrose-gradient fractions suggest that
TRPAL is required for the recruitment of FGFR2c within lipid rafts after its ligand-dependent
activation.

To elucidate the molecular mechanisms driving this interplay, we investigated the possibility that
the FGFR2c might interact with TRPA1. To assess this, PANC-1 cells overexpressing both
FGFR2c and TRPAI1 by transient transfection were stimulated with FGF2 for 1h at 4°C and then
subjected to the immunoprecipitation, using the anti-FGFR2 antibody (anti-Bek C8). Western blot
analysis of cellular immunoprecipitates revealed that the band corresponding to the molecular
weight of TRPA1 was significantly increased after FGF2 stimulation (Fig. 5C). Therefore, the
interaction between FGFR2¢ and TRPAT was enhanced by the receptor activation. The cellular
immunoprecipitates were then spotted onto nitrocellulose strips and analyzed by dot blot, using
CTxB -Peroxidase, to detect the lipid-raft component ganglioside GM1. The results showed that
both GM1 and TRPA1 was consistently enriched in the FGF2-stimulated sample (Fig. 5D).
Overall, the coimmunoprecipitation assays suggested that FGFR2c¢ physically interact with
TRPAI, that this interaction was significantly enhanced by the receptor activation, and that it may

be required for the receptor targeting to GM1-enriched lipid rafts.

Discussion

Cholesterol-rich membrane domains, termed lipid rafts, play a key role in the physical
compartmentalization of plasma membrane proteins, including receptor tyrosine kinases, and
intracellular substrates, serving as pivotal platforms for signal transduction [24,49,50,]. Therefore,
it is not surprising that loss of their integrity can somehow lead to the dysregulation of the cell

signaling that occurs in several disease, including cancer. However, despite the large body of



evidence in the field, the specific role of cholesterol metabolism and of lipid rafts in the different
tumor contexts remains controversial [28,29]. For instance, although several reports have
highlighted their involvement in tumor cell survival [24,26], other studies have implicated these
plasma membrane domains as death-promoting platforms [24,27].

Nevertheless, the relevance of lipid rafts in the establishment of EMT and cell invasion has been
widely recognized in several tumors [22-25]. Therefore, in the light of our previous findings
indicating the role of FGFR2c in the enhancement these specific oncogenic hallmarks in PDAC,
in this work we explored the possible synergic involvement of the lipid rafts.

Using immunofluorescence, as well as biochemical approaches, we found that, although FGFR2c
is mainly distributed outside of lipid rafts, the receptor was recruited within these plasma
membrane domains, following its ligand-dependent activation. Interestingly, the disruption of lipid
rafts by MBCD-induced cholesterol efflux resulted in a strong inhibition of the oncogenic
FGFR2c-PKCe-ERK1/2 axis, which is heavily activated by FGF2 stimulation only in those PDAC
cells highly expressing FGFR2c. Considering that ERK1/2 is also a well-established pathway
contributing to the establishment of the EMT program in PDAC [51,52], we have previously
demonstrated its involvement in the enhancement of FGFR2c-mediatement EMT signature [6]. In
line with our previous observations, in the present study we show that disruption of lipid rafts by
MBCD led to repression of the induction of the EMT-related transcription factors, Snaill, STAT3
and FRAI, as well as to a reversion of the modulation of the epithelial/mesenchymal markers,
compatible with the recovery of an epithelial phenotype. Thus , lipid rafts integrity appears to be
required for FGFR2c signaling and for the enhancement of FGFR2c-mediated EMT. This
evidence is in line with previous data obtained in prostate cancer, indicating lipid rafts as platforms
for sustained EGFR/ERK-2 axis, leading to EMT [23]. The evidence that lipid rafts significantly
contribute to EMT is also supported by the evidence of the involvement of structural proteins, such
as flotillin-1 and -2 and caveolin -1, in the induction of this cancer hallmark; [27,53,54].

Another crucial tumor signature recently correlated to lipid raft integrity is cell invasion, which,
in PDAC, we found to be enhanced following the activation of the MCL-1/SRC pathway
downstream of FGFR2c [17]. Exploring the impact of lipid raft dysregulation, in this work we
found that this signaling axis and the resulting increase in cell invasion, detected only in cells
overexpressing FGFR2c after FGF2 stimulation, were inhibited by MPBCD. Therefore, the

FGFR2c-mediated enhancement in cell migration/invasion is also dependent on lipid raft integrity.



These findings are in line with several previous studies, demonstrating a close interplay between
lipid rafts and the dynamics of cytoskeletal filaments and focal adhesion components [56]. This is
particularly true for SRC family kinases, whose activation within lipid rafts has been found to
confer invasive potential to epithelial cancer cells [45]. In this perspective, our data support the
possibility that SRC protein may represent a hub signaling molecule, linking lipid rafts to
oncogenic FGFR2c¢ signaling and cell motility/invasion. At this point, we concluded that the
recruitment of FGFR2c¢ within lipid rafts is a crucial event for its oncogenic activity in PDAC cells,
although the molecular mechanisms regulating this sorting remain unclear.

In this regard, we focused our attention to TRPA1, which we recently found to plays a pore-
independent role in FGFR2c-mediated oncogenic outcomes [9]. The possible contribution of
TRPAI1 in the acquisition of cancer hallmarks has been proposed in various tumors, including
PDAC [16], even if the possible crosstalk of this cation channel with FGFR2 is a still widely
debated topic [11,13,14]. TRPs channels, including TRPA1, localize in lipid rafts [33], where they
can functionally interact with several receptors and signaling substrates, including SRC family
members [33]. Furthermore, rafts disruption can significantly impair TRP function [57,58].
Therefore, we explored the possibility that TRPA1 could contribute to oncogenic outcome of
FGFR2c through receptor targeting to lipid rafts. Biochemical approaches in PDAC cells highly
expressing FGFR2c showed that the depletion of TRPA1 impaired the FGF2-mediated increase in
receptor expression in lipid raft-enriched cell fractions. Since parallel analysis of free cholesterol
by HPTLC confirmed that TRPA1 depletion did not alter lipid raft stability, our data indicated
that TRPAI is required for the ligand-dependent sorting of FGFR2c into these plasma membrane
domains. Finally, immunoprecipitation approaches, combined with Western blot and Dot blot
analysis, highlighted that FGF2 stimulation results in increased FGFR2c interaction with both
TRPAI1 and the lipid raft marker GMI1.

Overall, our data indicate that, at least in the case of PDAC cells, lipid rafts integrity is required
for FGFR2c-mediated oncogenic outcomes in terms of exacerbation of both EMT and invasive
behavior, further supporting the growing evidence pointing on these plasma membrane domains
as promising therapeutic targets in cancer [20,24,59]. In addition, we highlighted for the first time
a pivotal role played by TRPA1/FGFR2c physical interaction in determining the targeting of the

receptor to suitable cholesterol-enriched signaling platforms.



Currently, given the multiple proposed functions of TRPs in different physiological and
pathological contexts, including cancer, identifying the specific roles of each TRP channel,
particularly in tumorigenesis, is a key goal for the development of selective anticancer drugs [60].
Although PDAC exhibits extensive genetic heterogeneity, which represents a major obstacle to
understanding the biological behavior of this tumor, and taking into account the limitations of the
present study (such as the small sample size and the lack of validations in primary cultures), our
data could represent preliminary advance towards the identification of promising new targets for
future combined and cancer-specific therapeutic approaches.

From this perspective, FGFR2¢, TRPA1 and lipid rafts could be included in the list of new suitable
targets, whose validation will require further analyses to be performed on tissue samples and in

vivo models.
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Figure legends

Figl The amount of FGFR2 in the lipid rafts is increased after its ligand-dependent
activation

PANC-1 cells transiently transfected with pCl-neo FGFR2c expression plasmid (PANC-1
FGFR2c) were left untreated or stimulated with FGF2 for 1h 4°C, to trigger receptor activation,
impairing its internalization. (A) Western blot analysis, performed using shows that the 120 KDa
band corresponding to the molecular weight of FGFR2 is more evident in cells transfected the
FGFR2c variant. The equal loading was assessed using anti-beta actin (ACTB) antibody. For
densitometric analysis, the values from three different experiments (n=3) were normalized,
expressed as mean values £ SD and reported in graph as fold increase respect to the control value.
Student t test was performed and significance levels have been defined as p < 0.05: **p < 0.01.
(B) Quantitative immunofluorescence analysis was performed using anti-FGFR2 bek H80
antibody, which recognizes the extracellular portion of the receptor, and CTxB-FITC, that binds
the monosialic ganglioside type 1 (GM1). Nuclei were stained with DAPI. Colocalization analysis
was performed by scanning cells with an ApoTome System (Zeiss) and analyzing the images from
two independent experiments (n=2) with the Axiovision software (Zeiss). The treatment with
FGF2 increases the colocalization of FGFR2c with GM1 and changes the plasma membrane
distribution of the receptor from continuous to dotted. The colocalization was expressed as mean

percentage = SD. Student t test was performed and significance levels have been defined as p <



0.05: ***p < 0.001. Bars: 10um (C) PANC-1 FGFR2c cells were lysed to obtain TX100 soluble
and insoluble fractions as reported in materials and methods. The efficiency of the fraction
extraction was assessed checking the distribution of the lipid raft marker flotillin. Western blot
analysis shows a significant increase of FGFR2c amount in the insoluble fraction after FGF2

stimulation. Densitometric analysis was performed as reported: *p < 0.05.

Fig2 Lipid raft perturbation by MBCD inhibits FGFR2c¢ oncogenic signaling

(A, B) PANC-1 cells were treated with the reported concentrations of methyl-B-cyclodextrin
(MBCD) for the different reported times. Cells were then processed for free cholesterol (CHOL)
analysis (A) or for MTT assay (B), as reported in materials and methods. (A) For densitometric
analysis of cholesterol levels, the resulting values from two different experiments (n=2) were
expressed as mean values £ SD and reported in graph as fold change respect to the control value.
(B) The cell survival rate was expressed as mean optical density (O.D.) values from three
independent experiments (n = 3) £ SD. The concentration of 5uM for 20 minutes and 2.5uM for
24h were chosen for short-term and long-term experiments, respectively. Student t test was
performed and significance levels have been defined as p < 0.05: *p < 0.05; ** p < 0.01; *** p <
0.001

(C) PANC1 and MIA PaCa-2 cells treated with 5mM MBCD for 20 minutes and left untreated or
stimulated with FGF2 for 10 minutes at 37°C, to induce receptor activation and signaling. Western
blot analysis shows the difference in FGFR2 expression, that is not affected by lipid raft
perturbation. In addition, only in PDAC-1 cells, lipid raft perturbation represses the
phosphorylation of the FGFR2c¢ signaling platform FRS2, that of PKCe and- ERK1/2, as well as
that of MTOR and its substrate S6K. MIA PaCa-2 cells, which express very low levels of FGFR2c,
display no significant changes in substrate phosphorylation/activation, neither in response to FGF2
or lipid raft perturbation. Densitometric analysis was performed as reported in Figure 1: *p < 0.05;
**p<0.01.

Fig3 Lipid Raft perturbation by MPCD impacts on FGFR2c-mediated enhancement of EMT
phenotype in response to FGF2

PANC-1 and MIA PaCa-2 cells were treated with FGF2 for 24h at 37°C in the presence or not of
25mM MBCD. (A) Real-time RT—-PCR shows that the induction of the EMT-related



transcription factors Snaill, STAT3 and FRAL in response of FGF2 stimulation is only visible in
PANC-1 cells and is reversed by the treatment with MBCD. The mRNA levels are expressed as
mean value + SD (n=3) and reported in graph as fold increase respect to the control. Student’s t-
test was performed, with significance levels, defined as p values < 0.05. p < 0.05: *p < 0.05; ** p
<0.01; *** p <0.001.

(B) Western blot analysis shows 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. The expression of EMT-related genes, E-cadherin and
vimentin do not significantly change in MIA PaCa-2 cells. Densitometric analysis was performed
as reported above: *p < 0.05; *** p < 0.001. (C) Quantitative immunofluorescence analysis shows
that the increase of the immunostaining corresponding to the mesenchymal marker vimentin,
visible after FGF2 stimulation only in PANC-1 cells, was inhibited by MBCD. In MIA PaCa-2
cells the vimentin immunostaining do not significantly change, independently from FGF2 and/or
MBCD treatment. Quantitative analysis of the fluorescence intensity was performed as reported
in materials and methods. Results were expressed as mean values + SD and reported in graph as
fold change respect to the control value. Student’s t-test was performed, with significance levels
defined as p values < 0.05: p < 0.05. *p < 0.05; *** p < 0.001. Bars: 20um.

Fig4 Lipid Raft perturbation by MBCD counteracts FGF2-mediated cell invasion

PANC-1 and MIA PaCa-2 cells were treated with FGF2 for 24h at 37°C in the presence or not of
MBCD 2.5mM. (A) Western blot analysis shows that the increase of either MCL-1 expression, or
of SRC phosphorylation (tyr416 site), observed only in PANC-1 cells in response to FGF2, was
significantly inhibited by lipid raft perturbation. Densitometric analysis was performed as reported
above: *p < 0.05. (B) Real time RT-PCR analysis shows that the increase of MMP-2 and MMP-
9 mRNA levels, induced by FGF2 stimulation only in PANC-1 cells, is significantly repressed by
MPBCD treatment. The mRNA levels are expressed as mean value £ SD (n=3) and reported in graph
as fold increase respect to the control. Student’s t-test was performed, with significance levels,
defined as p values < 0.05. p < 0.05: *p < 0.05; ** p < 0.01. (C) In vitro invasion assay performed
in PANC-1 and MIA PaCa-2 cells stably transfected with an unrelated short harpin RNA (PANC-
1 Cx shRNA; MIA PaCa-2 Cx shRNA) or with FGFR2c shRNA (PANC-1 FGFR2c shRNA; MIA



PaCa-2 FGFR2c shRNA) to obtain FGFR2c depletion. Cells were stimulated with FGF2 in the
presence or not of MBCD, as above. The increase of cell invasion in response to FGF2, visible
only in PANC-1 cells, was significantly dampened by lipid raft perturbation. The effect of MBCD
is comparable to that observed after FGFR2c depletion. No significant effects are visible in MIA
PaCa-2 in response to FGF2 stimulation, independently of lipid raft perturbation or FGFR2c
depletion. Quantitative analysis was assessed counting for each sample the migrated cells in 10
microscopic fields from two independent experiments (n=2). Results were expressed as mean
values + SD. Student’s t-test was performed, with significance levels defined as p values < 0.05.
p <0.05. *p < 0.05. Bar: 20um.

Fig5 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 un unrelated
ShRNA (PANC-1 Cx shRNA) were transiently transfected with pCl-neo FGFR2c (PANC-1 Cx
SshRNA /FGFR2c; PANC-1 TRPA1 shRNA/FGFR2c), stimulated with FGF2 for 1h 4°C and then
processed for fraction extraction or for immunoprecipitation as reported in materials and methods.
(A) Western blot analysis using anti-Bek and anti-TRPAL antibodies, performed in the whole cell
lysates shows the efficiency of both FGFR2c overexpression and TRPAL depletion. Densitometric
analysis was performed as reported above: *p <0.05. (B) Western blot analysis performed on cell
fractions shows that the increase of the FGFR2c amount in the total TX-100 insoluble fraction
induced by ligand activation is not visible in cells in which TRPA1 has been depleted. (C) Western
blot analysis of cell immunoprecipitates, obtained with anti-FGFR2 antibody bek-C8, shows that
the band corresponding to TRPAL is increased after FGF2 stimulation. (D) Dot blot analysis
performed using Cholera Toxin B Subunit-Peroxidase conjugate, anti-TRPA1 antibody or anti-
FGFR2 antibody bek C8 shows that both GM1 and TRPAL was consistently enriched in the FGF2-
stimulated sample. STD = pure standard GM1. Densitometric analysis was performed as reported
above: *p < 0.05; **** p < 0.0001
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