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A B S T R A C T

Background: Fibroblast growth factor receptor (FGFR)1 and FGFR4 have been associated with tumorigenesis
in a variety of tumour types. As a therapeutic approach, their inhibition has been attempted in different types
of malignancies, including lung cancer, and was initially focused on FGFR1-amplified tumours, though with
limited success.
Methods: In vitro and in vivo functional assessments of the oncogenic potential of downregulated/overex-
pressed genes in isogenic cell lines were performed, as well as inhibitor efficacy tests in vitro and in vivo in
patient-derived xenografts (PDXs). mRNA was extracted from FFPE non-small cell lung cancer samples to
determine the prognostic potential of the genes under study.
Findings: We provide in vitro and in vivo evidence showing that expression of the adhesion molecule N-cad-
herin is key for the oncogenic role of FGFR1/4 in non-small cell lung cancer. According to this, assessment of
the expression of genes in different lung cancer patient cohorts showed that FGFR1 or FGFR4 expression
alone showed no prognostic potential, and that only co-expression of FGFR1 and/or FGFR4 with N-cadherin
inferred a poorer outcome. Treatment of high-FGFR1 and/or FGFR4-expressing lung cancer cell lines and
patient-derived xenografts with selective FGFR inhibitors showed high efficacy, but only in models with high
FGFR1/4 and N-cadherin expression.
Interpretation: Our data show that the determination of the expression of FGFR1 or FGFR4 alone is not suffi-
cient to predict anti-FGFR therapy efficacy; complementary determination of N-cadherin expression may fur-
ther optimise patient selection for this therapeutic strategy.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license.

(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

Lung cancer accounts for 27% of cancer-related deaths, represent-
ing the leading cause of cancer mortality [1] due to the late stage at
which it is usually diagnosed and to the relative lack of effective sys-
temic therapies [2]. The most prevalent lung cancer histology, non-
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Research in context

Evidence before this study

FGFR1 and FGFR4 have been described as oncogenes in many
types of cancer, including lung cancer. FGFR1 amplification was
associated to FGFR inhibitor (FGFRi) sensitivity in preclinical
studies. However, responses of selected patients to FGFR inhibi-
tion in clinical trials was poor, suggesting that FGFR amplifica-
tion is not predictive of FGFRi efficacy.

Added value of this study

We provide in vitro, in vivo and clinical evidence for the context-
dependant oncogenic role of both FGFR1 and FGFR4 in lung
tumours, thereby expanding the body of knowledge addressing
FGFR activity in lung cancer biology. Furthermore, we provide a
potential predictive biomarker for high anti-FGFR therapy
efficacy.

Implications of all the available evidence

These additional insights into the functions of FGFR will
improve understanding of the behaviour of tumours overex-
pressing FGFR1/4, provide molecular criteria for the selection
patients who could benefit from FGFR inhibition therapy, and
thus pave the way for the design and improvement of targeted
therapeutics for lung cancer patients.

2 �A. Quintanal-Villalonga et al. / EBioMedicine 53 (2020) 102683
small cell lung cancer (NSCLC), is a highly heterogeneous malignancy
at the molecular level [3]. NSCLC is characterised by numerous geno-
mic aberrations underlying the disease, some of which are druggable
oncogenic drivers such as ALK translocations and EGFR mutations,
whose targeting has improved patient outcomes and changed clinical
practices [4�6]. However, there is a high percentage of NSCLC
patients with tumours harbouring no targetable alteration who
would benefit from the discovery of effective targets.

The fibroblast growth factor receptor (FGFR) family plays a role in
the progression of a variety of human cancers [7�10]. In lung cancer,
FGFR1 amplification is detected in approximately 20% of squamous
cell carcinoma cases [11,12]. FGFR1 amplification and expression
have been identified as an indicator of sensitivity to FGFR inhibition
in preclinical models of lung cancer [13�18]; however, at the clinical
level, FGFR inhibitors have shown limited responses in selected
patients, thus highlighting the need for improved predictive bio-
markers for these therapies [19]. FGFR4 expression has also been
associated with poorer outcomes in several types of cancer [20�23].
Regarding lung cancer, there is evidence that FGFR4 protein expres-
sion correlates with poor prognosis [24]. Despite these results sug-
gesting an oncogenic role for the expression of both receptors in
cancer, few studies have examined in depth the roles of FGFR1 and
FGFR4 in lung tumorigenesis.

In the present study, we describe the molecular context-depen-
dant role of FGFR1 and FGFR4 in lung cancer. We show that N-cad-
herin is essential for defining the role of both FGFRs in tumorigenesis,
and we provide evidence that expression of N-cadherin is predictive
of the potential efficacy of anti-FGFR therapy.
2. Methods

2.1. Cell lines

Characteristics of the cell lines used are shown in Supplementary
Table S1. All cell lines except for H3122, which was kindly provided
by Dr. Maina, were purchased from ATCC immediately prior to this
work and were regularly tested for mycoplasma.

2.2. Transfections

All cell lines were transfected as described in [25]. TransIT-X2
Transfection Reagent (Mirus) was used to transfect the cell lines as
indicated by the manufacturer. FGFR1 (RC202080) and FGFR4
(RG204230) cDNA clones were obtained from Origene in the pCMV6
plasmid (PS100001). Positive clones were isolated using G418 selec-
tion and were pooled in a monolayer. G418 was maintained in the
medium to provide continuous selective pressure. For N-cadherin
overexpression, N-cadherin cDNA in the pCCL-c-MNDU3c-PGK-EGFP
plasmid (#38153) and the negative control PL-SIN-PGK-EGFP plas-
mid (#21316) were obtained from Addgene. Transfection-positive
cells were selected by cell sorting based on EGFP reporter expression.
For FGFR1 and FGFR4 silencing, shRNAs in the p-RS plasmid were pur-
chased from Origene (TF320354 and TR320356, respectively). Puro-
mycin was used to select positively transfected clones, which were
then pooled in a monolayer. For N-cadherin silencing, shRNAs in the
pB-RS plasmid were purchased from Origene (HC138304). Blasticidin
was used to select positively transfected clones, which were then
pooled in a monolayer. For shRNA silencing, two independent
shRNAs were used to avoid off-target effects.

2.3. Immunoblotting

Western blots were performed as described in [26]. Protein was
extracted from cell lines and PDX tumours using RIPA buffer (Sigma)
supplemented with a protease inhibitor cocktail (cOmplete Mini
EDTA-free, Roche) and a phosphatase inhibitor cocktail (PhosSTOP
EASYpack, Roche). Protein extracts were quantified using the Brad-
ford method and aliquoted. Electrophoresis was performed with
miniProtean western blot accessories (BioRad), and proteins were
transferred to a PVDF membrane (GE Healthcare) with the Trans-Blot
Turbo semi-dry transfer system (BioRad). When necessary, different
blots were performed in parallel with an internal reference sample
and the images assembled. The following antibodies were used:
FGFR1 (#9740, Cell signalling), FGFR4 (#8562, Cell signalling),
pFGFR1 (06�1433, Millipore), pFGFR4 (MBS856043, MyBiosource),
AKT (#9272, Cell signalling), pAKT (#9271, Cell signalling), p42/p44
(#9102, Cell signalling), p-p42/p44 (#9101, Cell signalling), STAT3
(#9139, Cell signalling), pSTAT3 (#9145, Cell signalling), a-tubulin
(Sigma), EGFR (#4267, Cell signalling), pEGFR (#2234, Cell signalling),
E-cadherin (#3195, Cell signalling) and N-cadherin (#3195, Cell sig-
nalling). All primary antibodies used had been previously validated
in this specific assay and their specificities tested with adequate con-
trol samples. HRP-conjugated anti-rabbit and anti-mouse secondary
antibodies were purchased from Cell signalling. Protein expression
was assessed by chemiluminescence with a ChemiDoc Imaging Sys-
tem (BioRad). Western blot images with a high number of lanes were
assembled from western blots run in parallel and with a common ref-
erence sample on both gels.

2.4. Foetal bovine serum (FBS) stimulation

Several cell lines were stimulated with FBS. The cells were cul-
tured in FBS-free medium for five hours to induce basal phosphoryla-
tion levels. Cells were then stimulated with complete medium (10%
FBS) for 15 min and protein extracts subsequently obtained as indi-
cated above.

2.5. Surrogate assays

Clonogenicity, growth curves, and soft agar assays were per-
formed as described in [23]. For clonogenic assays, cells were seeded
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in 10-cm cell culture plates at the appropriate clonogenic density
(between 1000 and 10,000 cells/plate, depending on the cell line).
Each condition was assayed in triplicate, and each assay was repeated
at least three times. The medium containing selection antibiotics was
renewed once a week during the assay. After a variable period of two
or three weeks depending on the cell line, the plates were fixed with
0.5% glutaraldehyde for 20�30 min and cells then stained with a 1%
crystal violet solution in water. After a washing step, the colonies
were counted.

For growth curves, cells (~3500 per well) were seeded in 12-well
culture plates in complete growth medium. Each point on the growth
curve was assayed in triplicate, and at least three replicate growth
curves were analysed for each experiment. For the first point on the
curve (day 0), cells were fixed with a 0.5% glutaraldehyde solution
24 h after seeding. For the 0.5% FBS growth curves, cells were washed
twice with PBS and then incubated with 0.5% FBS medium 24 h after
seeding, before the day 0 plate was fixed. A plate was fixed every two
days and cells stored in PBS at 4 °C until samples for the last point on
the curve were fixed. Cells were then stained with a 1% crystal violet
solution and washed. Crystal violet was dissolved in a 20% acetic
acid/water solution, and the absorbence at 595 nm was measured in
a VICTOR plate reader. The intensity of the absorbence was correlated
to the number of cells, and values normalised to the day 0 absorb-
ence. The normalised absorbence was then plotted versus time.

In the case of treatment growth curves, the medium was replaced
with 0.5 mM or 1 mM BGJ398 or AZD4547-containing complete
medium 24 h post-seeding, and the day 0 plate was fixed. A plate
was then fixed every 24 h until a treatment period of 72 h was
reached.

For soft agar assays, cells (100,000 per well) were seeded in 6-well
plates in 0.35% agarose/growth medium on top of a base of 0.7% aga-
rose/medium. Each condition was assayed in triplicate, and each
assay was repeated at least three times. The day after plating, 3 mL of
complete growth medium was added to each well, with the medium
replaced twice per week until the end of the experiment. After suffi-
cient colony growth, several images of each well were obtained with
an Olympus camera (#U-CMAD3) fitted to an Olympus microscope
(#IX2-SLP), and the size and number of colonies were quantified.

2.6. Immuno-colocalisation

Immunofluorescence assays were performed as described in [18]
and [27]. Cells were fixed with 4% paraformaldehyde for 15 min, per-
meabilised with 0.1% Triton X-100 in PBS for 5 min, and then blocked
with 1% BSA in 0.1% Triton X-100 in PBS for 1 h at room temperature.
Cells were then incubated with mouse anti-N-cadherin (#MA1-159,
Thermo Fisher) and rabbit anti-FGFR1 (#9740, CST) or anti-FGFR4
(#8562, CST) antibodies at a 1:100 dilution in 1% BSA and 0.1% Triton
X-100 in PBS for 3 h at room temperature. The cells were then
labelled with Alexa Fluor� 488 Goat Anti-Rabbit IgG (#R37116,
Thermo Fisher) and Alexa Fluor� 555 Donkey Anti-Mouse IgG sec-
ondary antibodies (#A-31570, Thermo Fisher) at a dilution of 1:250
for 1 h at room temperature. Images of 15�20 cells per condition
were obtained using a SP5-WLL confocal microscope. All primary
antibodies used had been previously validated in this specific assay
and their specificities tested.

2.7. Co-Immunoprecipitation

Co-immunoprecipitation was performed using the EZ View Red
Protein G Affinity Gel (#E3403, Sigma). Protein extraction was per-
formed using an extraction buffer prepared with 50 mM HEPES,
150 mM NaCl and 1% n-octylglucoside and supplemented with a pro-
tease inhibitor cocktail (cOmplete Mini EDTA-free, Roche) and a
phosphatase inhibitor cocktail (PhosSTOP EASYpack, Roche). Protein
extracts were quantified by the Bradford method using 2 mg aliquots
of protein. The protein samples were precleared and incubated with
antibody-conjugated beads. An N-cadherin (#3195, Cell signalling)
antibody was used at a 1:100 dilution for the immunoprecipitation,
and an equal amount of anti-IgG isotype control antibody (#3900,
Cell signalling) was used as a negative control. Immunocomplexes
were denatured by boiling in Laemmli buffer, and western blotting
was performed to confirm the immunoprecipitation and assess the
co-immunoprecipitation of FGFR1 and FGFR4.

2.8. Dovitinib sensitivity of cancer cell lines in a public database

Information concerning sensitivity to the FGFR inhibitor dovitinib,
FGFR1, FGFR4 and N-cadherin mRNA expression, and FGFR1 amplifi-
cation for a panel of NSCLC cell lines was obtained from the Cancer
Cell Line encyclopaedia (CCLE) database (https://portals.broadinsti
tute.org/ccle/home).

2.9. In vivo experiments

In vivo experiments were performed as described in [18]. For cell
line xenografts, cell lines were trypsinised, counted and diluted in
PBS, following which the cell suspension was mixed with Matrigel
(1:1) and 150mL (containing 2£106 cells) of the mixture was injected
into both flanks of female, 6-week-old athymic nude mice (nu+/nu+).
Based on previous experiments in the laboratory and following
review by the Animal Protection committee, a sufficient number of
animals were included in each group to reach statistical significance.
Tumours were measured weekly after implantation, and mice were
sacrificed when the tumour volume exceeded 1000 mm3. Tumours
were then harvested and stored.

We also used a collection of NSCLC PDX models established by our
group at Institute of Biomedicine in Seville (IBIS). Early stage resected
lung tumours from patients from HUVR (Hospital Universitario Vir-
gen del Rocío, Sevilla, Spain) were obtained through the hospital bio-
bank, inoculated subcutaneously and expanded in successive groups
of nude mice. For this study, PDXs were selected depending on their
histology, genetic background and FGFR1/4 and N-cadherin expres-
sion. Six models were used: TP43, TP60, TP91 (adenocarcinomas) and
TP13, TP96 and TP114 (squamous cell carcinomas). Mutational pro-
files were determined by the OncoNIM Seq Lung Panel. The human
tissue samples had been stored at the HUVR Biobank following writ-
ten informed consent by all patients.

For the PDX treatments, previously amplified patient-derived
tumours were cut into 100-mm3 pieces and subcutaneously inserted
into one flank of female, 6-week-old athymic nude mice. Tumours
were measured twice per week after implantation. As described
above, a sufficient number of animals was included in each group to
reach statistical significance. When tumour volumes had reached
150 mm3, mice were randomised into 2 groups of 3�5 mice each for
the control and AZD4547 treatment groups, with tumour sizes for
the two groups being of similar mean and standard deviation. Mice
whose tumours presented no growth at this point were sacrificed.
AZD4547 was administered by oral gavage 5 times per week at a con-
centration of 7.5 mg AZD4547/kg/day, in a 5-week-long treatment
scheme unless the experiment had to be prematurely stopped due to
excessive tumour growth. Mice were weighed once per week (to con-
trol for treatment toxicity) and then sacrificed at the end of treat-
ment, following which tumour samples were collected and stored.
These experiments were blinded, with one person treating the ani-
mals and a different person measuring the tumours and processing
the data.

2.10. Ethics statement/Study approval

Regarding the collection, storage and use of human samples, writ-
ten informed consent was provided by all donor patients. The project
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was approved by the Research Ethics Committee of the Virgen del
Rocío University Hospital, Seville, Spain (Approval ID: 2012PI/241).

Procedures involving animals were approved by the Consejería de
Agricultura of the Junta de Andalucia (Approval ref: SSA/SI/MD/pdm)
and by Animal Protection of the Comunidad Aut�onoma de Madrid
(Approval ID: PROEX 084/15 and PROEX134/16). All experiments
were performed in compliance with animal use guidelines.

2.11. RNA extraction and analysis

RNA isolation and qPCR were performed as described in [18]. RNA
was extracted from cell lines using TRIzol Reagent (Life Technologies)
and RNA samples were reverse transcribed with the TaqMan Reverse
Transcription Kit (Life Technologies). Gene expression was analysed
using TaqMan probes from Life Technologies: Hs00917379_m1 FAM
(FGFR1), Hs01106908_m1 FAM (FGFR4), Hs01023894_m1 FAM (E-
cadherin), Hs00983056_m1 FAM (N-cadherin), Hs99999905_m1
FAM (GAPDH), and Hs99999907_m1 FAM (B2M). The last two probes
targeted reference genes that were used to normalise the expression
data: GAPDH for cell culture samples and B2M for patient samples.

2.12. Analyses of lung cancer patient databases

For the analysis of FGFR1, FGFR4, and N-cadherin expression, we
used GSE19188, GSE18842, GSE19804, GSE33532, GSE10072,
GSE31552, TCGA, GSE2109, GSE3141, GSE14018, GSE63074 and
GSE43580 lung cancer] databases, which are available through the
R2 genomics analysis and visualisation platform (http://r2.amc.nl/).
Heatmaps were drawn using the Multiexperiment Viewer application
software and plotting of the z-scores of gene expression data. All sta-
tistical analyses were performed using GraphPad Prism4, or directly
from the R2 Genomics platform”.

2.13. Clinical data

The present study involved a discovery cohort of 109 subjects
diagnosed with NSCLC (Supplementary Table E2) from the Virgen del
Rocio University Hospital (Seville, Spain) who had undergone surgical
resection. Tumour samples were sent to the pathology laboratory for
diagnosis and were prepared for storage by formalin fixation and par-
affin embedding. Inclusion criteria were: [1] confirmed NSCLC diag-
nosis; [2] access to patient clinical information, including age,
gender, smoking status, the TNM Classification of Malignant Tumours
(TNM) stage, diagnosis date, histologic subtype, date of relapse, date
of the last revision and status at that time; [3] availability of tumour
tissue obtained by surgical resection for immunohistochemistry. In
addition, we obtained mRNA expression data from a publicly avail-
able cohort from the TCGA. These results are partly or fully based
upon data generated by the TCGA Research Network: http://cancerge
nome.nih.gov/. For the tumour marker prognostic study, the REMARK
[28] reporting guidelines were followed.

2.14. Statistics

In vitro data are presented as the mean § standard deviation to
estimate variation within each group. Statistical analysis was per-
formed with the SPSS statistical package (v19, IBM). The in vitro and
in vivo experiments were analysed using an unpaired two-tailed
non-parametric Mann-Whitney U test. p-values less than 0.05 were
considered significant. For the prognosis analyses, the Kaplan-Meier
method was used for survival analyses of the clinical data and cell
line xenograft experiments. Overall survival (OS) was defined as the
length of time from the date of starting treatment to the date of death
or last follow up. Progression-free survival (PFS) was defined as the
length of time from the date of treatment initiation to the date of pro-
gression/death or last follow up. A Log Rank test was used to analyse
differences in survival amongst groups. The Cox proportional hazards
model was used to obtain hazard ratio values.

3. Results

3.1. FGFR1 and FGFR4 expression can exert pro- or anti-tumorigenic
effects in NSCLC cell lines

To study the role of FGFR1 and FGFR4, we downregulated/overex-
pressed either receptor in NSCLC cell lines (Supplementary Figure
S1a-b and Supplementary Table S1). FGFR4 overexpression in two
squamous cell carcinoma lines (H226 and Calu-1) which show differ-
ent driver alterations, led to increased cell growth, clonogenicity and
soft agar colony formation (Figs. 1a-b and Supplementary Figures
S1c-d) compared to empty vector controls. As expected, FGFR4 over-
expression led to its auto-activation in these cell lines. Furthermore,
upon FBS stimulation, the STAT3, p42/p44 and AKT pathways were
overactivated in the FGFR4-overexpressing cell lines (Fig. 1c). Since
FGFR1 protein expression was high in all the squamous cell carci-
noma lines examined, we did not attempt to overexpress this gene.

To assess the effect of FGFR1 on the oncogenic properties of the
cells and to further study the role of FGFR4 in lung squamous cell car-
cinoma lines, either FGFR1 or FGFR4 were silenced in H520 cells
(Supplementary Figure S1a). This led to reduced oncogenic properties
(Figs. 1d-e and Supplementary Figures S1e-f), reduced phosphory-
lated FGFR1 and FGFR4, and reduced oncogenic signalling (Fig. 1f).

On the other hand, when we overexpressed FGFR1 or FGFR4 in
non-squamous lung cell lines with different genetic backgrounds
(H2009, H3122 and H460, Supplementary Table S1), this led to
reduced oncogenicity (Figs. 2a-b and Supplementary Figures S2a-d).
In these cell lines, activation of the STAT3 and AKT pathways was
reduced after serum stimulation following FGFR1/4 overexpression.
In contrast to the tested squamous cell carcinoma lines, no variations
in FGFR1 or FGFR4 activation levels were observed after FGFR1 or
FGFR4 overexpression (Fig. 2c and Supplementary Figure S2e).

Further to the above, silencing of either FGFR in non-squamous
A549 cells led to increased oncogenicity (Figs. 2d-e and Supplemen-
tary Figure S2f). Despite relatively high levels of FGFR1 and FGFR4
protein expression in this cell line, activated FGFR1 and FGFR4 were
barely detected. However, slightly increased activation of STAT3, AKT
and p42/p44 signalling was observed after FGFR4 silencing in this
cell line, while STAT3 signalling was upregulated, and a similar trend
was observed for AKT and p42/p44 after FGFR1 silencing (Fig. 2f and
Supplementary Figure S2g).

3.2. N-cadherin expression induces a pro-oncogenic role for FGFR1/4,
independently of histology

Evidence in the literature suggests that FGFRs may interact with
N-cadherin, which results in increased FGFR signalling and pro-onco-
genic effects, suggesting that this adhesion molecule may be trigger-
ing the activation and oncogenic potential of these receptors [29,30].
In line with these results, we found that N-cadherin expression was
primarily detected in the squamous cell carcinoma lines where
expression of either FGFR was pro-oncogenic (Fig. 3a).

As a proof of concept, we co-overexpressed N-cadherin and either
FGFR in two lung non-squamous cell lines (H2009 and H3122) with no
endogenous N-cadherin expression and studied the resultant effects on
signalling pathways. Co-overexpression of either FGFR1 or FGFR4 with
N-cadherin not only reversed the tumour suppressor effects of the over-
expression of either FGFR alone, but also provoked increased oncogenic
potential (Figs. 3b-c and Supplementary Figures S3a-b). An assessment
of oncogenic signalling in these cell lines showed reduced pSTAT3,
pAKT and p-p42/p44 levels in the absence of N-cadherin, whereas the
opposite effects were observed when N-cadherin was co-overexpressed
with the FGFRs. Furthermore, we found that FGFR1 or FGFR4 activation
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Fig. 1. Effects of FGFR1 and FGFR4 on lung squamous carcinoma cell lines. See also Supplementary Figure S1. Growth curves in 10% FBS (a) and soft agar assays (b) of FGFR4-overex-
pressing lung squamous carcinoma cell lines. (c) Western blot analysis of the activation of FGFR-related signalling pathways in FGFR4-overexpressing lung squamous carcinoma cell
lines compared to empty-vector-expressing cell lines after stimulation with FBS. Growth curves in 0.5% FBS (d) and soft agar assays (e) of FGFR1- and FGFR4-silenced H520 cells
(lung squamous cell carcinoma). (f) Western blot analysis of the activation of FGFR-related signalling pathways in FGFR1- and FGFR4-silenced H520 cells. All experiments were
reproduced a minimum of three times in the laboratory, and three technical replicates were obtained for each experiment. For growth curves and western blots, a representative
figure/image is shown. On the growth curves, the means and standard deviations of the technical replicates are shown. In the soft agar assays, all values were normalised to the
empty vector control, and the mean and standard deviation of all the normalised replicates are presented. Silencing of either gene was performed using two different shRNAs,
referred to as “a” and “b”. p-values were obtained with the two-sided Mann-Whitney U test and are indicated by asterisks (* p<0.05; ** p<0.01; *** p<0.001). ADC = Adenocarci-
noma, SCC = Squamous cell carcinoma, I = Immortalised, KRAS = KRAS-mutated, EGFR = EGFR-mutated, ALK = ALK translocation bearer, TN = “Triple negative” (referring to the
absence of alterations in KRAS, EGFR and ALK), EV = empty vector control, FGFR1 = FGFR1-overexpressing, FGFR4 = FGFR4-overexpressing, scramble = scrambled shRNA control,
shFGFR1 = FGFR1 shRNA, shFGFR4 = FGFR4 shRNA, FBS = foetal bovine serum. Western blot molecular weight references are indicated to the right of the images.
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was increased after overexpression of either FGFR alone in the cell lines
with induced N-cadherin expression (Fig. 3d).

We also overexpressed either FGFR1 or FGFR4 and silenced N-
cadherin expression in the immortalised lung epithelial cell line
NL20, which exhibits high endogenous levels of N-cadherin (Fig. 3a).
The overexpression of either FGFR increased the tumoral potential
and oncogenic signalling of the cells under conditions of endogenous
N-cadherin expression in vitro and in vivo in xenografts of these cells



Fig. 2. Effects of FGFR1 and FGFR4 on non-squamous lung cell lines. See also Supplementary Figure S2. Growth curves in 10% FBS (a) and soft agar assays (b) of the FGFR1- or FGFR4-
overexpressing lung adenocarcinoma cell lines H2009 and H3122. (c) Western blot analysis of the activation of FGFR-related signalling pathways in FGFR1-overexpressing H2009
and H3122 cells compared to empty-vector-expressing cells. Growth curves in 10% FBS (d) and soft agar assays (e) of FGFR1- and FGFR4-silenced A549 cells (adenocarcinoma cell
line). (f) Western blot analysis of the activation of FGFR-related signalling pathways in FGFR1- and FGFR4-silenced A549 cells. All experiments were reproduced a minimum of three
times in the laboratory, and three technical replicates were obtained for each experiment. For growth curves and western blots, a representative figure/image is shown. On the
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in immunodeprived mice. However, a reduction in N-cadherin pro-
tein levels reverted the tumour suppressor function of FGFR1 and
FGFR4 (Fig. 4a-d and Supplementary Figure S3c-e). Supporting these
data, analysis of four independent cohorts of human lung tumours
with available mRNA data showed that FGFR1/4 expression positively
correlated with N-cadherin mRNA levels (Supplementary Figure S4),
suggesting that co-expression of these genes may represent an onco-
genic advantage for these tumours.

3.3. N-Cadherin physically interacts with FGFR1 and FGFR4

N-Cadherin is known to physically interact with FGFR1 in breast
cancer cell lines [30] andwith FGFR4 in pancreatic cancer [31]. We con-
clude from the following pieces of evidence that this interaction also
takes place in lung cell lines: the co-localisation and physical interac-
tion of both FGFRs with N-cadherin was observed by proximity ligation
assays (Fig. 4e) and co-immunoprecipitation experiments (Fig. 4f),
respectively, in the H520 line which displays endogenous expression of
these three genes (Supplementary Figure S1a and Fig. 3a).

3.4. FGFR1/4 and N-cadherin co-expression is a prognostic determinant
in NSCLC

mRNA expression of FGFR1/4 and N-cadherin was determined in
formalin-fixed, paraffin-embedded tumour samples from a cohort of
109 early-stage NSCLC patients (Supplementary Table S2) and corre-
lated with patient outcome. Patients whose tumours exhibited high
expression of FGFR1 and N-cadherin genes had the poorest progno-
sis, while the group with high FGFR1 and low N-cadherin expression
had the best prognosis. Similar results were obtained for FGFR4
(Fig. 4g). Consistently, when both FGFR1 and FGFR4 expression were
taken into account (n = 89), patients with high FGFR1/4 and low N-
cadherin expression had increased overall survival (Hazard Ratio of
1.89 [1.02�3.49], p = 0.039) compared to patients with elevated
expression of both genes (Fig. 4h).

3.5. Transcriptome analysis of human NSCLC tumours associates co-
expression of FGFR1/4 and N-cadherin to a neuroendocrine
transcriptional program

To explore the molecular mechanisms underlying the oncogenic-
ity of FGFR1/4 in the context of high N-cadherin expression, we used
the TCGA lung cancer (adenocarcinomas and squamous carcinomas)
patient dataset for which gene expression data are available. We
searched for those genes differentially expressed in FGFR1/4high-
Cadherin-2(CDH2) high (n = 145) versus FGFR1/4high-CDH2low
(n = 94) tumours. As an additional filter, we discarded those genes
whose expression was dependant on a CDH2 high/low status regard-
less of FGFR1 and/or FGFR4 expression. This analysis unveiled a gene
signature consisting of 55 upregulated genes (logFC>1, B>0) in
tumours with high FGFR1/4 and N-cadherin expression (Fig. 5a and
Supplementary Table S3). The gene signature was enriched in genes
representing several processes related to nervous system functions
(Fig. 5b). Furthermore, potential upstream transcription factors of the
signature were identified by Ingenuity Pathway Analysis (IPA) using
a conservative approach (p < 0.01 [Fisher’s Exact test]) (Supplemen-
tary Table S4). These included master regulators of neuroendocrine
differentiation, like ASCL1, NEUROD1 and POU2F3, and genes
involved in lineage plasticity, such as SOX2, were identified as poten-
tial regulators of the FGFR1/4high-CDH2high gene signature. Notably,
growth curves, the means and standard deviations of the technical replicates are shown. In
mean and standard deviation of all the normalised replicates are presented. For western bl
stimulated conditions, serum-starved cells were incubated in serum-containing complete m
using two different shRNAs, referred to as “a” and “b”. p-values were obtained with the tw
p<0.001). EV = empty vector control, FGFR1 = FGFR1-overexpressing, FGFR4 = FGFR4-overe
FGFR4 shRNA, FBS = foetal bovine serum. Western blot molecular weight references are indic
the FGFR1/4high-CDH2high gene signature obtained from patient
data was significantly enriched in human lung cancer cell lines from
the Cancer Cell Line encyclopaedia (CCLE) stratified by FGFR1/4 and
N-cadherin expression levels (FGFR1/4high-CDH2high vs FGFR1/
4high-CDH2low), suggesting that lung cancer cell lines are a suitable
model where to test the functional implications of CDH2 in the con-
text of FGFR1/4 expression (Supplementary Figure S4b-c).

3.6. N-cadherin expression is predictive of FGFR inhibition efficacy in
vitro

Our results suggested that in high FGFR1/FGFR4-expressing
tumours, FGFR inhibition would be effective only when N-cadherin is
highly expressed. To test this hypothesis, we assessed the effect of
two selective FGFR inhibitors (BGJ398 and AZD4547) on a set of cell
lines highly expressing these FGFRs, with variable endogenous
(Fig. 6a) or exogenously downregulated/overexpressed (Fig. 6b) N-
cadherin levels (Supplementary Figures S1a and Figs. 1�3). After
treatment with FGFR inhibitors we observed reduced proliferation
only in those cell lines where N-cadherin was highly co-expressed
with FGFR1 and/or FGFR4 (Fig. 6).

As an external validation of our results, we analysed data from
CCLE with an extensive panel of lung cancer cell lines treated with
the FGFR1 inhibitor dovitinib (n = 92). This database includes data on
cell line sensitivity to dovitinib, FGFR1 and N-cadherin mRNA expres-
sion, and FGFR1 amplification. We divided the cell lines into groups
according to N-cadherin and FGFR1 mRNA expression levels by set-
ting the median expression of either gene as the cut-off value to dif-
ferentiate between low and high expressing cell lines. We found that
sensitivity to dovitinib was only increased in those cell lines with
high expression of both FGFR1 and N-cadherin genes (Supplementary
Figure S5a). Of note, among nine cell lines with FGFR1 amplification,
three out of three with high N-cadherin and FGFR1 levels were
among the most sensitive to dovitinib, while five out of six cell lines
with low N-cadherin and/or FGFR1 expression levels showed limited
dovitinib sensitivity (Supplementary Figure S5b). When applied to
our cell lines, we found FGFR inhibition sensitivity in FGFR-amplified
H520 cells and in non-FGFR1-amplified H226 cells (Fig. 6b). The
remaining cell lines tested did not harbour FGFR1 amplification. Fur-
ther to this, as an additional external validation of our results, we
analysed data from GDSC and performed experiments analogous to
those whose results are presented in Figure S5a, with sensitivity data
for the FGFR inhibitors (FGFRis) AZD4547 and PD173074 (Figures
S5c-d). We found trends in common with our results, with cell lines
with high FGFR1/FGFR4 and CDH2 expression showing the highest
sensitivity to either inhibitor. Remarkably, in agreement with our
results, in cell lines with high FGFR1 expression, those with high
CDH2 expression showed a significantly higher sensitivity to
AZD4547 (p = 0.004, Figure S5c). Taken together, these results suggest
that FGFR1 and N-cadherin expression have a higher predictive
potential than FGFR1 amplification for determining FGFR inhibition
efficacy.

3.7. FGFR inhibition is highly effective in N-cadherin plus FGFR1 and/or
FGFR4 co-expressing patient-derived xenografts (PDXs)

We selected several lung cancer PDX models with high FGFR1
expression and differential levels of N-cadherin: one adenocarcinoma
and one squamous cell carcinoma PDX with high FGFR1 expression
and low N-cadherin expression (TP60 and TP13, respectively), and
the soft agar assays, all values were normalised to the empty vector control, and the
ots, cells were serum-starved for five hours prior to protein extraction. For the serum-
edium for 15 min before protein extraction. Silencing of either gene was performed

o-sided Mann-Whitney U test and are indicated by asterisks (* p<0.05; ** p<0.01; ***
xpressing, scramble = scrambled shRNA control, shFGFR1 = FGFR1 shRNA, shFGFR4 =
ated to the right of the images.



Fig. 3. Effects of N-cadherin on the pro-oncogenic role of FGFR1 and FGFR4. See also Supplementary Figures S3 and S4. (a) Western blots of N-cadherin and E-cadherin protein
expression in our lung cell line panel. To assess the expression of these proteins in the 18 cell lines, different blots were performed in parallel with an internal reference sample and
the assembled images are shown. 10% FBS growth curves (b) and soft agar assays (c) of H2009 and H3122 cells overexpressing N-cadherin and either FGFR1 or FGFR4. (d) Western
blot analysis of the activation of FGFR-related signalling pathways in these cell lines. All experiments were reproduced a minimum of three times in the laboratory and three techni-
cal replicates were obtained for each experiment. For growth curves and western blots, a representative figure/image is shown. On the growth curves, the means and standard
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one adenocarcinoma and one squamous cell carcinoma PDX with
high expression of both genes (TP91 and TP114, respectively). In
addition, we selected one adenocarcinoma and one squamous cell
carcinoma PDX model with high expression of FGFR1, FGFR4 and N-
cadherin (TP43 and TP96, respectively) (Fig. 7a and Supplementary
Figure S6a). Of note, none of these models harboured FGFR1 amplifi-
cation.

We carried out in vivo experiments in which these PDXs were
treated with AZD4547 inhibitor. No toxicity derived from the treat-
ment was observed (Supplementary Figure S6b). This inhibitor had
no effect on tumour growth in the PDX models with low N-cadherin
expression (TP13 and TP60) (Fig. 7b). In contrast, in the models with
higher N-cadherin expression (TP91 and TP114), AZD4547 treatment
resulted in decreased tumour growth compared to the untreated
tumours (tumour versus control volume (T/C)) of 14.4% and 25.5%,
respectively). Indeed, AZD4547 treatment induced tumour shrinkage
in these two models, and achieved 1/5 and 2/5 complete tumour
regressions, respectively. Similar results were obtained in the TP43
model, with a median T/C value of 7.1% in the treated arm. In the
TP96 model, the observed effects were more pronounced, including a
dramatically reduced tumour volume compared to the untreated
group (T/C of 1.4%), a dramatic reduction in tumour volume from the
initial volume, and 2/5 complete tumour regressions (Fig. 7b-e).
When we analysed the effects of AZD4547 treatment on oncogenic
signalling pathways in these models, we found inhibition of the path-
ways specifically in those tumours that were responsive to therapy
(Fig. 7f and Supplementary Figure S6c).

4. Discussion

We have shown here that FGFR1 and FGFR4 have molecular con-
text-dependant roles in lung tumorigenesis, respectively suppressing
or promoting oncogenic behaviour in vitro and in vivo depending on
the absence or presence of N-cadherin expression. We have also pro-
vided evidence that the determination of FGFR1/4 levels alone is not
predictive of a tumour’s response to FGFR inhibitors. Complementary
determination of N-cadherin levels may be necessary to select
tumours against which anti-FGFR therapy may show efficacy, thus
revealing the predictive potential of N-cadherin in this setting.

FGFR1 aberrations, particularly amplification, have been associ-
ated with NSCLC, especially in squamous cell carcinoma
[11,12,32,33]. Recently, a potential oncogenic role for FGFR4 in NSCLC
has also been reported [24,26,34]. However, we reported that both
FGFRs exerted either pro-oncogenic or tumour suppressor effects
depending on the cell line used. FGFR3 overexpression has also been
reported to exert anti-oncogenic and pro-oncogenic effects, which
were associated with epithelial-like and mesenchymal-like pheno-
types, respectively, in pancreatic cell lines [29]. We hypothesised that
the biological functions of FGFR1/4 could be influenced as well in the
NSCLC context by an epithelial- or mesenchymal-like phenotype. In
this way, we observed that N-cadherin, which is associated with mes-
enchymal phenotypes [35], is required for FGFR1/4 oncogenicity.

N-cadherin has been found to physically interact with FGFR1 and
FGFR4 in breast and pancreatic tumours, respectively [31,36,37], and
it has been reported that the N-cadherin/FGFR interaction promotes
increased and sustained FGFR signalling, exerting oncogenic and
cytoprotective effects [26,36,38-40]. In accordance with these data,
we reported that N-cadherin co-localised and co-immunoprecipi-
tated with FGFR1 and FGFR4 in lung cell lines, and found that FGFR1/
4 activation and increased downstream signalling occurred only in
deviations of the technical replicates are shown. In the soft agar assays, all values were norm
malised replicates are presented. p-values were obtained with the two-sided Mann-Whitn
non-Squamous, SCC = Squamous cell carcinoma, I = Immortalised, KRAS = KRAS-mutated, EG
the absence of alterations in KRAS, EGFR and ALK), EV1 = empty vector 1, EV2 = empty vec
herin-overexpressing. Western blot molecular weight references are indicated to the right of
the presence of N-cadherin, independently of histology. This suggests
that, in the context of lung tumours, N-cadherin is needed for FGFR
activation, as the activated form of these receptors is barely detected
in the absence of this cadherin, even after forced overexpression of
the FGFR, in contrast to what has been reported in other malignancies
[41]. Taken together, these data indicate a molecular context-medi-
ated role for FGFR1 and FGFR4 in lung tumours that is dependant on
the expression of N-cadherin.

While this work strongly supports an oncogenic role for FGFR1/4 in
lung tumours that is mediated by N-cadherin expression, it neverthe-
less, remains unclear how both FGFRs exert the tumour suppressive
effects observed in the absence of this cadherin. We reported that
FGFR1 or FGFR4 activation was hardly detected in cell lines with no
expression of N-cadherin, which suggests that both FGFRs may exert
their tumour suppressor activity through a mechanism independent of
their activation. Recently, it was reported that FGFRs can translocate to
the nucleus in the absence of activation and interact with nuclear pro-
teins that regulate transcription [42,43]. This nuclear function of FGFRs
may be responsible for the tumour suppressor effects observed in the
lung cancer setting. However, further investigation is needed to
describe these tumour suppressor effects in detail.

With a view to exploring the molecular mechanisms leading to
FGFR1/4-N-cadherin oncogenic effects, we identified a gene expres-
sion signature specific to NSCLC tumours with high FGFR1/4 and N-
cadherin expression, which was enriched in key transcription factors
for lineage plasticity and neuroendocrine differentiation [44,45].
Among the regulatory kinases predicted to be present, the trans-
membrane tyrosine kinase RET was identified by IPA. RET is
expressed in the central and peripheral nervous system and in neural
crest-derived cells, and notably has been described as the target of
one of the master regulators of neuroendocrine differentiation,
ASCL1, in a subset of lung adenocarcinomas with neuroendocrine dif-
ferentiation [28]. These observations suggest that both RET and
ASCL1 could represent central regulatory nodes within the identified
gene signature and, moreover, may provide a mechanistic explana-
tion for the pro-tumorigenic role of FGFR1/4 and N-cadherin co-
expression in lung cancer. In addition, we found that FGF5 expression
was upregulated in tumours with high FGFR1/4 and N-cadherin
expression. FGF5 shows preferential affinity for the FGFR1 IIIc splice
variant, which is preferentially found in cells with a mesenchymal
phenotype [46]. This result suggests a potential autocrine loop in
lung cancer cells with high FGFR1 and N-cadherin (and thus, mesen-
chymal-like) co-expression. Therefore, autocrine FGFs may be
involved in the FGFR1/FGFR4/CDH2 dependency, but were not inter-
rogated in this study. Further research will be needed to address this
potential tumorigenic mechanism.

Based on the above evidence, we hypothesised that N-cadherin
expression may predict anti-FGFR therapy efficacy in FGFR1- and/or
FGFR4-overexpressing tumours. We reported that FGFR inhibitors
would only affect growth of those cell lines co-expressing FGFR1/4
and N-cadherin, and validated these results for FGFR1 in a publicly
available panel of lung cancer cell lines treated with the FGFR1 inhibi-
tor dovitinib. Although a similar trend could be observed in this data-
base for FGFR4 expression, these analyses did not reach statistical
significance, which may be due to the lower affinity of this inhibitor
for the FGFR4 protein. On the other hand, when we tested the effects
of selective FGFR inhibition on tumour growth in high FGFR1/4-
expressing lung PDX models, only tumours with high N-cadherin
expression responded to therapy, achieving complete tumour regres-
sion in some of the treated tumours. Classically, FGFR1 amplification
alised to the empty vector control, and the mean and standard deviation of all the nor-
ey U test and are indicated by asterisks (* p<0.05; ** p<0.01; *** p<0.001) non-SCC =
FR = EGFR-mutated, ALK = ALK translocation bearer, TN = “Triple negative” (referring to
tor 2, FGFR1 = FGFR1-overexpressing, FGFR4 = FGFR4-overexpressing, CDH2 = N-cad-
the images.



Fig. 4. Effects of N-cadherin on the pro-oncogenic role of FGFR1 and FGFR4 and the interaction of N-cadherin with FGFR1 and FGFR4. See also Supplementary Figure S4. (a) 0.5% FBS
growth curves for FGFR1-overexpressing and N-cadherin-silenced (left) or FGFR4-overexpressing and N-cadherin-silenced (right) NL20 cells. (b) Soft agar assays of FGFR-overex-
pressing and N-cadherin-silenced NL20 cells. (c) Western blot analysis of the activation of FGFR-related signalling pathways in these cell lines. (d) Xenograft tumour volumes of the
FGFR1, FGFR4 and N-cadherin interaction models in the immortalised NL20 cell line. (e) Proximity ligation assays (PLA) to assess the physical interaction of N-cadherin with FGFR1
(upper panel) or FGFR4 (lower panel). The interactions detected were quantified and normalised by cell number for each condition. As controls to distinguish signal from noise,
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interactions were quantified in the single antibody conditions (labelled as “N-cadherin”, “FGFR1” and “FGFR4”). To assess the interaction between the two proteins, both antibodies
were used, either N-cadherin + FGFR1 (upper panel) or N-cadherin + FGFR4 (lower panel), in the condition labelled as “combo”. Representative images and quantifications are
shown. (f) Co-immunoprecipitation of N-cadherin with FGFR1 and with FGFR4 in the H520 cell line. (g) Kaplan-Meier curves of overall survival (OS) for the entire NSCLC patient
cohort (N = 109). Patients were grouped based on FGFR1 and N-cadherin expression levels or on FGFR4 and N-cadherin expression levels. (h) OS curve of patients in the cohort
with high expression of FGFR1 and/or FGFR4 stratified by N-cadherin expression levels. In each analysis, for the FGFR1 and N-cadherin genes, the cut-off point was the median
mRNA expression value for that variable. For FGFR4, the cut-off point was the first-quartile mRNA expression value in the TCGA adenocarcinoma cohort. The Kaplan-Meier method
was used for survival analyses of the clinical data and cell line xenograft experiments, with a Cox proportional hazards model used to adjust for explanatory variables. A log Rank
analysis was used to analyse differences in survival between groups. To obtain the hazard ratio values, the Cox proportional hazards model was used. All in vitro experiments were
reproduced a minimum of three times in the laboratory, and three technical replicates were obtained for each experiment. For growth curves and western blots, a representative
figure/image is shown. On the growth curves, the means and standard deviations of the technical replicates are shown. In the soft agar assays, all values were normalised to the
empty vector control, and the mean and standard deviation of all the normalised replicates are presented. N-cadherin silencing was performed using two different shRNAs. Results
generated with the alternative shRNA are shown in Supplementary Figure S3 c-e. p-values were obtained with the two-sided Mann-Whitney U test and are indicated by asterisks (*
p<0.05; ** p<0.01; *** p<0.001). EV1 = empty vector 1, EV2 = empty vector 2, FGFR1 = FGFR1-overexpressing, FGFR4 = FGFR4-overexpressing, CDH2 = N-cadherin-overexpressing,
scramble = scrambled shRNA control, shCDH2 = silenced with N-cadherin shRNA. Western blot molecular weight references are indicated to the right of the images.

Fig. 5. RNAseq analysis of TCGA lung adenocarcinoma and squamous cell carcinoma datasets. (a) Differential gene expression analysis in FGFR1/4high-CDH2high (n = 145) versus
FGFR1/4high-CDH2low (n = 94) patients. The gene dataset was filtered by discarding genes whose expression was dependant on CDH2 high/low status irrespective of
FGFR1 and/or FGFR4 expression (FGFR1/4low-CDH2high patients, n = 21). Parameters were set up as logFC>1, B>0. (b) Query of defined gene expression signature against Gene
Ontology. The results shown here are based in whole or in part upon data generated by the TCGA Research Network: http://cancergenome.nih.gov/.

�A. Quintanal-Villalonga et al. / EBioMedicine 53 (2020) 102683 11

http://cancergenome.nih.gov/


Fig. 6. Predictive potential of N-cadherin expression for anti-FGFR therapy in vitro. See also Supplementary Figure S5. Treatment for 72 h with AZD4547 or BGJ398 at a concentra-
tion of 0.5 or 1mMwas applied to cells with high endogenous expression of FGFR1 and/or FGFR4, with high or low endogenous expression of N-cadherin (a) and to cells either exog-
enously expressing FGFR1 or FGFR4, alone or in combination with N-cadherin, or to cells with high endogenous expression of the three genes with N-cadherin downregulation (b).
All experiments were reproduced a minimum of three times in the laboratory. For growth curves, a representative figure is shown and the mean and standard deviation for the tech-
nical replicates are indicated. N-cadherin silencing was performed using two different shRNAs to avoid off-target effects. p-values were obtained with the two-sided Mann-Whitney
U test and are indicated by asterisks (* p<0.05; ** p<0.01; *** p<0.001). EV1 = empty vector 1, EV2 = empty vector 2, FGFR1 = FGFR1-overexpressing, FGFR4 = FGFR4-overexpressing,
CDH2 = N-cadherin-overexpressing, scramble = scrambled shRNA control, shCDH2 = silenced with N-cadherin shRNA.
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Fig. 7. FGFR efficacy in N-cadherin, FGFR1 and/or FGFR4 co-expressing patient-derived xenografts (PDXs). See also Supplementary Figure S6. (a) Western blot showing FGFR1,
FGFR4 and N-cadherin protein expression in five different lung PDXs. AZD4547 treatment of low (b) and high (c) N-cadherin-expressing PDXs. (d) Results of the PDX treatments in
terms of tumour versus control volume (T/C), and complete regressions. T/C values are expressed as percentages. (e) Graph showing the median variation in tumour volume from
the initial volume, for every model, calculated as the increase or decrease in volume and expressed as a percentage. (f) Western blot showing the effects of AZD4547 treatment on
FGFR-related signalling pathways in one low-N-cadherin-expressing (TP13) and one high-N-cadherin-expressing (TP114) adenocarcinoma PDX. p-values were obtained with the
two-sided Mann-Whitney U test and are indicated by asterisks (* p<0.05; ** p<0.01; *** p<0.001). Western blot molecular weight references are indicated to the right of the
images.
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has been associated with FGFR inhibition efficacy and has been estab-
lished as an inclusion criterion for clinical trials with FGFR inhibitors
[19,47,48]. However, so far the results of these trials have been very
modest, with only 5�10% of FGFR1-amplified tumours showing par-
tial responses [19,48-50], suggesting that this genomic aberration
may not be a good predictive biomarker for anti-FGFR therapy. In the
search for better predictive biomarkers for FGFR inhibition efficacy, it
has been reported that FGFR1 mRNA and protein expression may be
more predictive than FGFR1 amplification [13]. Also, different
potential indicators of FGFR inhibition sensitivity (MYC overexpres-
sion and certain gene expression signatures), or resistance (NRAS
amplification, DUSP6 deletion, MET upregulation) have been identi-
fied [51-53]. However, consistent in vitro functional assays and cor-
relative in vivo sensitivity data have not been forthcoming thus far
for any of the proposed biomarkers. Interestingly, within the PDX
models tested, AZD4547 showed high efficacy in one of the models
with the highest FGFR4 expression level (TP43) despite AZD4547
being highly active only to FGFR1-3. We hypothesise that these
results may be due to the fact that this compound is also active
against FGFR4, even if with a lower affinity compared to FGFR1-3
[54]. This result may have been possible due to the high FGFR4
expression in this model and to the relatively high AZD4547 doses
used in these experiments. On the other hand, even if FGFR1/4 and
N-cadherin co-expression at the protein level seem to predict high
FGFRi efficacy, to determine this we relied on western blot, a tech-
nique that is not routinely used in the clinical context. Further work
will be required to immunohistochemically determine the expres-
sion of these proteins and to establish cut-off expression levels pre-
dicting FGFRi efficacy.

It should also be noted that within the PDXs treated with a selec-
tive FGFR inhibitor, one KRAS-mutant lung adenocarcinoma PDX
(TP91) showed high sensitivity, suggesting that FGFR1 inhibition may
be an interesting therapeutic approach for selected KRAS-mutant
tumours, which to date lack efficacious targeted therapies. In agree-
ment with this result, the combined inhibition of MEK and FGFR1
reverted resistance to MEK inhibition and exhibited high efficacy in
different in vivo KRAS-mutant lung cancer settings, including one
PDX model [55]. We have shown that FGFR1/4 expression levels have
low predictive potential as biomarkers of anti-FGFR therapy benefit,
as these therapeutic strategies are not likely to be effective against
tumours lacking N-cadherin expression. These findings could under-
lie the poor efficacy of FGFR inhibitors in clinical trials so far, with the
exception of some isolated cases of high FGFR1 amplification or
fusions [56].
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