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ARTICLE INFO ABSTRACT

Keywords: Objectives:Lung adenocarcinoma accounts for approximately half of lung cancer cases. Twenty to 50% of tumors
FGFR4 of this type harbor mutations affecting epidermal growth factor receptor (EGFR) expression or activity, which
EGFR can be therapeutically targeted. EGFR inhibitors in this context exhibit high efficacy and are currently used in
TKIs

the clinical setting. However, not all adenocarcinomas harboring EGFR mutations respond to therapy, so pre-
dictive biomarkers of therapeutic outcomes, as well as novel therapies sensitizing these tumors to EGFR in-
hibition, are needed.

Materials and methods:We performed in vitro gene overexpression/silencing and tumorigenic surrogate as-
says, as well as in vitro and in vivo combination treatments with Fibroblast Growth Factor Receptor (FGFR)/EGFR
inhibitors. At the clinical level, we determined FGFR4 expression levels in tumors from patients treated with
EGFR inhibitors and correlated these with treatment response.

Results:We describe a cooperative interaction between EGFR and FGFR4, which results in their reciprocal
activation with pro-oncogenic consequences in vitro and in vivo. This cooperation is independent of EGFR acti-
vating mutations and increases resistance to different EGFR inhibitors. At the therapeutic level, we provide
evidence of the synergistic effects of the combination of EGFR and FGFR inhibitors in high FGFR4-expressing,
EGFR-activated tumors in vitro and in vivo. Correlated with these results, we found that patients treated with
EGFR inhibitors relapse earlier when their tumors exhibit high FGFR4 expression.

Conclusions:We propose a novel predictive biomarker for EGFR-targeted therapy, and a highly efficacious
combinatory therapeutic strategy to treat EGFR-dependent; this may may extend the use of appropriate in-
hibitors beyond EGFR-mutated adenocarcinoma patients.

Treatment resistance
Combination treatment

1. Introduction [1-4]. A high percentage of adenocarcinomas harbour known driver
molecular aberrations, some of which are therapeutically targetable.

Lung adenocarcinoma is the most prevalent type of pulmonary This is the case of EGFR activating mutations, accounting for up to 20%
malignancy, accounting for approximately half of lung cancer cases of lung adenocarcinoma cases in Caucasian cohorts and in up to
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30-50% of patients of Asian origin [5,6]. The development of small
molecule inhibitors targeting the EGFR receptor has improved treat-
ment outcomes in patients with tumors possessing these mutations
[7-10]. However, the use of such inhibitors is currently restricted to
adenocarcinomas with known EGFR activating mutations. Thus, tumors
exhibiting high constitutive EGFR activation mediated by either un-
known EGFR mutations or by other molecular mechanisms, which may
also benefit from these therapies, are not candidates for treatment with
EGFR inhibitors. Furthermore, not all tumors harbouring known EGFR-
activating mutations respond to EGFR inhibitors [3,11-13]. Therefore,
the discovery of novel biomarkers predicting EGFR therapy efficacy, as
well as the identification of therapies achieving higher efficacy against
EGFR signalling-dependent tumors is an unmet clinical need.

Similar to EGFR, another receptor tyrosine kinase (RTK), fibroblast
growth factor receptor 4 (FGFR4), is gaining attention in the lung
cancer setting. The protein expression of this receptor has been recently
associated with a negative impact on lung cancer prognosis, supporting
the idea that FGFR4 could have oncogenic potential in these tumors as
well [14]. Furthermore, FGFR4 has also been reported to be occasion-
ally mutated in lung adenocarcinoma [15-17] leading to activation of
oncogenic signaling pathways with impact on patient survival [18,19].
Expression of FGFR4 was found to be upregulated in EGFR-transformed
mouse embryonic fibroblasts (MEFs) compared to MEFs transformed by
other methods [20], sugesting a potential cooperative interaction be-
tween both RTKs. However, the oncogenic role of FGFR4 in the context
of EGFR-dependent lung adenocarcinoma has thus far not been ad-
dressed.

2. Materials and methods
2.1. Cell lines

All cell lines (Supplementary Table 1) were purchased from the
American Type Culture Collection (ATCC) just prior to commencing this
work, with the exception of H1437 and H3122, which were kindly
provided by Dr. Maina and Dr. Koivunen, respectively. All cell lines
were authenticated and regularly tested for mycoplasma.

2.2. Transfections

Cell lines were transfected with TransIT-X2 Transfection Reagent
(Mirus). The FGFR4 (RG204230) cDNA clone was obtained from
Origene in the pCMV6 plasmid (PS100001). To overexpress wild type
EGFR and L858R/T790 M EGFR, the pBABE EGFR (#11,011), pBABE
EGFR (L858R/T790 M) (#32,073) and empty pBABE (control empty
plasmid, #51,070) plasmids were obtained from Addgene. For FGFR4
silencing, short hairpin (sh)RNAs in the pRS plasmid were purchased
from Origene (TR320356). The appropriate selection antibiotic was
used to select positive transfected clones, which were then pooled in a
monolayer, and maintained under continuous selective pressure. For
shRNA silencing, two independent shRNAs were used to avoid off-
target effects.

2.3. Growth factor stimulation

Cells were serum-starved for five hours to induce basal phosphor-
ylation levels and then stimulated with serum-free medium containing
FGF19 (100 ng/mL, Immunostep) or EGF (50 ng/ml, Immunostep), or
with complete medium (10% Fetal Bovine Serum (FBS)) for 15 min.
Protein extracts were subsequently obtained as indicated below.

2.4. Surrogate assays
Clonogenicity and soft agar assays were performed as indicated in

[21]. For growth curves, cells (3500 per well) were seeded in 12-well
culture plates in complete growth medium. At least three replicate
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growth curves were analyzed for each experiment. The cells for the first
point of the curve (day 0) were fixed with a 0.5% glutaraldehyde so-
lution 24 h after seeding. Every two days, a plate of cells corresponding
to a point on the curve was fixed, and the cells were stored in PBS at
4 °C until the sample for the last point of the curve was fixed. Cells were
then stained with a 1% crystal violet solution (crystal violet dissolved in
a 20% acetic acid/water solution) and washed. Absorbance was mea-
sured at 595 nm in a VICTOR plate reader (PerkinElmer). Values were
normalized to the day 0 absorbance and plotted versus time.

2.5. Co-immunolocalization

Cells were fixed with 4% paraformaldehyde and blocked with 1%
BSA in 0.1% Triton X-100 in PBS for 1h at room temperature. They
were then incubated with mouse anti-EGFR (#MA5-13269,
ThermoFisher) and rabbit anti-FGFR4 (#8562, CST) antibodies at a
1:100 dilution in blocking buffer for 3 h at room temperature and then
labeled with Alexa Fluor® 488 Goat Anti-Rabbit IgG (#R37116,
ThermoFisher) and Alexa Fluor® 555 Donkey Anti-Mouse IgG secondary
antibodies (#A-31570, ThermoFisher) at a dilution of 1:250 for 1 h at
room temperature. Images of 15-20 cells per condition were taken with
an SP5-WLL confocal microscope.

2.6. Proximity ligation assay (PLA)

PLA was performed using the Duolink Kit (#DU092102, Sigma),
following the manufacturer’s instructions and using the primary anti-
bodies described above for the immunolocalization assays.

2.7. Cell line treatments

The inhibitory concentration 50 (IC50) was calculated by treating
cells seeded in 96-well plates with a range of concentrations of each
inhibitor under assay for 96 h. Cells were then fixed and stained with
crystal violet (0.1%). Then, cristal violet was diluted in 20% acetic acid
solution. Absorbance measured at 595 nM, which is correlated to the
number of cells in each well, was quantified and analyzed as in [22].
For combination treatments, the approximate mean value of IC20 FGFR
inhibitor concentration and this concentration doubled were combined
with the different EGFR inhibitor concentrations to determine the IC50
value for the EGFR inhibitor in combination with the FGFR inhibitor.
The synergistic relationship between both kinds of inhibitors was cal-
culated following the Chou-Talalay method as in [23]. To study the
effect of treatments on the downstream signaling of cell lines, cells were
treated for 24 h with the IC50 concentration of erlotinib, alone or in
combination with the IC50 of AZD4547, and protein extracts were
obtained.

2.8. Cell line xenografts and in vivo treatments

For cell line xenografts, cell were diluted in PBS and then mixed
with Matrigel (1:1) A 150 pl aliquot (2 x 10° cells) of the mixture was
injected into one flank of each of 4-8 6-week-old female athymic nude
mice. The number of mice used per group was based on previous ex-
periments in the laboratory.

Tumors were measured twice a week after injection; when tumor
volume had reached 150-200 mm?, mice were randomized into groups
with similar mean tumor size and standard deviation. Mice were sa-
crificed at the end of treatment and tumor samples harvested and
stored.

Erlotinib, AZD4547, or a combination of the two, was administered
on five consecutive days each week at a concentration of 50 mg erlo-
tinib/kg/day for the H1975 models, and 25 mg erlotinib/kg/day for the
HCC827 models. AZD4547 was administered at a concentration of
5mg/kg/day. The duration of the treatments was 5 weeks, unless rapid
tumor growth necessitated an earlier endpoint.
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Experimenter blinding was achieved in these experiments by having
one person treat the animals and a different person measure the tumors
and process the data.

2.9. Immunoblot

Western blot was performed as indicated in [24]. The following
antibodies were used: FGFR4 (#8562, Cell Signaling), pFGFR4
(MBS856043, MyBiosource), AKT (#9272, Cell Signaling), pAKT
(#9271, Cell Signaling), p42/p44 (#9102, Cell Signaling), p-p42/p44
(#9101, Cell Signaling), STAT3 (#9139, Cell Signaling), pSTAT3
(#9145, Cell Signaling), a-tubulin (T9206, Sigma), B-actin (#A5316,
Sigma), EGFR (#4267, Cell Signaling), and pEGFR (#2234, Cell Sig-
naling). HRP-conjugated anti-rabbit and anti-mouse secondary anti-
bodies were purchased from Cell Signaling. All primary antibodies had
been previously validated in this specific assay and their specificity
tested with adequate control samples. Western blot images with a high
number of lanes were assembled from blots run in parallel and with a
common reference sample on both gels.

2.10. Co-immunoprecipitation assays

Co-immunoprecipitation was performed using the EZ View Red
Protein G Affinity Gel (#E3403, Sigma). Protein extracts were prepared
in HEPES 50 mM, NaCl 150 mM and n-octylglucoside 1% and supple-
mented with a protease inhibitor cocktail (cOmplete Mini EDTA-free,
Roche) and a phosphatase inhibitor cocktail (PhosSTOPEASYpack,
Roche). 2 mg protein aliquots were precleared and incubated with an-
tibody-conjugated beads. The EGFR (#4267, Cell Signaling) antibody
was used 1:100 for the immunoprecipitation, and an equal amount of
anti-IgG isotype control antibody (#3900, Cell Signaling) was used as a
negative control. Immunocomplexes were denatured by boiling in
Laemmli buffer and a western blot protocol was performed to confirm
the immunoprecipitation and to assess the co-immunoprecipitation of
FGFRA4.

2.11. RNA extraction and mRNA expression analysis

RNA extraction of FFPE patient tumor tissues was performed with
the RecoverAll Extraction Kit (Life Technologies, #AM1975). RNA
samples were reverse transcribed with the TagMan Reverse
Transcription Kit (Life Technologies). Gene expression was analyzed
after a preamplification step performed with the TagMan Preamp
Master Mix Kit (Applied Biosystems, #4,384,266) by using TagMan
probes from Life Technologies: Hs01106908 m1 FAM (FGFR4) and
Hs99999907_m1 FAM (B2M). B2M expression was used to normalize
the expression data.

2.12. Public database of cancer cell lines: sensitivity to EGFR inhibitors

Information on sensitivity to the EGFR inhibitors lapatinib and er-
lotinib of the cell lines used and of FGFR4 mRNA expression was ob-
tained from the Cancer Cell Line Encyclopedia (CCLE) database
(https://portals.broadinstitute.org/ccle/home).

2.13. Clinical samples

The study included a cohort of 87 subjects diagnosed with advanced
(stage III-IV) non-small-cell lung carcinoma (NSCLC) from the
University Hospital 12 de Octubre (Madrid, Spain) given erlotinib or
gefitinib as a first-, second-, third- or furtherline treatment. Tumor
samples were sent the Hospital’s pathology laboratory for diagnosis and
were prepared for storage by formalin fixation and paraffin embedding.
Inclusion criteria were: (1) Confirmed NSCLC diagnosis, (2) access to
patient clinical information, and (3) availability of tumour tissue ob-
tained by surgical resection. For the tumor marker prognostic study, the
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REMARK [25] reporting guidelines were followed. Baseline character-
istics of the patient cohort are summarized in Supplementary Table
S2.

2.14. Study approval

Written informed consent was provided by all patients. The project
was approved by the Research Ethics Committee of the Hospital
Universitario 12 Octubre (Madrid, Spain) (CEI 16/297).

Procedures involving animals were approved by the Animal
Protection Committee of the Comunidad Auténoma de Madrid
(Approval ID: PROEX134/16).

2.15. Statistics

In vitro data are represented as the mean * standard deviation to
indicate variation within each group of data. Statistical analysis was
performed with the SPSS statistical package (v19, IBM). The in vitro and
in vivo experiments were analyzed using an unpaired non-parametric
Mann-Whitney’s U test or Student’s t-test. Values of p < 0.05 were
considered significant. 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 vari-
ables, following which p-values were obtained. Overall survival (OS)
was defined as the length of time from the date of diagnosis to the date
of the last medical record. Progression-free survival (PFS) was defined
as the length of time from the date of diagnosis to the date of relapse. A
type II ANOVA was used to analyze differences in survival among
groups. To obtain the hazard ratio values, the Cox proportional hazards
model was used.

3. Results

3.1. FGFR4 overexpression increases EGFR signaling and oncogenic
capacities in EGFR-mutated lung adenocarcinoma cell lines

FGFR4 and EGFR protein expression, as well as EGFR activation
were determined in a panel of lung adenocarcinoma and immortalized
lung epithelial cell lines (Fig. 1A, SupplementaryTable S1). As ex-
pected, high EGFR activation was observed in the EGFR-mutated cell
lines, but also in two other cell lines, H1781 and Calu-3. However,
EGFR mutational profiling of these two cell lines revealed no EGFR
activating mutation in either cell line (data not shown).

To address the role of FGFR4 in the EGFR-mutated adenocarcinoma
setting, FGFR4 was overexpressed in two cell lines harbouring two
different EGFR activating mutations (SupplementaryTable S1). FGFR4
overexpression in either cell line led to increased growth and clon-
ability capacities in all cell lines tested, and to increased soft agar
colony formation in the only cell line used by us that exhibited an-
chorage-independent growth, HCC827, as compared to the respective
control cell lines (Fig. 1B-C and Supplementary Figure S1 A). After
analyzing the activation of some RTK-related signaling pathways in
these cell lines (Fig. 1D), we observed increased EGFR, and slightly
elevated STAT3 and AKT activation in the FGFR4-overexpressing cells
after serum deprivation. When cells were stimulated with EGF, EGFR
activation was higher in the FGFR4-overexpressing cells, and increased
ERK activation was also observed under these conditions for the
HCC827 cell line. Of note, FGFR4 activation occurred in parallel with
EGFR activation. Moreover, when these cells were stimulated with the
FGFR4 specific factor FGF19 (Fig. 1E), activation of both FGFR4 and
EGFR was observed. These results suggested a cooperative interaction
between the two RTKs.

To address the relevance of this potential cooperation in vivo, these
cell lines were xenografted into immunodeprived nude mice. Tumor
size determination as a function of time revealed increased tumor
growth in the FGFR4-overexpressing xenografts (Fig. 1F).
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Fig. 1. Effect of FGFR4 overexpression on tumorigenesis of EGFR-mutation driven lung adenocarcinoma cell lines. (A) Characterization of FGFR4 and EGFR protein
expression and EGFR activation in a panel of lung cell lines. (B) Growth curves in 10% FBS and (C) clonability assays of FGFR4-overexpressing EGFR-mutated
adenocarcinoma cell lines. (D) Western blotting of the activation of the EGFR and RTK-related signaling pathways in the FGFR4-overexpressing, EGFR-mutated
H1975 and HCC827 lung adenocarcinoma cell lines compared to the empty vector-containing cell lines after stimulation with recombinant human epidermal growth
factor (EGF). (E) Western blotting of the activation of the EGFR and RTK-related signaling pathways in FGFR4-overexpressing H1975 and HCC827 cells after
stimulation with the FGFR4-specific FGF19. (F) Growth assessment of the tumors generated by FGFR4-overexpressing H1975 and HCC827 cell line xenografts. The
colony number is shown for the clonability and soft agar assays. All values were normalized to the empty vector control, and the mean of all the normalized replicates
is presented. For western blotting, cells were serum-starved for 5 h prior to protein extraction. For the growth factor-stimulated conditions, serum-starved cells were
stimulated with serum-free medium containing FGF19 fifteen minutes prior to protein extraction. All experiments were repeated a minimum of 3 times in the
laboratory. 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. 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 = Adenocarcinoma, I = Immortalized, KRAS = KRAS-mutated, EGFR = EGFR-mutated, ALK = AIK translocation, TN = Triple negative (referring to the ab-
sence of KRAS, EGFR and ALK alterations). EV = Empty vector control, FGFR4 = FGFR4-overexpressing. *In the H1781 cell line, referred to as EGFR wild type in the
literature (Supplementary Table S1), the EGFR-activating L858R mutation was detected. To assess the expression of these proteins in the cell lines, different blots

were performed in parallel with an internal reference sample and the assembled images are shown (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article).
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Fig. 2. Oncogenic cooperation of FGFR4 with mutated and wild type activated EGFR. Growth curves in 10% FBS (A), clonability (B) and soft agar assays (C) after
FGFR4 silencing in the Calu-3 adenocarcinoma cell line, which harbors constitutively activated EGFR. (D) Western blotting of the activation of the EGFR and RTK-
related signaling pathways in FGFR4-silenced Calu-3 cells compared to scrambled vector-expressing cells after stimulation with FBS. (E) Growth assessment of the
tumors generated by the FGFR4-silenced Calu-3 adenocarcinoma cell line xenografts in immunodeprived mice. Growth curves in 10% FBS (F) Growth curves in 0.5%
FBS for NL20 cell lines overexpressing FGFR4 with or without co-expression of wild type or L858R/T790 M EGFR. (G) Clonability assays of the entire panel of NL20
cell lines generated. For growth curves, a representative figure/image is shown. On the growth curves, the mean and standard deviation for the technical replicates
are shown. The colony number is shown for the clonability. All the values were normalized to the empty vector control, and the mean of all the normalized replicates
is presented. For western blots, a representative image is shown. 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). Scramble = scrambled shRNA control, shFGFR4=FGFR4 shRNA, FBS = fetal bovine serum, EV1=empty vector 1,
EV2=empty vector 2, F1 = FGFR4, EGFR = wild type EGFR, EGFRm = L858R/T790 M mutant EGFR (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article).

3.2. FGFR4-EGFR cooperation is independent of EGFR-activating mutations

In our cell line panel, the wild type EGFR adenocarcinoma cell line
Calu-3 showed high levels of EGFR activation and FGFR4 protein ex-
pression (Fig. 1A). Surrogate assays indicated that FGFR4 silencing in
this cell line decreased oncogenicity relative to the control (Figs. 2A-C
and Supplementary Figure S1B). Western blot analysis showed that
FGFR4 silencing in Calu-3 cells decreased the activation of EGFR,
STAT3, AKT and p42/p44 compared to the control cell line (Fig. 2D),
while xenografts of these cell lines in immunodeprived mice showed
decreased tumor growth after FGFR4-silencing (Fig. 2E). These results
indicate that FGFR4 expression could contribute to the high level of
EGFR activation in this cell line, and suggest that the FGFR4-EGFR
interaction is not exclusive to cells bearing activating EGFR mutations.

To further confirm the latter observation, FGFR4 was co-over-
expressed with different EGFR variants (wild type and L858R/T790 M
EGFR) in the immortalized epithelial lung cell line NL20 and surrogate
assays were performed. FGFR4 overexpression further increased the
oncogenic abilities induced by either EGFR variant (Figs. 2F-G). Cor-
relating with these phenotypes, EGFR, STAT3, AKT and p42/p44 sig-
naling activation was further increased by FGFR4 overexpression, as
compared to the conditions of overexpression of either EGFR variant
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(Supplementary Figure S1C). These results suggested that the co-
operation between FGFR4 and EGFR occurs independently of the pre-
sence of EGFR activating mutations.

3.3. Interaction between FGFR4 and EGFR occurs at the physical level

Co-immunofluorescence assays in the FGFR4- and EGFR-over-
expressing NL20 cell line showed a partial co-localization between both
RTKs at the cell membrane (Fig. 3A). In addition, we observed that
FGFR4 co-immunoprecipitated with EGFR in the high FGFR4- and
EGFR-expressing cell line Calu-3 (Fig. 3B), while the interaction be-
tween both proteins was further confirmed by Proximity Ligation Assay
(PLA, Fig. 3C) results. Taken together, these findings suggested that the
cooperative effects of both receptors may occur through a physical in-
teraction between them.

3.4. Combined treatment with EGFR and FGFR inhibitors shows high
efficacy in FGFR4-overexpressing EGFR-activated cell lines

We found that EGFR-activated, FGFR4-overexpressing cell lines
exhibited higher resistance to two different EGFR inhibitors, erlotinib
and osimertinib, and higher sensitivity to two selective FGFR inhibitors,
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Fig. 3. Interaction of EGFR with FGFR4. (A) Co-immunolocalization assays of EGFR and FGFR4 in the NL20 cell lines overexpressing these genes. (B) Co-im-
munoprecipitation of EGFR with FGFR4 in the Calu-3 cell line. (C) Proximity ligation assay (PLA) demonstrating the close interaction between EGFR and FGFR4 in
control and FGFR4-overexpressing H1975 cell lines. Representative images of the assay are shown (left panel). The presence of red dots in this assay is indicative of
the interaction between both receptors. Graph (right panel) shows the average number of dots per cell + /- SEM. EV = Empty vector, FGFR4 = FGFR4-overexpressing,
EGFR = EGFR-overexpressing A minimum number of 15 independent images was captured in the immunofluorescence assays, and representative images for each
condition are shown. The co-immunoprecipitation assays were independently reproduced 3 times and a representative blot is shown. INPUT = protein sample before
immunoprecipitation performance, OUTPUT = protein sample after the immunoprecipitacion was carried out. p-values were obtained with the two-sided t-test and

are indicated by asterisks (* p < 0.05; ** p < 0.01; ***
web version of this article).

BGJ398 and AZD4547, as compared to control cell lines However, these
effects were not reproduced in three other adenocarcinoma cell lines
with no EGFR activation (Fig. 4A and Supplementary Figures S1D
and S2A). In agreement with our results, high FGFR4 expression cor-
related with increased resistance to different EGFR inhibitors in lung
adenocarcinoma from the Cancer Cell Line Encyclopedia database
(Supplementary Figure S2B).

In an attempt to address the EGFR-FGFR4 cooperativity in vitro from
a therapeutic perspective, we treated the EGFR-activated, FGFR4-
overexpressing cells with all possible combinations of the EGFR and
FGFR inhibitors mentioned above, to measure the effect on cell viability
of the dual inhibiton of both receptors. We observed that dual EGFR-
FGFR inhibition was synergic, but only in the FGFR4-overexpressing
cells (Fig. 4B). As the combination of erlotinib and AZD4547 showed
the strongest effect, this inhibitor pair was chosen for further experi-
ments.

Next, we assessed oncogenic signalling in erlotinib/AZD4547-
treated H1975 and HCC827 cell lines (Fig. 4C). In the FGFR4-over-
expressing cell lines, the combination treatment was more effective
than erlotinib alone at inhibiting EGFR signaling. Similar effects were
observed for p42/p44. In the HCC827 cell line, dual FGFR-EGFR in-
hibiton also caused further abrogation of AKT signaling compared to
that seen with erlotinib alone, but no such effects were observed in the
H1975 cell line. Regarding the STAT3 pathway, erlotinib monotherapy
caused an increase in pSTATS3 levels, an effect already described in the
literature for EGFR and other targeted therapies leading to therapy
resistance [26,27]. However, this STAT3 overactivation was partially
abrogated when AZD4547 was co-administered with erlotinib.

p < 0.001) (For interpretation of the references to colour in this figure legend, the reader is referred to the

3.5. Combined FGFR/EGFR inhibition shows high efficacy in EGFR-
activated, FGFR4-overexpressing cell lines in vivo

The efficacy of FGFR and EGFR inhibition, in monotherapy and in
combination, was assessed in xenografts of FGFR4-overexpressing
H1975 and HCC827 cell lines (Figs. 5A-B). At the monotherapy level,
and in agreement with our in vitro results, FGFR4-overexpressing
HCC827 cells exhibited higher resistance to erlotinib than their control
counterparts. This effect was not observed for H1975, probably due to
the intrinsic erlotinib resistance mutation in this cell line. FGFR4
overexpression induced higher AZD4547 sensitivity in both models, as
observed in vitro. The combination of both drugs showed high efficacy
in all conditions, but the effects were more pronounced in both FGFR4-
overexpressing models compared to control tumors.

Regarding downstream signaling, increased AKT, p42/p44 and
STAT3 signaling was observed in the tumors with FGFR4 over-
expression, in agreement with our earlier in vitro observations (Fig. 5C).
In both FGFR4-overepressing H1975 and HCC827 models, FGFR in-
hibition by AZD4547 reduced the activation of the signaling pathways
under examination. However, no such effects were observed in their
control counterparts, suggesting that the effects of this inhibitor were
specific for FGFR4 inhibition. In the tumors generated by H1975 xe-
nografts, erlotinib alone caused only a modest inhibition of AKT and
p42/p44 activation. However, its combination with AZD4547 po-
tentiated these effects in the FGFR4-overexpressing tumors, resulting in
a higher abrogation of oncogenic signaling. In the erlotinib-sensitive
HCC827 cell lines, erlotinib monotherapy decreased activation of the
AKT and p42/p44 pathways, with the combined therapy found to be
even more effective at this, especially in the FGFR4-overexpressing
condition. As observed in vitro, while erlotinib treatment boosted
STAT3 activation in the HCC827 xenograft model, its combination with
AZD4547 reversed this effect. These results suggest that combined
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Fig. 4. Invitro effects of FGFR4 overexpression
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EGFR/FGEFR inhibition could be an efficacious therapeutic approach for
FGFR4-expressing, EGFR-activated adenocarcinoma tumors.

3.6. FGFR4 expression as a potential biomarker for EGFR inhibition
efficacy

FGFR4 expression was determined at the mRNA level in a group of
formalin-fixed, paraffin-embedded (FPPE) samples from a cohort of
adenocarcinoma patients treated with erlotinib or gefitinib
(Supplementary table S2, Fig. 5D N = 47). As our earlier results
suggested that the cooperation between FGFR4 and EGFR was in-
dependent of EGFR activating mutations, we included EGFR-mutated
and wild type samples in our analysis. We observed that patients with
high FGFR4 expression exhibited poorer response to EGFR inhibition
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(HR 4.81 [2.24-10.34], p < 0.001), with similar results obtained when
EGFR-mutated and wild type patients were analyzed independently
(Supplementary Figures S3 A-B) When these analyses were repeated
in an extended cohort including squamous and other NSCLC histolo-
gical subtypes (N = 87, Supplementary table S2), similar results were
obtained (HR 3.65 ([2.18-6.11], p < 0.001, Supplementary Figure
$30), suggesting that our results may be extendable to other NSCLC
histologies. To rule out the possibility that the observed effects could be
due to a prognostic role for FGFR4 expression in this setting, we per-
formed the same analyses on the TCGA lung cancer cohort (Supple-
mentary Figure S3D), which revealed no prognostic role for FGFR4
mRNA expression in NSCLC.
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Fig. 5. Effect of dual EGFR and FGFR inhibition on cell line xenograft models. (A) Effect of erlotinib and AZD4547 on tumor growth in two EGFR-mutated
adenocarcinoma cell line xenograft models, H1975 and HCC827, with or without FGFR4 overexpression. Relative tumor growth is shown, which was calculated as
tumor volume increase from the beginning of the treatment. (B) Mean relative size of treated tumor groups compared to the untreated tumor control group (T/C),
expressed as percentages. (C) Western blots showing the impact of treatment of H1975 and HCC827 xenograft models with or without FGFR4 overexpression, on the
activation of pro-tumorigenic signaling. In the FGFR4-overexpressing xenograft western blots, one protein sample from the empty vector untreated control was added
for comparison. (C) Effect of FGFR4 mRNA expression on progression-free survival of erlotinib- or gefitinib-treated lung adenocarcinoma patients (a description of
the cohort is given in Supplementary Table S2). The cut-off value to define high or low expression was the median expression value for every gene. Two different
erlotinib concentrations were used for these experiments: 50 mg/kg/day for the erlotinib-resistant models (H1975), and 20 mg/kg/day for the erlotinib-sensitive
model (HCC827 xenograft). AZD4547 was administered at 5 mg/kg/day in every case. 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). EV = Empty vector control, FGFR4 = FGFR4-overexpressing, T/C = Treated/control (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

4. Discussion may offer an effective therapeutic approach for tumors with both high
EGFR activation and FGFR4 expression.

We have provided evidence of a cooperative interaction between Several examples in the literature describe cooperation between
FGFR4 and EGFR in the context of EGFR-dependent lung adenocarci- different RTKs in a variety of tumoral contexts, leading to therapy re-
noma, which is independent of EGFR activating mutations. This co- sistance similar to that described here. The IGF1R receptor, for in-
operation is likely to occur through a physical interaction between both stance, interacts with the insulin receptor in cell lines derived from
receptors leading to their overactivation and to EGFR therapy re- gastric and liver tumors, correlating with higher AKT and STAT3 acti-
sistance, as shown by our in vitro, in vivo and clinical evidence. In ad- vation [28]. EGFR itself has been shown to physically interact with

dition, we have shown that a combination of EGFR and FGFR inhibitors PDGFRS in bladder cancer, and with IGFR1 in lung cancer, leading to
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increased EGFR inhibitor resistance [29,30]. In fact, a potential re-
lationship between EGFR and another member of the FGFR family,
FGFR1, has been proposed in the head and neck carcinoma setting,
which gives rise to FGFR inhibition resistance. In this work we have
shown that FGFR4 interacts with EGFR and that when they are co-ex-
pressed, one is able to activate the other, leading to increased oncogenic
signaling in vitro and in vivo. In line with our results, a previous report
showed that FGFR4 expression is induced in MEFs transformed by
EGFR overexpression, in contrast to MEFs transformed by other means
[20]. FGFR4 overexpression in this context, as shown by our results,
may further activate EGFR, which could confer a selective growth and
tumorigenic advantage, thus providing an explanation for this observed
phenotype. Furthermore, our results show that the EGFR-FGFR4 co-
operation confers EGFR inhibition resistance in vitro and in vivo. Con-
sistent with this, we have shown that FGFR4 expression is predictive of
EGFR inhibition efficacy in NSCLC patients.

The role of other FGFR family members in EGFR inhibition re-
sistance has been described in several published works, with FGFR1/
FGFR2 upregulation as well as FGFR3 mutations known to be resistance
mechanisms to anti-EGFR therapy [31-35], for which the combined use
of EGFR and FGFR inhibitors has been proposed. Indeed, the inhibition
of FGFR2 causes increased sensitivity to erlotinib in vitro in some lung
cancer models [36]. However, we are the first to describe such a role for
FGFR4. In addition, the previous studies were focused mainly on the
role of these FGFRs in acquired resistance after EGFR inhibitor treat-
ment. Nonetheless, we show that FGFR4 overexpression can occur in
tumors before their exposure to EGFR inhibitors, leading to intrinsic
anti-EGFR therapy resistance, as our patient cohort had not received
previous EGFR inhibition therapy. Taken together, these findings sug-
gest a potential close interaction between EGFR and FGFRs, which may
be interesting to explore in order to identify other FGFRs in different
tumoral settings.

At the therapeutic level, the logical approach to address the co-
operation between FGFR4 and EGFR was the combined inhibition of
both receptors. To explore the potential efficacy and specificity of this
approach, we tested the effect of FGFR and EGFR inhibitors in mono-
therapy or in combination in syngeneic models with FGFR4 over-
expression in vitro and in vivo. We found that the combined inhibition
showed superior and dramatic effects in terms of proliferation or tumor
growth than when either inhibitor was used alone, especially in models
with induced FGFR4 expression, thereby demonstrating the potential
efficacy of this combined treatment in EGFR-activated, FGFR4-expres-
sing tumors. These results suggest that dual EGFR/FGFR inhibition may
serve as a potentially effective therapy for patients with high EGFR
activation and FGFR4 expression.

To the present time, the use of EGFR inhibitors has been limited to
adenocarcinoma tumors with known EGFR activating mutations. In this
work, we provide evidence that the EGFR-FGFR4 cooperativity de-
scribed here is independent of EGFR-activating mutations. Correlating
with this observation, when we independently analyzed the response of
tumors to EGFR inhibition in our cohort of erlotinib/gefitinib-treated
adenocarcinoma patients (EGFR wild type and mutated), we found that
FGFR4 expression was equally predictive of response in these subsets of
patients. Furthermore, when these analyses were performed in an ex-
tended cohort including patients from all NSCLC histologies, similar
results were obtained. Taken together, these findings suggest that the
efficacy of the combination EGFR/FGFR inhibition therapy may be
extended to EGFR-wild type tumors from any NSCLC histological sub-
type, as long as they exhibit high EGFR activation and FGFR4 expres-
sion. However, more experiments are required to confirm this possibi-
lity.

5. Conclusions

The assessment of FGFR4 expression may be predictive for EGFR
inhibition efficacy in EGFR-mutated and wild type NSCLC tumors.

120

Lung Cancer 131 (2019) 112-121

Furthermore, the determination of both FGFR4 expression and EGFR
activation may be selective for patients who will benefit from combined
EGFR/FGFR inhibition therapy. Thus, we propose a novel predictive
biomarker for EGFR therapy, and an effective therapeutic approach for
a subset of tumors with EGFR dependence, exhibiting high FGFR4 ex-
pression. In addition, we present the molecular criteria needed to select
patients who will likely respond to this combined therapy.
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