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Abstract Amplification of fibroblast growth factor receptor 1 (FGFR1) in non-small cell

lung cancer (NSCLC) has been considered as an actionable drug target. However, pan-

FGFR tyrosine kinase inhibitors did not demonstrate convincing clinical efficacy in

FGFR1-amplified NSCLC patients. This study aimed to characterise the molecular context

of FGFR1 expression and to define biomarkers predictive of FGFR1 inhibitor response.

In this study, 635 NSCLC samples were characterised for FGFR1 protein expression by

immunohistochemistry and copy number gain (CNG) by in situ hybridisation (n Z 298) or

DNA microarray (n Z 189). FGFR1 gene expression (n Z 369) and immune cell profiles

(n Z 309) were also examined. Furthermore, gene expression, methylation and microRNA

data from The Cancer Genome Atlas (TCGA) were compared. A panel of FGFR1-amplified

NSCLC patient-derived xenograft (PDX) models were tested for response to the selective

FGFR1 antagonist M6123.

A minority of patients demonstrated FGFR1 CNG (10.5%) or increased FGFR1 mRNA

(8.7%) and protein expression (4.4%). FGFR1 CNG correlated weakly with FGFR1 gene

and protein expression. Tumours overexpressing FGFR1 protein were typically devoid of
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driver alterations (e.g. EGFR, KRAS) and showed reduced infiltration of T-lymphocytes and

lower PD-L1 expression. Promoter methylation and microRNA were identified as regulators

of FGFR1 expression in NSCLC and other cancers. Finally, NSCLC PDX models demon-

strating FGFR1 amplification and FGFR1 protein overexpression were sensitive to M6123.

The unique molecular and immune features of tumours with high FGFR1 expression pro-

vide a rationale to stratify patients in future clinical trials of FGFR1 pathway-targeting

agents.

ª 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The identification of activating mutations in the receptor

tyrosine kinase (RTK) epidermal growth factor receptor

(EGFR) in NSCLC patients and the subsequent

approval of EGFR inhibitors, such as gefitinib and
erlotinib, heralded a new era of targeted therapy in the

treatment paradigm of NSCLC [1,2]. This initial

breakthrough was followed by the approval of other

targeted therapies in molecularly defined NSCLC pa-

tients, such as those harbouring ALK or ROS1 fusions

and more recently, the development of more effective

second- and third-generation agents, which selectively

target the mutant forms of oncogenic driver proteins
like EGFR and ALK [3,4].

These findings raised the tantalising possibility that

additional oncogenic driver alterations could be identi-

fied to guide the application of novel targeted agents [5].

Indeed, in-depth characterisation of the genomic land-

scape of lung cancer has identified aberrations in the

RTKs BRAF, RET, MET, NTRK1/2/3 and ERBB2

[4,6,7]. While initial clinical trials of non-selective TKIs
demonstrated disappointing activity in NSCLC patients

harbouring such alterations, potentially as a result of the

adverse safety profiles of these agents precluding

adequate target inhibition [8e10], more recent trials of

highly selective MET, RET or TRK inhibitors yielded

response rates between 50 and 80% [11,12], confirming

the driver status of these alterations and justifying the

approval of these drugs. These successes have led to the
more recent development of novel targeted agents

against underserviced driver alterations, including those

previously considered undruggable, such as the G12C

mutated form of KRAS [13,14].

Fibroblast growth factor receptor 1 (FGFR1) has

long been proposed as a promising target in squamous

cell carcinoma of the lung. The FGFR family comprises

four isoforms (FGFR1-4), which bind specific FGF li-
gands, of which there are 22 different members. Ligand

engagement induces FGFR dimerisation and activation

of the canonical mitogen-activated protein kinase

(MAPK) and phosphoinositide 3-kinase (PI3K) path-

ways to promote diverse cellular fates including

proliferation, differentiation and survival. Genomic
alterations of FGF-pathway genes have been identified

in several cancer types, including those of the bladder,

endometrial gland, lung, breast and intrahepatic chol-

angiocarcinoma [15e17]. This knowledge led to the

successful clinical development and approval of FGFR

TKIs in urothelial carcinoma patients harbouring

FGFR3 or FGFR2 alterations [18] and chol-

angiocarcinoma patients with FGFR2 fusions or rear-
rangements [19].

In the case of FGFR1, a pivotal study from Weiss

et al. [20] revealed the presence of FGFR1 amplification

in 22% of lung squamous cell carcinoma patients. These

authors also demonstrated that the proliferation and

survival of FGFR1-amplified NSCLC cell lines were

reduced by treatment with the FGFR TKI PD173074.

Furthermore, FGFR1 amplification may represent an
oncogenic driver and mediator of drug resistance in

other malignancies such as breast cancer [21].

Despite these promising findings, early clinical trials

of FGFR TKIs in FGFR1-amplified NSCLC patients

yielded only moderate response outcomes [22e25]. This

contrasted to the strong responses of patients with

FGFR2- or FGFR3-altered cancers to FGFR TKIs

[18,19]. These clinical findings highlight the importance
of further analysis of the tumourigenic role of FGFR1

alterations, the optimal pharmacological approach for

FGF-pathway inhibition and the identification of pre-

dictive biomarkers beyond FGFR1 CN in order to guide

future trials. The aims of this study were to compre-

hensively evaluate the role of FGFR1 expression in the

genomic background of human NSCLC and other

cancers and to redefine patient groups that may benefit
from selective FGFR1 inhibition.
2. Materials and methods

2.1. Patient cohorts

The patient population consisted of 661 operated

NSCLC patients based on two patient cohorts. Only
patients with adenocarcinoma, squamous cell carcinoma

and large cell histology were included. The first cohort

(Uppsala 1) consisted of 349 patients surgically resected

between 1995 and 2005 at the Uppsala University

http://creativecommons.org/licenses/by/4.0/
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Hospital. The second cohort (Uppsala 2) included 312

patients resected between 2006 and 2010 at the Uppsala

University Hospital. The characteristics of each patient

cohort are summarised in Supplemental Table S1.

The analysis of human tissue specimens and corre-

sponding clinicopathological data was approved by the

Uppsala Regional Ethical Review Board (#2006/325

and #2012/532) and performed in accordance with the
Swedish biobank legislation.

A validation data set of two lung cancer cohorts (lung

adenocarcinoma and lung squamous cell carcinoma)

with 1103 samples (tumours, n Z 1003; normal tissue,

n Z 110) was extracted from The Cancer Genome Atlas

(TCGA). The characteristics of each cohort are

described in Supplemental Table S2.

Additional data sets from 14 TCGA cancer cohorts
(BLCA, BRCA, CHOL, COAD, ESCA, HNSC, KIRC,

KIRP, LIHC, PAAD, PRAD, READ, THCA and

UCEC) with 6297 samples (tumours, n Z 5757; normal

tissue, n Z 540) were extracted from TCGA. Only pri-

mary tumour samples and adjacent normal tissue sam-

ples were used for analysis.

2.2. Tissue microarray (TMA) generation

TMAs were generated as described previously from
formalin-fixed, paraffin-embedded (FFPE) samples

from Uppsala 1 [26,27] and Uppsala 2 [28,29]. Briefly,

all specimens were reviewed by pathologists (HB, PM

and JB) and representative areas were encircled on tissue

slides before cores were taken from corresponding tissue

blocks and incorporated into recipient blocks. All

tumour samples were included in duplicates (2 � 1 mm

tissue cores).

2.3. Immunohistochemistry (IHC)

For the IHC staining of FGFR1, sections of 4 mm from

the TMAs and from FFPE patient-derived xenograft

(PDX) tumour samples were mounted on charged slides

(SuperFrost Ultra Plus, Thermo Fisher Scientific). The

staining procedure was performed using a Discovery�

XT (Roche Diagnostics) instrument. Following depar-

affinisation, the sections were heated for epitope
retrieval in Tris-EDTA buffer of pH 8. The sections

were then incubated with the primary monoclonal

antibody against FGFR1 (clone EPR806Y, Abcam)

diluted to 20 mg/ml in phosphate-buffered saline (PBS)

or the isotype control antibody (clone DA1E, rabbit

monoclonal IgG, New England Biolabs) followed by the

corresponding detection kits (Discovery� XT). Slides

were counterstained with haematoxylin, washed in tap
water, dehydrated and mounted on glass slides in

Entellan� Neu (VWR International) permanent

mounting media.

The TMA slides were scanned using an Aperio

ScanScope XT (Aperio Technologies Inc.) whole slide
scanner to generate high-resolution digital images. The

scanned images were then viewed in 20� magnification

using ImageScope (Aperio Technologies Inc.). FGFR1

protein expression was annotated semi-quantitatively,

and the staining intensity was categorised based on a

four-graded scale: negative (0), weak (1), moderate

(2) and strong (3). The fraction of stained tumour cells

was evaluated based on a nine-graded scale: 0e1% (1),
2e5% (2), 6e10% (3), 11e20% (4), 21e30% (5),

31e40% (6), 41e50% (7), 51e75% (8) and >75% (9).

Samples were classified as positive when at least 2% of

the tumour cells displayed moderate or strong staining

(fraction of positive cells � 2, intensity � 2).

IHC-stained PDX tumour sections were scanned

using an AxioScan (Zeiss) instrument with a resolution

of x/y: 1 pixel Z 0.44 � 0.44 mm2. The scans were
analysed with the image analysis software VIS (Visio-

pharm). To determine the amount of antigen present,

the percentage of positive/brown-stained area was

calculated relative to the total area of viable tissue:

100 � [brown area/(brown area þ blue area)]. Here, the

brown area represented positive immune staining and

the blue area indicated the haematoxylin-stained cell

nuclei and cytoplasm. VIS was used to measure the in-
tensity of the brown colour on a scale of 0 (Zblack) to

255 (Zwhite). Antibody staining was calculated as

arbitrary units (AU) based on the formula: positive area

(%) � (255 � intensity)/100.

The IHC staining of immune markers was per-

formed as previously described [30,31]. A detailed

description of the immune marker staining protocol

and the definition of cut-offs can be found in the
Supplemental Methods.

2.4. Molecular analyses of Uppsala cohorts 1 and 2

The staining of the fluorescent in situ hybridisation
(FISH) slides was performed on the Uppsala 2 cohort

according to the manufactures’ instructions (ZytoVi-

sion). The categorisation of FGFR1 amplification status

was performed in accordance with that described pre-

viously by Schildhaus [32].

RNA from frozen tumour tissue from 193 patient

samples from the Uppsala 1 cohort was used for gene

expression microarray analysis, as previously described
[27]. Four quantiles (25%, 50%, 75% and 90%) of the

distribution of FGFR1 gene expression values were

defined to categorise samples as displaying either very

high, high, middle or low expression.

DNA from frozen tumour tissue from 189 patient

samples from the Uppsala 1 cohort was used for single-

nucleotide polymorphism (SNP) analysis of gene CN

variations (GSE76730), as previously described [33].
Samples were categorised into three groups based on

FGFR1 CN status: high amplification (CN > 3),

amplification (CN � 2.5 and �3) and no event

(CN < 2.5).
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RNA from frozen tumour tissue from 185 patient

samples from the Uppsala 2 cohort was used for RNA

sequencing (RNAseq), as previously described [34].

Four quantiles (25%, 50%, 75% and 90%) were set to

categorise samples based on FGFR1 gene expression

into either of the following groups: very high, high,

middle and low expression. Samples were further cat-

egorised into high- or low-FGFR1 expression groups
using an outlier sum statistic method [35].

For targeted deep sequencing of 82 lung cancer-

related genes from 321 patient samples from the

Uppsala 2 cohort, target enrichment was performed

using the Haloplex system (Agilent Technologies, Santa

Clara, CA) as previously described [36]. Sequencing was

done with the Illumina HiSeq 2500 platform (Illumina,

San Diego, CA).
Detailed descriptions of the protocols for FISH, gene

expression microarrays, SNP arrays, RNAseq and

mutational analyses can be found in the Supplemental

Methods.

2.5. Statistical analysis of Uppsala 1 and 2 cohorts

Correlation analyses of different data readouts were

performed using the Spearman correlation method (cor

function in the ggpubr R package). For survival anal-

ysis, Cox proportional hazard models using different

data sources were fitted using the survival R package.

Age, stage and performance status were included as

covariates in the model. Survival curves were plotted,
using the ggsurvplot function of the survminer R

package. The p-values were adjusted using the Benja-

mini & Hochberg adjustment method (stats R package)

for the multiple comparisons. Mutual exclusivity be-

tween FGFR1 expression and immune markers was

evaluated using a one-sided Boschloo’s exact test

(exact.test function in Exact R package using ‘boschloo’

as the method and ‘less’ as the alternative).

2.6. Analysis of data from TCGA

Gene expression data were downloaded from the

recount2 data portal [37]. The methylation, gene muta-

tion and miRNA data for selected TCGA cancer co-
horts were downloaded from the GDC data portal

(https://gdc.cancer.gov). The extraction dates were as

follows: mRNA on 10/2018, methylation and miRNA

on 10/2017 and gene CN and mutations on 6/2019.

FGFR1 promoter methylation was assessed using the

average value of 3 CpGs (cg10823844, cg15791248 and

cg27646230). The expression of selected genes was

evaluated using transcript per million (TPM) values,
and this was used to define groups based on

differential expression using the outlier sum statistic

method [35]. Patients were only included when gene

expression or methylation data were available.
Correlations between the expression of FGFR1 mRNA

and different miRNAs were calculated using the

Spearman method (cor function in the ggpubr R pack-

age). The BonferronieHochberg method was used for

multiple testing correction.

For survival analyses, a Cox proportional hazard

model was fitted, taking age and stage into account as

covariates (survival R package). Survival curves were
plotted using the ggsurvplot function from the surv-

miner R package. For the oncoprint visualisation,

common driver alterations were summarised as

described above. Patients were only included if at least

gene expression, gene CN and mutation data were

available (492 and 464 patients for lung adenocarcinoma

and lung squamous cell carcinoma, respectively). Exon

skipping for specific genes was evaluated based on
alternative splicing data generated by Kahles et al. [38].

Samples were defined as positive for MET exon 14

skipping when they displayed a Percent Spliced In

Value < 0.5. NFE2L2 exon skipping positivity was

defined based on a Percent Spliced In Value < 0.9.

Samples were categorised into groups based on the de-

gree of PD-L1 expression (TPM) and tumour muta-

tional burden (non-silent nucleotide variants per
megabase pair) [39] by applying a previously described

outlier sum statistical method [35].

2.7. PDX models

The sources of the PDX models as well as the animal

ethics compliance measures are detailed in the Supple-

mental Methods. For each PDX model, tumour frag-

ments were implanted into the flanks of female

immunocompromised nude (Athymic Nude-Foxn1nu;

NMRI-Foxn1nu; Crl:Nu(NCr)-Foxn1nu) or NOD-

SCID (NOD.CB-17-Prkdcscid/NCrHsd) mice. Each
PDX model included two experimental groups, which

were treated twice weekly intraperitoneally with either

vehicle or M6123 at a dose of 12 mg/kg. PDX experi-

ments using models annotated with the prefix ST and

LU consistent with one mouse per experimental groups,

while the CTG0924 and LXFL1121 experiments used

ten mice per group. The end-point of each study was

defined by the tumour volume (TV) of the vehicle-
treated control group. To account for growth rate var-

iations between the different models, studies were

terminated and end-points (Relative TV [TVtreatment

start � TVtreatment end]/[TVtreatment start]) were calculated

when the control TV reached 1000 mm3. Tumour

models exhibiting relative TV change values �73% were

categorised as responders to M6123. This cut-off was

selected in accordance with the Response Evaluation
Criteria In Solid Tumours (RECIST) definition for

progressive disease for the volume of solid tumours and

corresponds to the 20% cut-off parameter for the longest

tumour diameter [40].

https://gdc.cancer.gov
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3. Results

3.1. FGFR1 protein and gene expression and gene copy

number in NSCLC patients

The expression of FGFR1 protein in 661 patient sam-

ples from the Uppsala 1 and 2 cohorts was examined by

IHC using a rabbit monoclonal antibody (Fig. 1A). The

selectivity of this antibody for FGFR1 over other
FGFR isoforms was confirmed using a panel of human

cell lines selected based on the amplification of FGFR

family members (Supplemental Fig. S1; Supplemental

Table S3). Positive staining, characterised by predomi-

nantly diffuse cytoplasmic and/or membrane local-

isation (Fig. 1A), was observed in 26 of 635 evaluable

cases (4.4%) on the complete NSCLC cohort, 3.5% in

the adenocarcinoma and 6.0% in the squamous cell
carcinoma subgroups. Normal lung tissue, including

alveolar and bronchial epithelial cells, did not display

significant FGFR1 protein expression.

In order to compare protein expression with gene

CN, FISH analysis was performed on the Uppsala 2

cohort (n Z 298). Furthermore, gene CN values were

calculated from SNP array data from 189 patients on

the Uppsala 1 cohort. These data were complemented
with gene expression data based on microarrays from

the Uppsala 1 cohort and RNAseq data from the

Uppsala 2 cohort (Fig. 1B and C). A poor correlation

between FGFR1 gene CN and FGFR1 gene and protein

expression was observed (rho Z (0.06e0.33)). In

contrast, a stronger correlation was detected between

FGFR1 mRNA and protein expression

(rho Z (0.18e0.5)) (Fig. 1D). The proteinemRNA
correlation was comparable to that previously described

for other markers in lung cancer [31]. Together, these

findings suggest that mechanisms beyond gene amplifi-

cation contribute to the overexpression of FGFR1 in a

subset of NSCLC patients.
3.2. Profiling of the landscape of oncogenic driver

alterations in FGFR1-protein overexpressing NSCLC

patients

FGFR1 IHC expression was compared to the gene

alteration events that are commonly found in NSCLC

using the Uppsala 2 cohort (n Z 312) [36] (Fig. 2A,

Supplemental Table S4). Two adenocarcinoma cases

exhibiting FGFR1 overexpression (FGFR1high) har-

boured mutated EGFR. No other oncogenic mutations

in KRAS, BRAF, MET or PIK3CA were detected in
FGFR1high adenocarcinoma patients (n Z 7). Only two

concurrent KEAP1 mutations were identified in

FGFR1high lung squamous cell carcinoma patients

(n Z 7). These findings suggest that the FGFR1
overexpression in NSCLC defines a distinct molecular

subgroup lacking other known oncogenic driver

alterations.
3.3. FGFR1 protein expression and the immune

microenvironment of NSCLC

We next compared the in situ expression of diverse im-

mune markers and FGFR1 protein on the Uppsala 2

cohort. A trend of mutual exclusivity between FGFR1

protein expression and the presence of immune markers
and cells in the tumour and stromal compartment was

observed (Fig. 2B; Supplemental Fig. S2; Supplemental

Table S5). A significant inverse relationship was detec-

ted between FGFR1 protein expression and the infil-

tration of CD3þ and CD8 lymphocytes in tumour tissue

(stromal and tumour compartments, CD3: p Z 0.02,

CD8: p Z 0.03). PD-L1 protein expression in the

tumour compartment also showed mutual exclusivity
with FGFR1 protein overexpression (p Z 0.02). Taken

together, these findings suggest that FGFR1high NSCLC

tumours exhibit features indicative of reduced immune

infiltration and activation.
3.4. FGFR1 expression and patient outcome

For survival analysis, patients were stratified according

to dichotomised FGFR1 gene CN, FGFR1 gene and

protein expression, and histological subtypes using the

Uppsala 1 and 2 data sets. Elevated tumour FGFR1
mRNA expression was associated with longer overall

survival in squamous cell carcinoma patients

(p Z 0.007; Fig. 2C). No other significant associations

were detected, albeit a weak trend (p Z 0.19) towards

longer survival was observed in lung squamous cell

carcinoma patients with high FGFR1 protein expression

(Supplemental Fig. S3).
3.5. FGFR1 expression on TCGA lung cancer patient

cohorts

NSCLC patient data from TCGA were used as an in-

dependent cohort to confirm the findings on the

Uppsala cohorts described above. Molecular informa-

tion was extracted including mutational status, gene

CN, mRNA and miRNA expression and methylation

data. Consistent with the findings on the Uppsala co-

horts, FGFR1 mRNA overexpression did not

commonly co-occur with known driver alterations in
lung adenocarcinoma (FGFR1high frequency Z 9.8%)

and lung squamous cell carcinoma case (FGFR1high

frequency Z 14.4%) samples from TCGA (Fig. 3).

Similar to the findings on the Uppsala cohorts described

above, a trend towards improved survival probability



Fig. 1. Correlation of FGFR1 protein, mRNA and CN. (A) Immunohistochemical (IHC) staining was performed on a TMA with the

monoclonal FGFR1 antibody (clone EPR806Y). Manual annotation of both the staining intensity and the fraction of stained cells was

performed. High FGFR1 expression in samples was defined by either moderate or strong staining in �2% of the tumour cells, remaining

samples were classified as having low FGFR1 expression. The oncoprints indicate FGFR1 CN and FGFR1 mRNA and protein expression

for samples on the Uppsala 1 (B) and Uppsala 2 (C ) cohorts. (D). The indicated heatmaps show correlation matrices for FGFR1 protein

and mRNA expression and FGFR1 CN for patients on the Uppsala 1 and Uppsala 2 cohorts. The heatmaps represent rho correlation

coefficients with the degree of red intensity indicating an increasingly positive correlation.
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Fig. 2. Association of FGFR1 expression with mutation status, immune markers and survival. (A) The oncoprints indicate the FGFR1

IHC status, the presence of mutations in oncogenic driver genes and the PD-L1 protein expression from samples of the Uppsala 2 cohort.

Adenocarcinoma and squamous cell carcinoma samples are depicted separately. (B) Scatterplots of FGFR1 IHC scores and the indicated

immune marker IHC scores from samples of the Uppsala 2 cohort are indicated. P-values were assessed using a one-sided Boschloo’s exact

test on dichotomised values. The histological subtypes are distinguished by colour (LUAD: lung adenocarcinoma, LUSC: lung squamous

cell carcinoma). (C ) KaplaneMeier curves of the probability of survival for patients stratified by FGFR1 mRNA expression status for

squamous cell carcinoma patients combined from the Uppsala 1 and Uppsala 2 cohorts are indicated.
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was observed in FGFR1high patients on the TCGA lung

squamous cell carcinoma cohort (Supplemental Fig. S4).

3.6. DNA methylation and miRNAs regulate FGFR1

expression in NSCLC and other tumour entities

As FGFR1 CN did not show a strong relationship to

FGFR1 overexpression, we next examined the
involvement of epigenetic regulatory mechanisms

including DNA methylation and miRNAs. The DNA

methylation status of FGFR1 was examined in 824 lung

adenocarcinoma and squamous cell carcinoma patients
from TCGA. A significant negative correlation for

both NSCLC subtypes (p(LUAD) < 0.001,

p(LUSC) < 0.001) was observed between FGFR1

mRNA expression and the methylation of three CpGs



Fig. 3. Comparison of FGFR1 mRNA expression with the mutational status of oncogenic driver genes. The oncoprints indicate FGFR1

mRNA expression status, mutational status of known oncogenic driver genes, estimated tumour mutational burden (TMB) and PD-L1

mRNA expression from 492 to 464 patients from TCGA cohorts for lung adenocarcinoma and squamous cell carcinoma, respectively.
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(cg10823844, cg15791248 and cg27646230) located in

the FGFR1 promoter (Fig. 4A).
We next expanded our correlation of methylation and

FGFR1 expression to 14 other solid tumour data sets

from TCGA. As in NSCLC, a subset of cases from

several cancer types demonstrated FGFR1 promoter

hypomethylation, which was associated with elevated

FGFR1 mRNA expression (Fig. 4B). This was partic-

ularly evident in breast, head and neck, oesophageal,

bladder and endometrial cancers. This suggests that
hypomethylation of specific FGFR1 promoter sites may

represent a shared mechanism underpinning FGFR1

overexpression across diverse cancer types.

We next used NSCLC patient data from TCGA to

examine the role of miRNAs in the control of FGFR1

expression. Our initial analysis included 58 miRNAs

extracted from the miRTarBase database (Release 7.0)

(Supplemental Table S6), which have previously been
experimentally validated for their effect on FGFR1

expression by employing miRNA knockdown or over-

expression approaches in conjunction with reporter as-

says, western blotting or microarray analyses [41]. The

selected miRNAs were found to either positively or

negatively associate with FGFR1 mRNA expression

(Fig. 5A). The most significant negative correlation on

both the adenocarcinoma and squamous cell carcinoma
patient subsets was observed for Hsa-mir-16-1. We next

extended our correlation analysis to other tumour types
that demonstrated a broad distribution of FGFR1

mRNA expression including breast, head and neck,

oesophageal, bladder and endometrial cancers. The

expression of eight different miRNAs negatively corre-

lated with FGFR1 mRNA levels in these cancer types

(Fig. 5B). Taken together, these results suggest that

deregulation of specific miRNAs may lead to FGFR1

overexpression in NSCLC and other cancers.

3.7. Targeting FGFR1 in patient-derived xenograft

models of lung cancer

FGFR1 amplification has previously been applied for

patient enrolment in clinical trials of FGFR TKIs

[24,25]. Therefore, we screened a large panel of NSCLC

PDX models (n Z 96) for FGFR1 amplification by

FISH and identified ten (10.4%) positive cases based on

the criteria previously defined by Schildhaus et al. [32].

These ten tumour models were assessed for response to

the selective monovalent FGFR1 antagonist M6123
[42,43]. Inhibition of tumour growth following M6123

treatment was observed in two of the PDX models,

while the other eight models did not respond. IHC

analysis of treatment naı̈ve PDX tumour material



Fig. 4. FGFR1 mRNA expression and promoter methylation in TCGA cohorts. (A) The differences in FGFR1 mRNA expression profiles

in tumours and normal tissue samples in lung cohorts (TCGA-LUAD, TCGA-LUSC) are represented as dot plots (upper plot, red de-

notes tumour and light green indicates normal tissue). FGFR1 mRNA expression was correlated with the DNA methylation status for the

FGFR1 promoter (lower plot, blue denotes tumour and yellow indicates normal tissue). The correlation between FGFR1 mRNA and

methylation (average of 3 CpGs sites: cg10823844, cg15791248 and cg27646230) in tumour samples is shown as a heatmap of rho cor-

relation coefficients (blue denotes high negative correlation and red indicates a high positive correlation). (B) The same analyses described

in A were performed for the indicated tumour types. Abbreviations: BLCA: Urothelial Bladder Carcinoma, BRCA: Breast Invasive

Carcinoma, CHOL: Cholangiocarcinoma, COAD: Colon Adenocarcinoma, ESCA: Oesophageal Carcinoma, HNSC: Head-Neck

Squamous Cell Carcinoma, KIRC: Kidney Renal Clear Cell Carcinoma, KIRP: Kidney Renal Papillary Cell Carcinoma, LIHC: Liver

Hepatocellular Carcinoma, PAAD: Pancreatic Adenocarcinoma, PRAD: Prostate Adenocarcinoma, READ: Rectum Adenocarcinoma,

THCA: Thyroid Cancer, UCEC: Uterine Corpus Endometrial Carcinoma.
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revealed the highest FGFR1 expression in the two

M6123 responders (Fig. 6; Supplemental Table S7).

These data suggest that FGFR1 protein expression may

represent an important determinant of response to
agents targeting the FGF pathway.

4. Discussion

This study defined a subgroup of lung cancer patients
exhibiting overexpression of FGFR1 mRNA and pro-

tein. FGFR1 overexpression was only weakly linked to

FGFR1 amplification and could better be explained by

promoter demethylation or downregulation of specific

miRNAs. Tumours with high FGFR1 expression usu-

ally lacked other oncogenic driver mutations (e.g.

EGFR or KRAS) and also showed a distinct immune

desert tumour microenvironment phenotype. Selective
targeting of FGFR1 in FGFR1-amplified PDX models

delivered activity in tumours with high FGFR1 protein

expression. Taken together, this study provides a strong

rationale to re-evaluate FGFR1 inhibitors in NSCLC

and suggests that immunohistochemical analysis of
FGFR1 protein levels could be an appropriate approach

for patient selection.

Initial interest in FGFR1 as a therapeutic target in

squamous cell carcinoma of the lung was based on the
study of Weiss et al. [20], in which 155 primary squa-

mous cell lung carcinoma samples were evaluated by

SNP microarrays. Fifteen of 155 cases (9.7%) demon-

strated FGFR1 amplification (CN � 4) based on the

GISTIC algorithm. In an independent squamous cell

lung carcinoma cohort, 22% of patients showed high-

level FGFR1 amplification (CN > 9) using a specific

FISH probe. Furthermore, these authors demonstrated
that selected FGFR1-amplified NSCLC cell lines were

sensitive both in vitro and in vivo to the FGFR TKI

PD173074. In a subsequent study, the FGFR TKI

AZD4547 was shown to only deliver efficacy in FGFR1-

amplified lung cancer cell lines and PDX models [44].

These promising preclinical data supported the initia-

tion of several clinical trials of FGFR TKIs in patients

with lung squamous cell carcinoma and FGFR1 ampli-
fication. In a phase I trial of AZD4547 in 15 patients

exhibiting FGFR1 amplification, only one objective



Fig. 5. Correlation of miRNAs with FGFR1 expression on TCGA cohorts. The heatmap depicts miRNA negatively correlating with

FGFR1 mRNA expression in lung cancer (A) and other cancer types as indicated (B). The heatmap represents rho correlation coefficients

with blue and red indicating an increasing negative or positive correlation, respectively. Abbreviations: BLCA: Urothelial Bladder

Carcinoma, BRCA: Breast Invasive Carcinoma, ESCA: Oesophageal Carcinoma, HNSC: Head-Neck Squamous Cell Carcinoma, LUAD:

Lung Adenocarcinoma, LUSC: Lung Squamous Cell Carcinoma, UCEC: Uterine Corpus Endometrial Carcinoma.
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response was observed [25]. In a sub-study of the Lung-
MAP trial, AZD4547 delivered responses in only 2 of 27

(7%) of NSCLC patients exhibiting FGFR1 amplifica-

tion [22]. Another FGFR TKI infigratinib (BGJ398)

was assessed in a phase I trial, in which 4 of 36 (11%)

FGFR1-amplified patients developed a partial response

[24].

This reported activity of FGFR TKIs in FGFR1-

amplified patients was lower than expected for a preci-
sion therapy target. Furthermore, since these inhibitors

are not selective for FGFR1, their effects could poten-

tially be mediated via FGFR2 and/or FGFR3 inhibition

[45]. Consequently, the value of FGFR1 amplification as

a biomarker to select NSCLC patients for FGFR in-

hibitor treatment has recently undergone critical reas-

sessment [17]. Indeed, a preclinical study suggested that

lung cancer cell lines with high FGFR mRNA or protein
expression were sensitive to the multi-kinase inhibitor

ponatinib, which has activity against the FGFR family

[46]. Similarly, Kotani et al. [47] demonstrated that only

lung cancer cell lines with FGFR1 amplification and high

FGFR1 protein expression were sensitive to a panel of

FGFR inhibitors. Another study using PDX models of

lung squamous cell carcinoma suggested that FGFR1

mRNA expression strongly predicts response to infi-
gratinib [48]. Recently, a large phase 1 study of the pan-

FGFR inhibitor rogaratinib demonstrated efficacy in

urothelial cancer patients positive for FGFR3 mRNA
expression [49]. These published findings are in line with
our observation in PDX models that FGFR1 amplifi-

cation is not sufficient to predict response to FGFR1-

directed therapy and that high protein expression might

be a better predictive biomarker.

So far, only a few reports have evaluated the corre-

lation of FGFR1 amplification with FGFR1 expression

in larger NSCLC patient cohorts. While one study

indicated a significant correlation between FGFR1 CN
and protein expression in the squamous cell carcinoma

subgroup [50], another report found no association be-

tween FGFR1 immunostaining and gene amplification

in a cohort of 265 NSCLC cases [51]. A more recent

study of 90 squamous NSCLC samples showed that

while FGFR1 amplification was associated with signifi-

cantly higher FGFR1 expression, many non-amplified

samples also demonstrated elevated FGFR1 levels [52].
In keeping with our findings, these researchers also

described a stronger correlation between FGFR1

mRNA and protein expression, compared to that be-

tween FGFR1 amplification and FGFR1 expression [52].

The discrepancies between these studies may be due to

the use of alternate methodologies and cut-offs for the

assessment of FGFR1 amplification and FGFR1 mRNA

and protein overexpression. We performed thorough
validation of the sensitivity and specificity of our

FGFR1 immunostaining protocol and employed the

widely accepted Schildhaus criteria for the definition of



Fig. 6. Antitumour efficacy of the selective FGFR1 antagonist

M6123 in FGFR1-amplified lung cancer PDX models with dif-

ferential FGFR1 protein expression levels. All lung cancer PDX

models tested were positive for FGFR1 amplification, as assessed

by FISH. The waterfall plot indicates the antitumour response of

each PDX model to the FGFR1 antagonist M6123. Models

showing a relative tumour volume change below 73% (dashed

horizontal line) were classified as responders, as described in the

Materials and Methods section. The response status of each model

to M6123 is indicated (dark blue Z responder, light blue Z non-

responder). The heatmap indicates the intensity of FGFR1

expression, as determined by IHC. The histological subtype of

each PDX model as well as FGFR1 IHC staining and relative

tumour volume data is shown in Supplemental Table S7.
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FGFR1 amplification [32]. Applying these methods, it

could be clearly demonstrated that high FGFR1
expression cannot be solely explained by FGFR1

amplification and as such, we examined the role of other

regulatory mechanisms.

Our analysis of TCGA data sets suggested that pro-

moter hypomethylation activates FGFR1 expression in

a subset of lung cancer cases. Interestingly, this was also

observed in several other cancer types, including breast

and prostate cancer, indicating a general relevance of
this epigenetic mechanism independent of the cancer

type. We furthermore identified a group of miRNAs

that negatively correlated with FGFR1 mRNA expres-

sion. Several of these have been previously established as

FGFR1 targets, while others have not been linked to

FGFR1. Deregulation of Hsa-miR-16-1 has been

described in diverse tumour types including lung and

breast cancers and haematologic malignancies [53].
Here, we show that Hsa-miR-16-1 is associated with

FGFR1 expression in both main lung cancer histologies

and in four other cancer types. Interestingly, miRNA

Hsa-miR-16-1 was previously described to be decreased

in lung fibroblasts from smokers [54]. In the same study,

a lung cancer co-culture model was used to demonstrate

that miRNA Hsa-miR-16-1 regulates the tumourigenic

function of fibroblasts, partly via modulation of FGFR1
expression. Taken together, these findings suggest the
existence of two previously undescribed mechanisms

that underpin FGFR1 overexpression in diverse cancers.

Other regulative mechanisms might also be involved as

previously demonstrated in the study of Lu et al. [55],

who showed that the Hippo/YAP1 pathway regulates

FGFR1 expression on a transcriptional level and mod-

ulates cancer stem-like cell properties of FGFR1-ampli-

fied lung cancer cells in vitro and in vivo.
Several key findings based on our unique patient

cohorts indicate that FGFR1 overexpression defines a

distinct subset of lung cancer with unique molecular,

immune and prognostic features. Firstly, we noted that

lung cancers with elevated tumour FGFR1 expression

commonly lack other known driver alterations.

Furthermore, we found that FGFR1 overexpression

is associated with improved prognosis in squamous lung
carcinoma. It should be noted that previous reports

have only evaluated the prognostic impact of FGFR1

amplification or FGFR1 protein expression and have

mostly described an association of these markers with

poorer patient outcome [56]. To our knowledge, our

study is the first to examine the prognostic impact of

FGFR1 mRNA expression. Our analyses identified a

strong positive correlation between FGFR1 mRNA and
patient survival in the Uppsala cohorts and a non-

significant (p Z 0.16) trend in the lung squamous cell

cancer cohort from TCGA. The improved survival

associated with FGFR1 mRNA overexpressing, despite

a relatively low infiltration of immune cells, is analogous

to previous reports on the immune landscape and

prognostic impact of EGFR alterations in lung cancer

[57e59]. Future studies are warranted to investigate the
underlying mechanism by which FGFR1 influences pa-

tient outcome, such as tumour aggressiveness, therapy

response and drug resistance.

We demonstrate for the first time that elevated

FGFR1 expression in lung cancers is associated with

reduced tumour immunity. This included decreased

tumour infiltration of lymphocytes and other immune

cell markers. Previous reports have suggested that
tumour intrinsic oncogenic signalling pathways play

important roles in modulating the immune microenvi-

ronment. For instance, STK11 (alias LKB1) mutation in

human tumours is associated with reduced CD8þ
lymphocyte infiltration and PD-L1 expression [60].

Meanwhile, in vivo STK11 knockout led to the recruit-

ment of immune suppressive cells in the tumour micro-

environment [61]. Aberrations in the WNT/b-catenin
pathway have also been described to associate with a

‘non-inflamed’ signature in diverse solid tumour types

[62], while experimental tumour models harbouring

activated b-catenin exhibited impaired T-cell priming

and recruitment [63]. Finally, lung cancer tissue with

activating EGFR mutations revealed a desert immune

phenotype characterised by reduced infiltration of

macrophages and T-cells and lower PD-L1 expression
[64]. Of note, EGFR inhibition has been shown to
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improve the efficacy of PD-L1 inhibitors in experimental

cancer models [65]. Our analogous findings in FGFR1-

overexpressing lung cancers provide a basis for future

experimental analysis of the combinatorial effects of

FGFR1 inhibitors with immune therapies, as a first step

towards the potential clinical realisation of this novel

therapeutic strategy.

Our characterisation of the molecular status of the
FGFR1 in lung cancer is based on the largest number of

patients described to date involving two independent

data sets. The conclusions based on our molecular an-

alyses provide a basis for future preclinical studies using

large cohorts of NSCLC models with differential

expression of FGFR1 in order to validate the predictive

value of this biomarker. Furthermore, our findings

warrant the future investigation of the role of epigenetic
regulatory mechanisms that modulate FGFR1 expres-

sion in NSCLC and other cancers. Patient selection

based on FGFR1 protein expression may represent a

more relevant approach compared to FGFR1 amplifi-

cation and should be considered in future clinical trials.

Our findings encourage further clinical exploration of

selective FGFR1 inhibitors as a targeted therapy

concept in FGFR1-driven cancers.
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