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Abstract

Lung cancer remains one of the leading causes for cancer-related death in developed countries. In
lung adenocarcinomas, EGFR mutations and EML4-ALK fusions are associated with response to
EGFR and ALK inhibition. By contrast, therapeutically exploitable genetic alterations have been
lacking in squamous-cell lung cancer. We conducted a systematic search for alterations that are
therapeutically amenable and performed high-resolution gene-copy number analyses in a set of
232 lung cancer specimens. We identified frequent and focal FGFR1 amplification in squamous-
cell lung cancer (n=155), but not in other lung cancer subtypes, and confirmed its presence in an
independent cohort of squamous-cell lung cancer samples employing FISH (22% of cases). Using
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cell-based screening with the FGFR inhibitor (PD173074) in a large (n=83) panel of lung cancer
cell lines, we demonstrated that this compound inhibited growth (p=0.0002) and induced apoptosis
(p=0.008) specifically in those lung cancer cells carrying amplified FGFR1. We validated the
dependency on FGFR1 of FGFR1-amplified cell lines by knockdown of FGFR1 and by ectopic
expression of a resistance allele of FGFR1 (FGFR1V56IM) which rescued FGFR1-amplified cells
from PD173074-mediated cytotoxicity. Finally we showed that inhibition of FGFR1 with a small
molecule led to significant tumor shrinkage in vivo. Focal FGFR1 amplification is common in
squamous-cell lung cancer and associated with tumor growth and survival, suggesting that FGFR
inhibitors may be a viable therapeutic option in this cohort of patients.

The identification of focal and recurrent amplification of FGFR1 in squamous-cell lung
cancer represents the first therapeutically amenable target in this histological type of lung
cancer that is strongly associated with smoking and resistance to targeted lung cancer drugs.

Introduction

Results

Oncogenic protein kinases are frequently potential targets for cancer treatment. Examples
include ERBB2 amplification in breast cancer, associated with clinical response to
antibodies targeting ERBB2 (1), and KIT or PDGFRA mutations in gastrointestinal stromal
tumors, which lead to sensitivity to the KIT/ABL/PDGFR inhibitor imatinib (2). In lung
adenocarcinoma, patients with EGFR-mutant tumors (3-5) experience tumor shrinkage and
prolongation in progression-free survival when treated with EGFR inhibitors (6).
Furthermore, EML4-ALK gene fusion-positive lung cancers can be effectively treated with
ALK inhibitors (7, 8). However, these alterations almost exclusively occur in the rare
adenocarcinomas of patients who never smoked, but are uncommon in squamous-cell lung
cancer, which is almost invariably associated with smoking (9). Although previous studies
have reported recurrent genetic alterations in squamous-cell lung cancer (10), no
therapeutically tractable targets have so far been identified. Thus, therapeutic options for
squamous-cell lung cancer patients remain scarce, as molecularly targeted drugs such as
erlotinib, gefitinib, pemetrexed and cetuximab are either poorly active (6, 11) or
contraindicated (e.g. bevacizumab)(12). These observations emphasize the need for new
“druggable” targets in squamous-cell lung cancer patients.

To identify therapeutically relevant genome alterations in squamous-cell lung cancer, we
analyzed 155 primary squamous-cell lung cancer specimens using Affymetrix 6.0 SNP
arrays, yielding high-resolution genomic profiles (median inter-marker distance <1 kb). To
separate driver lesions from random noise, we applied the GISTIC algorithm (13, 14). We
identified 25 significant amplification peaks, including the previously described
amplification of SOX2 on chromosome 3q26.33 (Figure 1A and Supplementary Table 1)
(10) and 26 significant deletions (Supplementary Figure 1 and Supplementary Table 1). The
second most significant amplification (q=8.82*10728) peak was identified on 8p12 and
included FGFR1 as well as FLJ43582 in each sample called as amplified (Figure 1A). This
region spanned 133kb (Supplementary Table 1), and was amplified at high amplitude (= 4
copies) in 15 of 155 squamous-cell lung cancer specimens (9.7%) (Figure 1A). Of note, 11
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of the FGFR1-amplified tumors were from smokers and none of these were from never-
smokers (Supplementary Table 2). Ten of the 15 FGFR1-amplified tumors also harbored a
mutation in TP53 (Supplementary Table 2). Patients with FGFR1-amplified tumors (copy
number > 9 in FISH analysis) had a non-significant trend toward inferior survival compared
to patients whose tumors lacked FGFR1 amplifications (copy number = 2 in FISH analysis)
(Supplementary Figure 2). We next analyzed copy-number alterations in lung
adenocarcinoma specimens (n=77) and found no significant (¢g>0.25) amplification (= 4
copies; 1.3%) at 8p12 (Figure 1B). Finally, we analyzed a publicly available lung cancer
SNP-array dataset (14) for the presence of FGFR1 amplifications (= 4 copies) and found it
to occur in 6 out of 581 (1%) non-squamous cell lung cancers (Figure 1C). Thus, FGFR1
amplification is significantly enriched in squamous-cell lung cancer when compared to our
own adenocarcinoma dataset (p=0.03) (Supplementary Table 3) and when compared to a
published dataset of non-squamous-cell lung cancer (p<0.0001) (Figure 1C). Fluorescence
in-situ hybridization (FISH) using an 8p12-specific probe on an independent set of 153
squamous-cell lung cancers confirmed the presence of frequent high-level amplification of
FGFR1 in 34 of 153 patients (22%) (Figure 1D and Supplementary Table 4), 27 of whom
were current smokers and none of whom were non-smokers. We note that FISH is not
sensitive to the admixture of non-tumoral cells. Thus, focal amplification of FGFRL is likely
to be more frequent in squamous-cell lung cancer than estimated by SNP arrays
(Supplementary Table 4) (15). We also sequenced the FGFR1 gene (16) in 94 squamous-
cell lung cancers and 94 adenocarcinomas and found one mutation (FGFR1P578H) in the
adenocarcinoma cohort, indicating that FGFR1 mutations might play an only minor role and
might not be driver alterations in the pathogenesis of lung cancer.

Next, we performed high-throughput cell-line screening (17, 18) to determine the activity of
the non-isoform-specific FGFR inhibitor PD173074 (19) in a collection of 83 lung cancer
cell lines (Supplementary Table 5) (17, 20). Of all cell lines tested, four had a half-maximal
growth inhibitory concentration (Glsg values) below 1.0 uM (Figure 2A); remarkably, three
of the four sensitive lung cancer cell lines exhibited focal amplification at 8p12 by 6.0 SNP-
array analysis (Figure 2B) suggesting that FGFR1 amplifications are significantly
(p=0.0002) associated with FGFR inhibitor activity (Figure 2A). As expected, FGFR1-
amplified cells expressed higher levels of total FGFR1 protein (Supplementary Figure 3).
Interestingly, one (H520) of the three FGFR1-amplified cell lines that were sensitive to
PD173074 was derived from a squamous-cell lung cancer patient (Supplementary Table 5).
We next tested whether amplification of FGFR1 could be linked with sensitivity to FGFR
inhibition in an unbiased fashion. Application of a K-nearest neighbor-based analysis,
followed by leave-one-out cross validation (17), revealed FGFR1 amplification to be the
only genetic predictor of PD173074 sensitivity that retained significance following
Bonferroni-based multiple-testing correction (p<0.05; Supplementary Table 6). Previous
reports indicated that expression of FGFR ligands might contribute to the sensitivity to
FGFR inhibitors in lung cancer (21). We did not observe elevated levels of FGF2 in the
FGFR1-amplified cell lines (Supplementary Figure 4A), nor did we observe a difference in
the expression of FGFR ligands between patients harboring FGFR1 amplification and those
without FGFR1 amplification (Supplementary Figure 4B). However, FGFR1-amplified cells
showed robust phosphorylation of FGFR, suggesting ligand-independent activation, which
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was further enhanced upon addition of exogenous FGF2 or FGF9 (Supplementary Figure
4C), compatible with paracrine activation of FGFR1 in FGFR1-amplified cells. We next
measured induction of apoptosis in FGFR1-amplified cells after treatment with PD173074
and found a significant (p=0.008) enrichment of FGFR1-amplified lung cancer cells in the
group of sensitive cells (Figure 2C and Supplementary Table 7). Furthermore, FGFR
inhibition led to decreased colony formation of FGFR1-amplified but not of EGFR-mutant
cells in soft agar (Figure 2D), further enforcing the notion that amplification of FGFR1
drives proliferation of these lung cancer cell lines. Treatment with PD173074 reduced the
levels of phosphorylated FGFR1 (Supplementary Figure 5) and of the adaptor molecule
FRS2 in a dose-dependent manner only in FGFR1-amplified cells, but not in the EGFR-
mutant cell line HCC827 (Figure 2E). We also observed inhibition of phosphorylation of
ERK but not of AKT and S6, indicating that the MAPK-pathway, and not the PI3K-
pathway, is the major signaling pathway engaged by amplified FGFR1 (Figure 2E).

In order to validate FGFR1 as the critical target of PD173074 in FGFR1-amplified lung
cancer cells, we ectopically expressed the V561M mutation (22) at the gatekeeper position
of FGFR1 (FGFR1V381M) preventing access of the compound to the hinge region of the
kinase (23) (Supplementary Figure 6). Expression of FGFR1Y%6IM jn FGFR1-amplified
lung cancer cells abolished PD173074-mediated cytotoxicity and dephosphorylation of
FGFR (Figure 3A), consistent with the notion that FGFR1 is the critical target of PD173074
in FGFR1-amplified lung cancer cells. Furthermore, in a panel of 105 biochemically-
screened kinases FGFR1 was one of only two kinases strongly inhibited by PD173074
(Supplementary Table 8), recapitulating previous reports (22).

The high analytical resolution of the 6.0 SNP arrays, together with the large size of our data
set, limited the number of candidate genes in the 8p12 amplicon to only two genes, FGFR1
and FLJ43582. A previous report analyzing the 8p12 locus in lung cancer applying lower-
resolution techniques suggested WHSCI1L1 to be the relevant oncogene in the 8p12
amplicon (24). To test whether genes other than FGFR1 drive tumorigenesis in the 8p12-
amplified tumors, we silenced the genes WHSC1L1 (24) and FLJ43582 using five different
shRNA constructs in the 8p12-amplified lung cancer cell line H1581. Although silencing of
either one of these genes did not inhibit cellular viability (Supplementary Figure 7),
silencing of FGFR1 strongly reduced the viability of the FGFR1-amplified lung cancer cells
(Figure 3B). In light of the focality of the 8p12 amplicon (including FGFR1 and FLJ43582)
and the lack of effect of sShRNA-mediated knockdown of either FLJ43582 and WHSC1L1 in
FGFR1-amplified cells, our data suggests that FGFRL is the relevant target in these cells. Of
note, the cell line H1703, which bears a copy-number gain at 8p12 and that had been
reported to depend on WHSC1L1 (24) was not sensitive to FGFR inhibition (Supplementary
Figure 8). By contrast, H1703 cells depend on PDGFRA for their survival (25) due to
amplification (copy number > 2.8) of the gene encoding this kinase (26, 27). Thus, our data
suggests that the gene targeted by the 8p12 amplicon is primarily FGFR1 and its
amplification induces FGFR1 dependency.

Finally, treatment with 100mg/kg twice a day of PD173074 resulted in tumor shrinkage in
mice engrafted with FGFR1-amplified cells (Figure 3C). This reduction in tumor size was
paralleled by reduction in the levels of phospho-ERK but not of phospho-AKT in
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immunohistochemical analyses of explanted tumors, validating our in-vitro findings that
MAPK-signaling is the key pathway engaged by amplified FGFRL1 (Supplementary Figure
9A). Treatment at 50mg/kg twice a day resulted in only a minimal exposure when compared
to the gavage of 100mg/kg twice a day due to the short half-life of the compound in vivo
(Supplementary Figure 9B). Thus, although we cannot formally exclude inhibitory effects
on VEGFR2, the observed tumor regression is likely to be mediated by inhibition of FGFR1.
By contrast, xenografted EGFR-mutant H1975 cells did not show signs of regression upon
PD173074 treatment (Supplementary Figure 9C). Thus, FGFR1 amplification leads to
FGFR1 dependency in vivo.

Discussion

Here, we have identified frequent high-level amplification of FGFR1 in squamous-cell lung
cancer of smokers that sensitizes the tumors to FGFR1 inhibition. Previous studies in lung
cancer cohorts of mixed subtypes and low technological resolution (24, 28) or small size
(10) have reported occasional amplification of the 8p locus in lung cancer. However, the
large size of our sample set was necessary to reveal the high prevalence of this amplicon in
squamous-cell lung cancer (approximately 10%) in comparison to other lung cancer
subtypes (1%). Given the insensitivity of FISH analyses to admixture of non-tumoral cells,
the true prevalence of this amplification is likely to still be substantively underestimated by
SNP arrays and to be up to 20%. We conclude that FGFR1 amplification is one of the
hallmark alterations in squamous-cell lung cancer, similar to amplification of SOX2. These
two alterations were almost completely mutually exclusive (Supplementary Table 9),
suggesting an epistatic relationship. Furthermore, FGFR1 amplification induced a strong
FGFR1 dependency that could be exploited therapeutically, resulting in induction of
apoptosis. Thus, FGFRL amplification represents an opportunity for targeted therapy in
squamous-cell lung cancer. We therefore suggest that FGFR1 inhibitors, which are currently
in clinical testing in tumor types bearing genetic alterations in FGFR genes (29-31), should
be evaluated in patients with FGFR1-amplified squamous-cell lung cancer.

Materials and Methods

Genomic analyses

The tumor specimens analyzed in this study have been collected under local Institutional
Review Board approval. All patients gave written informed consent. Genomic DNA was
hybridized to Affymetrix 6.0 SNP arrays following manufacturer’s instructions. Raw signal
intensities were normalized and modeled using a Gaussian-mixture model. Background-
corrected intensities were normalized across all arrays of one batch using quantile
normalization. Raw copy numbers were calculated by dividing the normalized tumor-
derived signal intensities by the mean signal intensities derived from the normal samples
hybridized in the same batch. Raw copy number data were segmented using circular binary
segmentation and visualized in the integrated genome viewer (IGV) (32). GISTIC was
performed as described previously (13, 14). The human genome build hg18 was utilized.
Dideoxy sequencing was performed on whole-genome amplified DNA of primary tumors.
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Cell lines were sequenced using cDNA. All primer sequences are available on request. All
raw data are publically available (GEO; GSE25016).

Tissue microarray construction

Tissue microarray slides were obtained from Formalin-fixed paraffin-embedded lung
squamous-cell carcinoma samples. The tissue microarrays contained samples of a total of
172 patients from the University Hospital Zurich, each of these samples was present in
duplicate cores, each core 0.6 mm in diameter (33). A second tissue microarray of 22
patients from Weill Cornell Medical Center was obtained with each sample present in
triplicate cores, each core 0.6 mm in diameter. Subsequently, 153 samples were used for
FISH analysis.

Gene expression

After RNA isolation biotin labeled cRNA preparation was performed using Epicentre
TargetAmp™ Kit (Epicentre Biotechnologies) and Biotin-16-UTP (10 mM; Roche
Molecular Biochemicals) or Illumina TotalPrep RNA Amplification Kit (Ambion). Biotin
labeled cRNA (1.5 pug) was hybridized to Sentrix® whole genome bead chips WG6 version
2, (Illumina) and scanned on the lllumina® BeadStation 500x. For data collection, we used
[llumina BeadStudio 3.1.1.0 software.tGene pattern analysis platform (34) was used to
visualize the normalized data.

FGFR1 amplification FISH assay

A fluorescence in-situ hybridization (FISH) assay was used to detect the FGFR1
amplification at the chromosomal level on the tissue microarrays. We performed
fluorescence signal detection, with two probes on chromosome 8. The reference probe is
located on a stable region of chromosome 8p23.2 and selected based on SNP array analysis.
Only samples where the control BAC was detectable were used for the determination of the
copy number of FGFR1. The target probe is located on the FGFR1 locus spanning 8p11.23
to 8p11.22. We used the digoxigenin labelled BAC clones CTD 252309 producing a green
signal as reference probe. The target probe was labelled with biotin to produce a red signal
using RP11-148D21 BAC clones (Invitrogen). Deparaffinized sections were pre-treated with
a 100 mM Tris and 50 mM EDTA solution at 92.8C° for 15 min. and digested with Digest-
All I (dilution 1:2) at 37°C for 14 min.; FGFR1 FISH probes were denatured at 73°C for 5
min. and immediately placed on ice. Subsequently, the tissue sections and FGFR1 FISH
probes were co-denatured at 94°C for 3 min. and hybridized overnight at 37°C. Post
hybridization washing was done with 2x SSC at 75°C for 5 min., and the fluorescence
detection was carried out using streptavidin-Alexa-594 conjugates (dilution 1:200) and anti-
digoxigenin-FITC (dilution 1:200). Slides were then counterstained with 4’,6-Diamidin-2’
phenylindoldihydrochlorid (DAPI) and mounted.tThe samples were analyzed under a 63%
oil immersion objective using a fluorescence microscope (Zeiss) equipped with appropriate
filters, a charge-coupled device camera and the FISH imaging and capturing software
Metafer 4 (Metasystems). The evaluation of the tests was done independently by three
experienced evaluators (R.M, S.M. and S.P.). At least 100 nuclei per case were evaluated.
The thresholds for assigning a sample to the FGFR1 “high amplification” group was copy
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number nine. All samples that had a copy number below nine and above two were assigned
to the group of “low amplification” cohort. All the remaining samples were assigned
“normal”.

Cell lines and reagents

Cell lines were obtained from ATCC, DSMZ, or from own and other cell culture collections
and were maintained as described previously. PD173074 was purchased from commercial
suppliers, dissolved in DMSO or vehicle solution and stored at —20°C.

Cell-line screening

Apoptosis

Cell-line screening was performed as previously described (17) with various concentrations
of PD173074. Viability was determined after 96h by measuring cellular ATP content
(CellTiter-Glo, Promega). Half-maximal inhibitory concentrations (Glsg) were determined
using the statistical data analysis software “R” with the package “ic50”.

For determination of apoptosis, cells were seeded in six-well plates, incubated for 24h,
treated with either DMSO (control) or 1.0 uM PD173074 for 72 h and stained with
annexinV and propidium iodide (PI). Finally the cells were analyzed on a FACS Canto
FlowCytometer (BD Biosciences). The difference between the relative percentage of
annexin V/PI positive cells treated with DMSO and cells treated with PD173074 was
determined (induction of apoptosis rate).

Lentiviral RNAi and retroviral expression

The V561M mutation was introduced into FGFR1 cloned in pPBABE-Puro by site-directed
mutagenesis. Replication-incompetent retroviruses were produced by cotransfection with the
pCL-ampho plasmid in HEK 293T cells. Hairpin ShRNA targeting the different genes were
ordered from Sigma. All sequences are given in a Supplementary Table (Supplementary
Table 10). Replication-incompetent lentiviruses were produced from pLKO.1-Puro based
vectors by contransfection with A8.9 and pMGD2 in 293T cells as described previously
(35). After transduction cells were selected with puromycin (1.5ug/ml) and five days after
selection cells were counted using trypan blue.

Western blotting

The following antibodies were used for immunoblotting: p-actin (MPBioscience), phospho-
FGFR (Y653, Y654), pFRS2 (Tyr196), p-AKT (S473), pS6, S6, AKT, p-ERK, ERK (Cell
Signaling Technology), total-FGFR1 (Santa Cruz), anti-rabbit-HRP, anti-mouse-HRP-
antibody (Millipore).

Soft-agar assay

Cells were suspended in growth media containing 10% FCS and 0.6% agar and plated in
triplicate on 50pl solidified growth medium (10% FCS; 1.0% agar). Growth medium
containing indicated compound concentrations was added on top. Colonies were analyzed
using the Scanalyzer imaging system (Lemnatec, Germany).
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Xenograft mouse models

All animal procedures were approved by the local animal protection committee and the local
authorities. 5*108 tumor cells were injected subcutaneously into male nude mice. After the
tumors reached a size of at least 50mm3, the animals were treated twice daily by oral gavage
with PD173074 (15 mg/ml for 50mg/kg or 30mg/ml for 100mg/kg schedule) solved in
vehicle (sodium lactate) or vehicle detergent alone. Tumor size was monitored measuring
perpendicular diameters as described previously (17). For the determination of tumor growth
under treatment with PD173074, each experiment presented in the figures compromises the
measurement of 5 different tumors.

Statistical analyses

Tests for statistical significance were either two-tailed t-tests or Fishers’s exact tests.
Prediction of compound activity was performed using the KNN algorithm as described
previously (17). Multiple hypothesis testing was performed employing the statistical data
analysis software “R” using p-value adjustment.
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Figure 1. FGFR1 isamplified in squamous-cell lung cancer
(A) Left panel: Significant (14) (FDR-value; x-axis) amplifications across all chromosomes

(y-axis) in squamous-cell lung cancer (SQLC; n=155) as assessed by GISTIC. Right panel:
Copy-number alterations (blue=deletion; white=copy number-neutral; red=amplification) at
chromosome 8 (y-axis) across all SQLC samples (x-axis). Samples are ordered according to
focal amplification of FGFR1. (B) Significant (G-score; y-axis) copy number changes in
adenocarcinoma (AC; n=77), (black line) and SQLC (red dotted line) at chromosome 8. The
g-value for the presence of 8p12 amplification is 8.82*10728 for squamous-cell lung cancer
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and greater than 0.25 for adenocarcinoma. The chromosomal positions of FGFR1 (8p12)
and MYC are highlighted (black arrows) (C) Frequency of FGFR1 amplification (% of
samples = copy number 4; y-axis) in non-SQLC lung cancer from a published dataset (14),
AC and SQLC. P-values indicate statistical significance. (D) FISH analysis (green = control;
red = FGFR1) of 153 SQLC samples (FGFR1-HA: copy number >9; FGFR1-LA: copy
number >2 <9; FGFR1-N: copy number 2). Presented are example images from the three
different FGFR1 amplification groups.
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Figure 2. FGFR1 amplification and sensitivity to FGFR inhibition
(A) Glgg-values (y-axis) of PD173074 across 83 lung cancer cell lines (x-axis). FGFR1-

amplified (copy number=4) cell lines are marked with asterisks. (B) Copy number
alterations (x-axis, blue=deletion; white= copy number 2; red= amplification) on
chromosome 8 with a zoom in on 8p12 (FGFR1 locus is highlighted) across all cell lines (y-
axis). (C) Induction of apoptosis (difference between PD173074 at 1uM and DMSO control
after 72h; y-axis) across 24 cell lines (x-axis; asterisks denote FGFR1 amplification copy
number=4) as measured by flowcytometry (after Annexin V/PI staining). (D) FGFR1-
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amplified cell lines were plated in soft agar and treated either with DMSO (control) or
decreasing concentrations of PD173074. (E) Phosphorylation of FGFR and of downstream
molecules in FGFR1-amplified (H1581, H520) and in FGFR1 wildtype (EGFR-mutant)
cells (HCCB827) after treatment with PD173074 as assessed by immunoblotting.
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Figure 3. FGFR1-amplified cells are dependent on FGFR1 in vitro and in vivo
(A) Left panel: Viability (PD173074 treatment as compared to DMSO control) of FGFR1-

amplified cells expressing wildtype or mutant (V561M) FGFR1 treated with PD173074
(0.5uM white bars; 1.0uM grey bars). Right panel: phosphorylation of FGFR in the
FGFR1V%6IM and FGFR1™ cells detected by immunoblotting. (B) Upper panel: Viability
(PD173074 treatment as compared to DMSO control; y-axis) of H1581 cells after
transduction with control ShRNA or shRNA targeting FGFR1. Right panel: Silencing of
FGFR1 in H1581 cells was confirmed by immunoblotting. (C) In mice engrafted with

i Transl Med. Author manuscript; available in PMC 2014 April 17.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Weiss et al.

Page 18

H1581 cells either treated with vehicle or PD173074 (dosage as indicated; y-axis), tumor
volume was measured over time (x-axis).
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