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Abstract

Purpose—FGFR1 gene copy number (GCN) is being evaluated as a biomarker for FGFR

tyrosine kinase inhibitor (TKI) response in squamous-cell lung cancers (SCC). The exclusive use

of FGFR1 GCN for predicting FGFR TKI sensitivity assumes increased GCN is the only

mechanism for biologically-relevant increases in FGFR1 signaling. Herein, we tested whether

FGFR1 mRNA and protein expression may serve as better biomarkers of FGFR TKI sensitivity in

lung cancer.

Experimental Design—Histologically diverse lung cancer cell lines were submitted to assays

for ponatinib sensitivity, a potent FGFR TKI. A tissue microarray comprised of resected lung

tumors was submitted to FGFR1 GCN and mRNA analyses and the results were validated with

TCGA lung cancer data.
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Results—14/58 cell lines exhibited ponatinib sensitivity (IC50 values ≤ 50 nM) that correlated

with FGFR1 mRNA and protein expression, but not with FGFR1 GCN or histology. Moreover,

ponatinib sensitivity associated with mRNA expression of the ligands, FGF2 and FGF9. In

resected tumors, 22% of adenocarcinomas and 28% of SCCs expressed high FGFR1 mRNA.

Importantly, only 46% of SCCs with increased FGFR1 GCN expressed high mRNA. Lung cancer

TCGA data validated these findings and unveiled overlap of FGFR1 mRNA positivity with KRAS

and PIK3CA mutations.

Conclusions—FGFR1 dependency is frequent across various lung cancer histologies and

FGFR1 mRNA may serve as a better biomarker of FGFR TKI response in lung cancer than

FGFR1 GCN. The study provides important and timely insight into clinical testing of FGFR TKIs

in lung cancer and other solid tumor types.

INTRODUCTION

FGFR1 gene amplification in lung cancers, especially of squamous cell carcinoma (SCC)

histology is well established in the literature (1–3) and increased FGFR1 gene copy number

(GCN) is currently used as the predictive biomarker for prescreening SCC patients for entry

into clinical trials of the FGFR-specific TKIs, BGJ398 (NCT01004224) and AZD4547

(NCT00979134). The rationale for use of this biomarker derives from studies showing that

sensitivity of lung cancer cell lines to FGFR inhibitors correlates with increased FGFR1

GCN (1–3). Using ponatinib, another potent FGFR inhibitor, Gozgit et al (4) demonstrated

growth inhibition of three FGFR1 gene amplified lung cancer cell lines. Similarly, Zhang et

al (5) identified only two AZD4547-sensitive cell lines within a panel of 78 lung cancer cell

lines, both were FGFR1 gene amplified.

While genomic amplification is a mechanism accounting for increased gene expression in

cancer cells that is useful as a surrogate for oncogene activity, it is likely that transcriptional

and translational control mechanisms may also mediate increased expression of proteins

driving aberrant signal transduction. In support, our previous investigation of FGFR-

dependent autocrine signaling in lung cancer cell lines (6) identified several as FGFR-

dependent that have not been found to exhibit FGFR1 gene amplification (1, 2). We

therefore screened a large panel of lung cancer cell lines including all histological subtypes

for sensitivity to ponatinib and show that FGFR1 mRNA and protein function as superior

biomarkers for response relative to FGFR1 GCN. While others have noted the association

between FGFR1 gene amplification and SCC histology, we used assays applicable to tumor

biopsy samples and observe that FGFR1 mRNA is more broadly increased across lung

cancers of all histologies and that expression is not significantly correlated with FGFR1

GCN. The hypothesis that measurements of FGFR1 expression, not GCN, will provide more

accurate markers of FGFR1-dependent lung cancers is being tested in an ongoing clinical

trial.
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MATERIALS AND METHODS

Cell Culture

All cell lines were cultured in RPMI-1640 growth medium supplemented with 10% fetal

bovine serum at 37°C in an humidified 5% CO2 incubator. The following cell lines were

available in our laboratories and submitted to DNA fingerprint analysis for authentication;

H1703, HCC95, NE-18, DMS-114, SK-MES-1, H460, SW1573, H520, H661, H125,

HCC44, H1299, H157, Colo699, H1581, HCC15, H2126, H1869, H1435 and H441. The

remaining 38 cell lines were obtained directly from the University of Colorado Cancer

Center Tissue Culture Core and were cultured fewer than 6 months after receipt. The core

laboratory routinely performs DNA fingerprint analyses on all banked cell lines to ensure

their authenticity.

Quantitative Real-Time PCR (RT-PCR)

Total RNA was purified from cells using RNeasy mini prep kits (Qiagen, Valencia, CA) and

aliquots (5 μg) were reverse transcribed in a volume of 20 μL using Maxima First Strand

cDNA Synthesis Kit (Thermo Scientific, Pittsburgh, PA). Aliquots (5 μL) of a 1:25 dilution

of the reverse transcription reactions were submitted to quantitative RT-PCR in 25 μL

reactions with SYBR green Jumpstart Taq Readymix (Sigma) with GAPDH, FGF2, FGF7,

FGF9, FGFR1, FGFR2, FGFR3, FGFR4 primers previously described (6–8) using a My iQ

real time-PCR detection system (BioRad, Hercules, CA). GAPDH mRNA levels were

measured as a housekeeper gene for normalization of the different mRNA expression values.

Immunoblot Analysis

For immunoblot analysis of FGFR1 and the α-subunit of the NaK-ATPase, cells were

collected in phosphate-buffered saline, centrifuged (3min at 3000 rpm) and suspended in

lysis buffer. Aliquots of the cell lysates containing 150 μg of protein were submitted to SDS-

PAGE and immunoblotted for FGFR1 (Origene, Rockville, MD) and NaK-ATPase α-

subunit (sc-21712) (Santa Cruz Biotechnology, Santa Cruz, CA). Densitometry was

performed using Quantity One® for FGFR1 and NaK-ATPase immunoblots where NaK-

ATPase was measured as a loading control.

For immunoblot analysis of phospho-ERK and total ERK, cells were plated at 25,000 cells/

well in a 6-well plate. 24 hours later, cells were switched to HITES media for 2 hours and

subsequently treated with concentrations of ponatinib (0–1μM) for 2 hours. Cells were

rinsed in phosphate-buffered saline, lysed in 250 μl lysis buffer and aliquots were submitted

to SDS-PAGE and immunoblotted for phospho- ERK (P-p44/42 MAPK) (Cell Signaling

Technology, Danvers, MA) and ERK 1 (sc-93) and ERK 2 (sc-154) (Santa Cruz

Biotechnology, Santa Cruz, CA).

Anchorage Independent Growth Assay

For measurement of anchorage-independent cell growth in soft agar, 15,000 cells were

suspended in 1.5 ml RPMI-1640 containing 10% fetal bovine serum and 0.35% Difco agar

noble and overlaid on base layers containing 1.5mL RPMI-1640 containing 10% fetal

bovine serum and 0.5% agar noble in six-well plates. The wells were overlayed with 2 ml
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growth media containing test agents or DMSO as a diluent control. Drugs were replaced in

fresh growth medium once per week. The plates were incubated for 14 days and viable

colonies were stained for 24 hours with 200 μl of 1mg/ml nitroblue tetrazolium. The wells

were photographed and submitted to quantification using the MetaMorph (Molecular

Devices, Downingtown, PA) imaging software program. Data are the total colony area

(colony number × colony size) and presented as a percent of the DMSO control.

Clonogenic Growth Assay

To measure the effect of ponatinib on single cell colony formation in a clonogenic assay,

lung cancer cells were seeded in 6-well plates at 100 to 200 cells/well in full growth media.

Twenty-four hours later, cells were treated with ponatinib (0 to 300 nM) and cultured for 14

additional days. Wells were rinsed with phosphate-buffered saline (PBS) and stained and

fixed with 0.5% (wt/vol) crystal violet in 6.0% (vol/vol) gluteraldehyde solution (Fisher

Scientific, Fair Lawn, NJ). Following destaining with distilled water, the plates were

photographed and total colony area was quantified using the MetaMorph imaging software

program.

Cell Proliferation Assay

Cell lines were plated at 100 cells per well in 96-well tissue culture plates and treated in

triplicate with test agents. Cell number per well was estimated after 10 days of culture using

a CyQUANT Direct Cell Proliferation Assay (Life Technologies, Carlsbad, CA) according

to the manufacturer’s instructions.

FGFR1 Silencing with shRNAs

Distinct FGFR1-targeting shRNAs (clone IDs TRCN0000121185 and TRCN0000000417)

in the pLKO.1 lentiviral vector were obtained from University of Colorado Cancer Center

Functional Genomics shared resource. The pLKO.1 constructs encoding the FGFR1

shRNAs as well as pLKO.1 encoding a control shRNA targeting GFP were packaged in

293T cells with packaging component vectors pCMV-VSV-G and pΔ8.9. The lentiviruses

released into the medium were filtered using a 0.45 μm filter and used to transduce the cell

lines shown in Figure S2 in 6-well plates at 100,000 cells/well. Transfected cells were

selected with puromycin (1 μg/ml) for 8 days after which the plates were rinsed with

phosphate-buffered saline (PBS) and fixed and stained with 0.5% (wt/vol) crystal violet in

6.0% (vol/vol) glutaraldehyde solution for 30 minutes at room temperature. Plates were

rinsed in distilled H2O and photographed. The MetaMorph imaging software program

(Molecular Devices, Downingtown, PA) was used to quantify percent threshold area. RNA

was purified from replicate wells and submitted to quantitative RT-PCR analysis to confirm

knockdown.

Measurement of FGFR1 gene copy number in cell lines

Selected lung cancer cell lines were submitted to the University of Colorado Cancer Center

Molecular Pathology shared resource for evaluation of FGFR1 gene copy number by

fluorescence in situ hybridization (FISH) analysis. Also, publicly available SNP data

archived in the Cancer Cell Line Encyclopedia (http://www.broadinstitute.org/ccle/home)
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were interrogated for FGFR1 gene copy number status in 49 of the lung cancer cell lines

used in this study. Finally, total genomic DNA was purified from cells using Quick-gDNA

MiniPrep kits (Zymo Research, Irvine, CA). Dilutions (1:100 and 1:20) of the genomic

DNA were submitted to qRT-PCR in 25 μL reactions with SYBR green Jumpstart Taq

Readymix (Sigma) and Line-1 primers (8) or FGFR1 primers (6, 8) using a My iQ real time-

PCR detection system (BioRad). FGFR1 genomic levels were normalized to Line-1 gene

copy levels as previously described (8). The normalized value for H157 cells was adjusted to

1 as this cell line exhibited an FGFR1 gene copy number of 1 (2 FGFR1 signals and 2 CEP8

signals) as determined by FISH assay. All other values were normalized accordingly.

Surgical lung cancer cohort and preparation of a tissue microarray

The tissue microarray (TMA) was generated from lung tumors obtained from a previously

described series of patients who underwent pulmonary resection at the Medical University

of Gdansk, Poland (9). In brief, the TMA is comprised of 3 cores of 1.5 mm in diameter

from each tumor. The TMA slides were H-E stained for histology verification and quality

control. Clinical data were derived from patient records. Tissue banking and the present

studies were approved by the Institutional Review Boards at the University of Colorado and

the Medical University of Gdansk.

Silver in situ hybridization of formalin-fixed, paraffin-embedded tissues for FGFR1 gene
copy number

FGFR1 copy number was analyzed using bright-field microscopy and the silver in situ

hybridization (SISH) technology. Probing was carried out using an FGFR1-specific probe

according to protocols from the manufacturer (Ventana Medical Systems, Tucson, AZ). The

scoring was carried out in 50 non-overlapping nuclei per core in regions identified by optical

analysis of tissue sections as having higher gene copy number. The reading was completed

for each core in the TMA and the core with the highest average FGFR1 gene copy number

per cell was selected for each patient as described previously (9, 10).

In situ hybridization of formalin-fixed, paraffin-embedded tissues for FGFR1 mRNA

The mRNA in situ hybridization (ISH) assay was performed using the RNA scope® 2.0

assay system and the FGFR1 probe provided by Advanced Cell Diagnostics, Inc (Hayward,

CA) according to the protocol provided by the company. ISH scores are generated and

recorded using the following algorithm with a 400 X magnification setting on the

microscope: 0, no staining; 1+, 1–3 dots/cell in >1% but <50% of the tumor cells; 2+, 1–3

dots per cell in >50% of the cells; 3+, clusters in <10% or 3–5 dots in >50% or >5 dots in

<10% of tumor cells; 4+, clusters in >10% of the tumor cells or >5 dots in >10% of tumor

cells.

Statistics

Spearman correlation coefficients and corresponding p-values were used to evaluate

association between two continuous variables. A fixed effects ANOVA model was used to

examine the potential association between histology (adenocarcinoma (AC), SCC, large cell

carcinoma (LCC), small cell lung cancer (SCLC) and others) and IC50. ROC curves were
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generated to display the performance of dichotomized SISH and ISH in discriminating

sensitive and non-sensitive cell lines based on ponatinib IC50.

RESULTS

Identification of ponatinib-sensitive lung cancer cell lines

We tested a panel of 58 well-characterized lung cancer cell lines (Table S1) comprised of 30

AC cell lines, 14 SCC cell lines, 4 large cell carcinoma (LCC) cell lines, 5 SCLC cell lines

and 5 non-small cell lung cancer (NSCLC)/mixed histology cell lines for growth sensitivity

to the multi-kinase TKI, ponatinib (4). No cell lines bearing EGFR mutations were included

as we have recently reported their baseline insensitivity to FGFR-specific TKIs (11). The

specificity of ponatinib (AP24534) has been previously defined (12) and although designed

as a next generation ABL inhibitor, ponatinib is also a potent inhibitor of FGFR1, 2 and 4

(IC50s = 2, 2 and 8 nM, respectively) and a weaker inhibitor of FGFR3 (18 nM). PDGFRA,

PDGFRB, RET and VEGFR1-3 are inhibited by ponatinib at IC50s ranging from 0.2–8 nM.

Among the 58 cell lines, none contain RET gene rearrangements. Cancer Cell Line

Encyclopedia data (CCLE; http://www.broadinstitute.org/ccle/home) were queried for

VEGFR1-3 and RET mRNA expression, revealing that H1734 cells express detectable

VEGFR1/FLT1 while H441 and H2170 cells express VEGFR2/KDR. VEGFR3/FLT4 was

not expressed in any of the cell lines as assessed by CCLE gene expression data. RET

mRNA was detected in SW1573 and H1385 cells, although no gain-of-function mutations

are noted in CCLE. Also, consistent with published reports, H1703 cells expressed high

levels of PDGFRA mRNA mediated by gene amplification (13, 14).

Representative ponatinib growth inhibitory curves for 6 cell lines are shown in Figure 1A.

The calculated IC50 values for the entire panel (Table S1, Figure 1B) ranged from 1 nM to

greater than 1 μM. The recent clinical trial in BCR-ABL positive leukemia revealed a serum

trough level of ~60 nM ponatinib at the maximum tolerated dose (15). As a conservative

cut-point, we defined sensitivity to ponatinib as IC50 ≤ 50 nM, thereby including 14

ponatinib sensitive lung cancer cell lines (Figure 1B, Table S1). In addition to inhibition of

in vitro growth, ponatinib inhibited signaling through the ERK pathway in sensitive, but not

insensitive cell lines (Figure 1C). The phosphorylation of AKT on T308 or S473 was not

affected (data not shown), consistent with the reported lack of effect of the FGFR inhibitor,

PD173074, on AKT phosphorylation (2). The cell lines with IC50s ≤ 50 nM for ponatinib

were derived from ACs (5 of 30, 17%), LCCs (2 of 4, 50%), SCCs (3 of 14, 21%) and

SCLCs (3 of 5, 60%) (Figure 1B (inset), Table S1). Also, 1 of 5 cell lines of NSCLC/mixed

histology was sensitive to ponatinib. Using a fixed effects ANOVA model, no significant

correlation of ponatinib IC50 to cell line histology was observed (p=0.16). Thus, ponatinib

sensitivity in lung cancer cell lines distributes across all histological subtypes.

Sensitivity of cell lines to ponatinib correlates with FGFR1 mRNA and protein expression,
but not gene amplification

Ponatinib has previously been shown to potently inhibit in vitro and in vivo growth of three

lung cancer cell lines, H1581, DMS-114 and H520, all of which bear FGFR1 gene

amplification (4, 16). To further explore the association of ponatinib sensitivity with
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increased FGFR1 gene copy levels, we assessed FGFR1 GCN in 58 lung cancer cell lines

using multiple techniques (see Materials and Methods) including quantitative PCR on

genomic DNA (8), an FGFR1 FISH assay and SNP array data from the CCLE. In addition to

H1581, H520 and DMS-114, increased FGFR1 GCN relative to a chromosome 8

centromeric (CEP8) probe was observed in H1703 and HCC95 cells (Table S1). Only 4/14

ponatinib-sensitive lung cancer cell lines exhibited a ratio of FGFR1:CEP8 signals > 2

(Table S1, Figure 2A). Also, FGFR1-amplified HCC95 cells are not sensitive to ponatinib

(Figure 1B) or PD173074 (2). Moreover, Weiss et al (2) noted that H2444 NSCLC cells

exhibited FGFR1 amplification, but are insensitive to PD173074. When the FGFR1

target:CEP8 ratio was considered as a continuous variable, there was no statistical

association with ponatinib IC50 (Table S1).

In addition to FGFR1 GCN, FGFR1 protein and mRNA levels were measured (Figure 2B

and C, Table S1) by immunoblotting with an antibody against the carboxyl-terminus of

FGFR1 and quantitative PCR with primers annealing to sequences within the invariant

second immunoglobulin domain. Figure S1 shows representative immunoblots of FGFR1

protein in 34 of the lung cancer cell lines. Multiple FGFR1 protein species were identified

by immunoblotting and is related to the known precursor/product relationship dictated by

the degree of glycosylation as well as by alternative mRNA splicing as reviewed by Turner

and Grose (17). Expression of FGFR1 protein (r=−0.52, <0.0001) and mRNA (r=−0.62,

p<0.0001) were highly associated with ponatinib IC50 (Figure 2B and C, Table S1) by

Spearman correlation analysis. Both markers were correlated with each other (r=0.466,

P=0.00023). FGFR3 mRNA was weakly associated (r=−0.231, p=0.081), but not with

FGFR2 or FGFR4 mRNA expression (Table S1). Using a cut-point of ≥ mean expression of

the 58 cell lines, 12/14 and 10/14 ponatinib-sensitive lung cancer cell lines expressed

FGFR1 mRNA and protein, respectively (Table S1). By contrast, 5/44 and 6/44 ponatinib-

insensitive cell lines expressed FGFR1 mRNA and protein, respectively. To independently

validate the association of FGFR1 mRNA levels with ponatinib sensitivity, we queried

Affymetrix array data derived from 49 of the 58 lung cancer cell lines deposited in the

CCLE. Spearman correlation revealed an association of ponatinib IC50 with FGFR1 (r=

−0.50, p=0.0002), the FGFR signaling scaffold, FRS2 (r=−0.54, p<0.0001) and FGF2

(−0.43, p=0.002), but not FGFR2-4. It was recently shown that MYC was coexpressed in

40% of FGFR1-amplified tumors and that tumor cells coexpressing MYC were more

sensitive to FGFR inhibition (18), However, MYC mRNA levels in the 49 lung cancer cell

lines assessed by CCLE were not significantly associated with ponatinib sensitivity

(r=0.958). The FGFR1 GCN and expression data from the 58 cell lines were submitted to

receiver operating characteristic (ROC) curve analysis and FGFR1 mRNA and protein

expression levels greatly outperformed FGFR1 GCN as predictors of ponatinib sensitivity

(Figure 2D).

Targets distinct from FGFR1 may contribute to growth inhibition by ponatinib in specific

cell lines due to its multi-kinase activity. In addition to amplification and high-level

expression of FGFR1, H1703 cells also bear amplified PDGFRA and are dependent on a

PDGFC-PDGFRA pathway for growth (13, 14). We have previously reported the sensitivity

of H1703 cells to the FGFR/PDGFR/VEGFR inhibitor, RO4383596 (6). Thus, the dual
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activity of ponatinib on FGFR1 and PDGFRA likely contributes to full growth inhibition in

this cell line.

Molecular confirmation of FGFR1 as a driver in an amplified and non-amplified cell line

We molecularly tested FGFR1 as a driver in non-amplified cell lines (Colo699, H1048,

H596) as well as amplified cell lines (H1581, H520, H1703). Demonstration of H1581 cell

growth dependence on FGFR1 through RNAi techniques has been previously published (1,

2), but not for any of the non-FGFR1 amplified cell lines. The cell lines were transduced

with lentivirus encoding a control shRNA targeting GFP or two independent shRNAs

targeting FGFR1 (Figure S2). Relative to the equal colony growth among the 3 lentiviruses

following transduction of mouse embryo fibroblast cells where murine FGFR1 is not

predicted to be silenced, or two independent lung cancer cell lines lacking FGFR1

expression and insensitive to ponatinib (HCC15, NE-18), the FGFR1-targeting shRNAs

induced marked suppression of colony outgrowth in H1581, H520, Colo699, H1048 and

H596 cells (Figure S2). Clonogenic growth of H1703 cells exhibiting amplified FGFR1,

PDGFRA and WHSC1L1 (14, 19) was partially decreased upon FGFR1 silencing (Figure

S2). Also noteworthy, H596 cells expressing lower levels of FGFR1 and exhibiting a

ponatinib IC50 = 61 nM showed a marked decrease in growth following FGFR1 silencing.

Thus, growth of representative FGFR1 amplified and non-amplified cell lines are dependent

upon FGFR1 for growth, thereby supporting this RTK as a primary target mediating

ponatinib sensitivity.

Requirement for autocrine FGFs in FGFR1-dependent lung cancer cell lines and
association of FGF2 and FGF9 expression with ponatinib sensitivity

While increased expression and activity of FGFR1 has been associated with gene

amplification, no gain-of-function mutations have been identified in lung cancer cell lines.

To test for dependency on autocrine FGFs, growth of selected cell lines was measured in the

presence of the FGF ligand trap, FP-1039 (20). As shown in Figure S3, FP-1039 inhibited

growth of Colo699 cells with an IC50 of 3 nM. Consistent with a recent report (20), we

observed potent growth inhibition of FGFR1 gene amplified H1581 cells (IC50 = 9 nM) and

less potent inhibition of H1703 cells (IC50 = 33 nM) in which both FGFR1 and PDGFRA

genes are amplified (14). NE18 cells that express no FGFR1, FGF2 or FGF9 (Table S1)

were ~50 fold less sensitive (IC50 = 162 nM) to FP-1039 compared to Colo699 cells. Thus,

the sensitivity to FP-1039 supports the autocrine activity of FGFs, at least within a subset of

the ponatinib-sensitive lung cancer cell lines as previously shown (20).

We measured the expression of FGF2 and FGF9, two FGFs previously shown to be

expressed in FGFR-dependent lung cancer cell lines (6), and tested the association of

expression with ponatinib sensitivity. FGF2 (r=−0.44, p=0.005), but not FGF9 mRNA

expression (r=−0.21, p=0.11), was significantly associated with the ponatinib IC50 (Figure 3,

Table S1). Because the majority (10/14) of the ponatinib-sensitive cell lines express FGF2

and/or FGF9 (Table S1, Figure S4), we also tested the correlation of their combined

measurement and observed a stronger association (r=−0.55, p<0.0001) than FGF2 alone

(Figure 3C). It is noteworthy that two sensitive cell lines, H1581 and H1048, express little or

no FGF2 or FGF9 mRNA (Figure 3, Table S1), although the CCLE database reveals high
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expression of FGF10 and FGF20 mRNA in H1581 cells and high FGF7 mRNA in H1048

cells (Table S2). While the FGFR1 expressed in H1048 cells exists as the “c” isoform (data

not shown) and is not predicted to bind FGF7, these cells also express significant levels of

FGFR2 (Table S1) exclusively spliced to the “b” isoform (Figure S4B) and are predicted to

bind FGF7. Moreover, both exogenous FGF2 (via FGFR1) and FGF7 (via FGFR2b)

stimulate ERK activity in H1048 cells (Figure S4C). CCLE data reveal FGF10 and FGF20

mRNA expression, but not FGF2 or FGF9 mRNA expression in H1581 cells, consistent

with our data (Table S1). While FGF10 binding, like FGF7, is restricted to FGFR “b”

isoforms, FGF20 is an FGF9 subfamily member predicted to bind the FGFR “c”

polypeptides (21). H1581 cells also express significant levels of FGFR2 (Table S1), but as

the “c” isoform (Figure S4B) and elicit ERK activation in response to FGF2 and FGF9, but

not FGF7 (Figure S4C). Thus, our findings support the requirement for autocrine FGFs as

activators of FGFR1 in ponatinib-sensitive lung cancer cell lines.

FGFR1 GCN status and mRNA expression in primary lung tumors

A TMA comprised of FFPE-processed lung cancer cell lines was generated and used to

develop and optimize assays for FGFR1 GCN and mRNA in fixed tumor tissues. FGFR1

GCN was measured with silver in situ hybridization (SISH) and FISH assays on the lung

cancer cell line TMA and the respective measurements were highly correlated (r=0.68,

p<0.0001), indicating the two assays are essentially equivalent for detection of FGFR1

GCN. Moreover, analysis of the lung cancer cell line TMA with the RNAscope in situ

hybridization (ISH) assay detected FGFR1 mRNA to a degree that is in excellent agreement

(r=0.853, p<0.0001) with mRNA levels measured by quantitative RT-PCR. Next, we tested

the FGFR1 SISH and ISH assays for their ability to identify the TKI sensitive cell lines

within the lung cancer cell line TMA. Choosing the IC50 cut point of ≤50 nM for ponatinib

sensitivity, ROC curve analyses were performed and FGFR1 SISH at GCN ≥ 4 or ISH = 4

provides reasonable combinations of sensitivity and specificity in discriminating ponatinib

sensitive vs. resistant cell lines (Figure S5), with ISH being higher in both sensitivity and

specificity than SISH

A TMA containing a cohort of surgically resected lung cancers was submitted to FGFR1

GCN analysis by SISH. Of the 182 tumors assessed by SISH, 14 (8%) exhibited FGFR1

GCN ≥ 4 and 11 of these showed FGFR1 amplification (FGFR1 target:CEP8; ratio ≥ 2;

Table S3). All tumors with increased FGFR1 GCN or amplification were of SCC, mixed or

not otherwise specified histology. Thus, the frequency of FGFR1 gene amplification as

measured by SISH assay in lung SCC (11 of 100 tumors, ~11%) is similar to that reported

by others (1–3). Measurement of FGFR1 mRNA by ISH revealed 46 of 158 tumors

evaluated (29%) as positive at a score of 4+ (Table S4). FGFR1 mRNA was positive in 25

of the 89 SCCs, (28%) and in 10 of 45 ACs (22%). Among the 89 squamous cell

carcinomas, 25 (~28%) were positive for FGFR1 mRNA while 10 of 45 (22%)

adenocarcinomas were positive. Thus, expression of FGFR1 mRNA is more frequent than

increased GCN and is not restricted to SCC histology. Finally, there was no prognostic

association, either overall survival (Figure S6) or disease-free survival (data not shown),

with increased FGFR1 GCN or mRNA expression.
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Of the primary tumors, 151 were assayed for both FGFR1 GCN and mRNA. Figure 4A

shows SISH and ISH staining on a lung tumor exhibiting increased FGFR1 GCN and high

mRNA as well as a tumor negative for both markers. In Figure 4B, the degree of overlap

between positivity for FGFR1 GCN and mRNA is shown for all histologies as well as in

subsets comprised of SCC/mixed/NOS or AC/LC. Of the 44 (29%) tumors with 4+ FGFR1

mRNA levels, only 6 were also positive for FGFR1 GCN ≥ 4. The findings indicate that use

of FGFR1 GCN as a predictive biomarker in SCC for FGFR TKIs will select some lung

tumors analogous to HCC95 cells that bear amplified FGFR1, but fail to express the mRNA

and protein and are also insensitive to FGFR inhibitors. In addition, increased FGFR1 GCN

is largely observed in lung SCC such that FGFR1 GCN alone will fail to detect a significant

fraction of mRNA positive lung SCC tumors as well as 27% of the AC/LC subset. The

Cancer Genome Atlas project has characterized a set of ACs (n=230) and SCCs (n=178) by

SNP array and RNAseq analyses, thereby permitting an independent assessment of the

FGFR1 GCN and mRNA expression in primary lung tumors. Among the lung SCCs,

increased FGFR1 GCN was observed in 30 (17%) while only 8 of 230 ACs (~4%) were

found to bear increased FGFR1 GCN (Figure 4C, Table S5). Of the 30 SCCs exhibiting

increased FGFR1 GCN, only 15 (50%) also expressed FGFR1 mRNA. Likewise, only 3 of

the 8 ACs (38%) bearing increased FGFR1 GCN highly expressed FGFR1 mRNA. Overall,

48 of 178 (27%) SCCs and 57 of 230 (25%) ACs expressed elevated FGFR1 mRNA,

validating the lung tumor cohort findings.

Co-expression of FGF2 and/or FGF9 in FGFR1 mRNA positive lung cancers

Among the 14 lung cancer cell lines with ponatinib IC50s ≤ 50 nM, 12 expressed FGFR1

mRNA at a level ≥ to the mean value among the 58 cell lines determined by quantitative

RT-PCR (Table S1). By this criterion, H1048 and H661 cells were defined as negative for

FGFR1 mRNA expression, although H661 cells are positive for FGFR1 protein (Table S1)

and H1048 cells exhibit detectable FGFR1 protein as well (Figure S1). Among the 12

FGFR1 mRNA positive cell lines, 10 also co-express significant levels of FGF2 and/or

FGF9 (Figure S4). H1581 cells are negative for both of these ligands (Table S1), but highly

express FGF10 and FGF20 (Table S2). Our data (Figure S3) and published findings (20)

support the requirement for autocrine FGFs in these lung cancer cell lines, suggesting that

co-expression of FGFs and FGFR1 may present a more accurate biomarker of FGFR1

dependency in lung tumors. When the overlap of FGF2 and FGF9 mRNA expression with

FGFR1 mRNA was queried in TCGA RNAseq data, 28/48 (58%) of lung SCCs and 34/57

(60%) of ACs were also positive for FGF2 and/or FGF9 (Figure S7, Table S5). In total,

FGFR1 and ligand double-positive tumors accounted for ~15% of all lung SCC and ACs.

Overlap of FGFR1 mRNA expression and oncogene mutations

No EGFR mutated cell lines were included in the cell line panel, but we have previously

reported the insensitivity of EGFR mutant lung cancer cell lines to FGFR TKIs and their

lack of FGFR1 expression (6, 11). Of the 17 EGFR mutant lung cancers in the lung TCGA

data (15 ACs, 2 SCCs), 2 ACs were positive for FGFR1 mRNA (Table S5) and none of the

3 ALK fusion positive adenocarcinomas were positive for FGFR1 mRNA. The AC-derived

cell lines, H1734 and SW1573, bear KRAS mutations, and the SCLC line, H1048, bears

mutated PIK3CA, yet all are sensitive to ponatinib (Figure 1B, Table S1), suggesting that
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mutations in these oncogenes may not be exclusive of FGFR TKI sensitivity. We queried

TCGA data for the overlap of FGFR1 mRNA positivity and KRAS and PIK3CA mutations

(Table S5). Overall, 1 lung SCC and 35 ACs bore defined gain-of-function mutations in

KRAS and 11 (31%) of these were positive for FGFR1 mRNA. Similarly, 28 SCCs and 5

ACs were mutated for PIK3CA and 7 (21%) of these also expressed FGFR1 mRNA. Thus,

FGFR1 mRNA positivity is largely non-overlapping with EGFR and ALK oncogenes, but

does overlap with KRAS and PIK3CA mutations.

DISCUSSION

Herein, we present the novel finding that elevated FGFR1 mRNA and/or protein expression

occurs frequently in lung cancer cell lines and primary lung tumors and is often independent

of increased FGFR1 GCN. Thus, FGFR1 mRNA and protein expression predict ponatinib

sensitivity in lung cancer cell lines more accurately than GCN. The data support the

hypothesis that ~ 20% of all lung cancers, regardless of histology, may be FGFR1 dependent

and thereby ponatinib sensitive. If confirmed by clinical testing, the FGFR1-driven subset of

lung cancers would be equal in size to the combined fraction of lung tumors driven by

oncogenic EGFR and ALK.

Lung SCCs are presently the highlighted tumors in which to target FGFR1 due to the

frequency of increased FGFR1 GCN in this histological subset (1–3). A prediction based on

our findings is that FGFR1 GCN will identify a significant fraction of lung SCCs that fail to

express FGFR1 mRNA or protein and are therefore insensitive to FGFR TKIs. HCC95 cells

with high FGFR1 GCN, little or no FGFR1 expression and insensitivity to ponatinib serve as

an example (Figure 1). There is published precedent for PDGFRA gene amplification not

being associated with increased expression (13, 14). Our findings in resected lung SCCs and

recent TCGA data indicate that ~50% of lung SCCs with increased FGFR1 GCN express

high FGFR1 mRNA (Figure 4). In support of this prediction, only 3 of 6 patient-derived

primary lung SCC xenografts exhibiting increased FGFR1 GCN exhibited shrinkage in

response to AZD4547 treatment, although TKI response associated closely with high

FGFR1 protein expression (5). The ongoing use of FGFR1 GCN, alone, as a biomarker in

clinical trials of AZD4547 (NCT00979134) and BGJ398 (NCT01004224) is also predicted

to overlook FGFR1-dependent lung ACs where increased FGFR1 GCN is infrequent (2) and

more than half of FGFR1-dependent lung SCCs in which increased FGFR1 GCN is not

observed. While increased FGFR1 GCN is also observed in ~6% of primary SCLC (22), our

cell line studies indicate that increased FGFR1 expression and dependence will also occur

independently of increased GCN in SCLC as well.

A study defining co-expressed FGFs as autocrine factors in FGFR1-dependent lung cancer

cell lines (20) is consistent with our results. Because FGFR1 does not exhibit frequent

somatic mutations in lung cancer cell lines (CCLE database) or in primary lung cancers (22–

24), we propose that co-expression of FGFR1 and one or more ligands represent the

oncogenic driving event in these tumors. Our previous publication (6) and the present

findings indicate that FGF2 and FGF9 are the most common ligands involved in FGFR1

autocrine signaling. Overall, 10 of the 14 ponatinib-sensitive lung cancer cell lines

expressed FGF2 or FGF9 mRNA. Among the 4 sensitive cell lines that were “negative” for
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FGF2 or FGF9, 2 cell lines highly expressed alternative FGFs, FGF7 (H1048) or FGF10 and

FGF20 (H1581). Moreover, H1581 cell growth is inhibited by the ligand trap, FP-1039 (see

Results and (20)). Inspection of lung SCC and AC TCGA RNAseq datasets reveals

significant (SCC, 58%; AC, 60%), but not complete overlap of high FGFR1 mRNA

expression and FGF2 and/or FGF9 mRNA expression (Figure S7). While autocrine FGFs

may be enriched in cancer cell lines grown in vitro, it is likely that paracrine action of FGFs

from the tumor microenvironment may serve as a distinct means to activate cancer cell-

expressed FGFR1 in situ. If, in fact, co-expression of FGF2 or FGF9 is a requirement for

FGFR1 dependency and ponatinib sensitivity, FGFR1 and ligand positive double positivity

may represent a more accurate biomarker of FGFR1 dependent lung cancers. Importantly,

TCGA lung cancers that satisfy this criterion still represent ~15% of the total (Figure S7), a

frequency similar to that for EGFR, ALK, ROS1 and RET-driven lung cancers combined.

The ability of co-expressed FGF2 or FGF9 to strengthen FGFR1 mRNA as a biomarker in

our ponatinib clinical trial (described below) will be explored retrospectively.

Our findings indicate a partial overlap of FGFR1 dependency with distinct oncogene drivers.

While no lung cancer cell lines bearing EGFR mutations or other re-arranged RTK drivers

(ALK, ROS1, RET) were included in our panel of 58 cell lines, we have previously tested

many of the known EGFR mutant lung cancer cell lines and found no overlap with FGFR1

dependence except following acquisition of resistance to EGFR-specific TKIs (6, 11).

TCGA data support a general lack of overlap between EGFR and ALK oncogenes and

FGFR1 mRNA expression (Table S5). By contrast, mutations in PIK3CA and KRAS were

frequent in the panel of cell lines (see Figure 1B) and partially overlapped with ponatinib

sensitivity. Inspection of the TCGA datasets for lung SCC and AC identifies clear overlap

between high FGFR1 mRNA expression and the presence of KRAS or PIK3CA mutations

(Table S5). Thus, unlike the mutual exclusivity of EGFR mutations and KRAS, FGFR1

dependency may overlap to a certain extent with PIK3CA and KRAS mutations and their

presence will not be a basis for exclusion of such lung cancer patients from our clinical trial

of ponatinib in lung cancer. Singh et al (25) reported that lung cancer cell lines bearing

mutated KRAS can be defined as dependent or independent of this oncogene for growth and

survival. It is noteworthy that KRAS-mutant SW1573 cells (identified as ponatinib-sensitive

in our study) were classified as KRAS-independent. It seems plausible that autocrine FGFR1

activation has supplanted KRAS as the driving event in this particular lung cancer cell line.

When these issues are taken into consideration, it will be interesting to observe the response

rates in the ongoing AZD4547 and BGJ398 trials relative to a trial now opened at our

institution entitled “A Phase II Study of Ponatinib in Cohorts of Patients With Lung Cancer

Preselected Using Different Candidate Predictive Biomarkers” (NCT01935336). In this trial,

lung cancer patients of all histologies are enrolled for ponatinib treatment based on tumor

positivity for FGFR1 mRNA assessed by ISH (4+), GCN by SISH ≥ 4 or positivity for both

FGFR1 mRNA and GCN. The presence of KRAS or PIK3CA mutations will not exclude

patients from enrollment. The goal is to test the hypothesis that FGFR1 mRNA expression

levels will identify greater numbers of ponatinib-sensitive lung cancer patients in a more

accurate fashion than FGFR1 GCN, alone.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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STATEMENT OF TRANSLATIONAL RELEVANCE

While only squamous cell lung cancer patients are being tested and enrolled in FGFR

TKI clinical trials based on elevated FGFR1 gene copy number, our findings demonstrate

that FGFR1 mRNA expression is a more biologically relevant marker of FGFR1 TKI

sensitivity in lung cancers of all histologies including squamous, adenocarcinoma, and

small cell lung cancer. The findings provide support for a clinical trial with an FGFR TKI

in lung cancer patients enrolled by FGFR1 mRNA positivity and call for a reassessment

of the use of FGFR1 gene copy number as a sole biomarker in ongoing FGFR TKI trials.
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Figure 1. Ponatinib sensitivity of lung cancer cell lines of all histologies
Lung cancer cell lines were submitted to anchorage-independent or clonogenic growth

assays in the presence of 0 – 300 nM ponatinib. Some cell lines failed to grow in these

assays and the effect of TKI on cell proliferation was determined instead. A, Dose-response

curves for lung cancer cell lines representative of the full panel are shown. B, The IC50

values were calculated from the data and plotted from the lowest to highest. Green and red

bars indicate the presence of mutations in PIK3CA and KRAS, respectively. C, Selected cell

lines were treated for 2 hrs with ponatinib and cell extracts were immunoblotted for

phospho-ERK and total ERK.
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Figure 2. Association of FGFR1 GCN, protein and mRNA expression with ponatinib IC50
The FGFR1:CEP8 ratio (A), FGFR1 protein from immunoblot analysis (B) and FGFR1

mRNA measured by quantitative RT-PCR (C) were determined in the panel of cell lines and

plotted as shown. The data are graphically overlayed on the ponatinib IC50 values from

Figure 1B. The resulting datasets were submitted to ROC analysis (D) and the area under the

curve (AUC) values are shown.
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Figure 3. Association of FGF2 and FGF9 mRNA expression with ponatinib IC50
FGF2 (A) and FGF9 (B) mRNA levels were determined by quantitative RT-PCR and plotted

as shown. In (C), the sum of the FGF2 and FGF9 mRNA relative expression values are

plotted.
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Figure 4. Overlap of FGFR1 gene amplification and FGFR1 mRNA expression in primary lung
tumors
A, FGFR1 GCN (SISH) and mRNA (ISH) staining of a representative double-positive tumor

and a tumor negative for both markers is shown. B, The overlap in positivity for FGFR1

GCN (>4) and mRNA (4+) in the surgical lung cancer cohort is shown for the entire cohort

as well as for the SCC/mixed histology/not otherwise specified (NOS) or the ACs and

LCCs. C, Lung SCC and ACs from TCGA cohorts were queried for the overlap between
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FGFR1 amplification as specified in the extracted datasets and high FGFR1 mRNA (≥ mean

RNAseq expression value in each dataset).
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