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Abstract

Fibroblast growth factor receptors (FGFR) are commonly altered in non-small cell lung cancer 

(NSCLC). FGFRs activate multiple pathways including RAS/RAF/MAPK, PI3K/AKT and STAT, 

which may play a role in the cellular response to radiation. We investigated the effects of 

combining the selective FGFR 1–3 tyrosine kinase inhibitor AZD4547 with radiation in cell line 

and xenograft models of NSCLC. NSCLC cell lines were assessed with proliferation, clonogenic 

survival, apoptosis, autophagy, cell cycle, and DNA damage signaling and repair assays. In vivo 
xenografts and immunohistochemistry were used to confirm in vitro results. NSCLC cell lines 

demonstrated varying degrees of FGFR protein and mRNA expression. In vitro clonogenic 

survival assays showed radiosensitization with AZD4547 in two NSCLC cell lines. In these two 

cell lines, an increase in apoptosis and autophagy was observed with combined radiation and 

AZD4547. The addition of AZD4547 to radiation did not significantly affect γH2AX foci 

formation. Enhanced xenograft tumor growth delay was observed with the combination of 

radiation and AZD4547 compared to radiation or drug alone. Immunohistochemistry results 

revealed inhibition of pMAPK and pS6 and demonstrated an increase in apoptosis in the radiation 

plus AZD4547 group. This study demonstrates that FGFR inhibition by AZD4547 enhances the 

response of radiation in FGFR expressing NSCLC in vitro and in vivo model systems. These 

results support further investigation of combining FGFR inhibition with radiation as a clinical 

therapeutic strategy.
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Introduction

Non-small cell lung cancer (NSCLC) can be categorized into distinct molecular subtypes 

driven by specific genomic alterations1. In lung adenocarcinomas, molecularly-targeted 

therapeutics have considerably improved outcomes in patients harboring EGFR, BRAF and 

ERBB2 mutations as well as those with ALK, RET, and ROS1 translocations2. In contrast to 

adenocarcinomas, lung squamous cell carcinomas (SCC) have fewer genomic driver 

alterations and thus limited targeted therapy options1.

One of the most common and promising targets in lung SCC are the fibroblast growth factor 

receptors (FGFR). The FGFR family consists of four transmembrane receptor tyrosine 

kinases: FGFR1, FGFR2, FGFR3, and FGFR43. These receptors activate multiple pathways 

involved in tumor growth and invasion including the RAS/RAF/MAPK, PI3K/AKT and 

STAT pathways3. Amplification of FGFR1 at chromosomal region 8p12 is a frequent event 

seen in 10–20% of lung SCC1,4,5 and mutations of all four FGFR kinases have also been 

reported1. FGFR1 amplifications have been linked to former and current smokers and have 

been associated with increased metastatic potential and worse disease-free survival6–9. 

Preclinical studies have shown that NSCLC harboring focal amplification of FGFR1 are 

dependent on FGFR1 activity for cell growth5 and are sensitive to small-molecule FGFR 

kinase inhibitors4,5,10. Multiple clinical studies are now assessing the utility of these small 

molecule inhibitors in patients with NSCLC harboring aberrations in the FGFR 

pathway11,12.

Radiation plays an important role in treating locally advanced NSCLC. With a 5-year overall 

survival rate around 15–30%13, locally advanced NSCLC remains a difficult entity to treat 

and combining radiation with molecular targeted therapies is one strategy to improve 

outcomes. Emerging data has shown that the FGFR signaling pathway plays a role in the 

cellular response to radiation14,15. Given the high rate of FGFR1 amplification in lung SCC, 

we tested the ability of the pan-FGFR inhibitor AZD454716 to augment radiation response 

across a series of NSCLC cell lines and xenografts. We found that AZD4547 increased the 

radiosensitivity in NSCLC FGFR expressing cell lines and xenograft models. AZD4547 is 

being investigated in multiple clinical trials and combining it with radiotherapy may be a 

therapeutic strategy for patients whose tumors have FGFR aberrations.

Materials and Methods

Cell lines and drug

Seven NSCLC cell lines and two immortalized non-cancerous cell lines were obtained from 

indicated sources, cultured in standard conditions, kept at low passage and identity 

confirmed via short tandem repeat testing (Supplemental Table 1). Cell lines included two 

squamous cell carcinomas (NCI-H226 and NCI-H520), four adenocarcinomas (NCI-H2228, 
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NCI-H3122, NCI-H358 and A549), one large cell carcinoma (NCI-1581), a human 

bronchial epithelial cell line (BeasB2) and a human tonsillar epithelial cell line (HTE). 

AZD4547, provided by AstraZeneca, was reconstituted in dimethyl sulfoxide (DMSO) and 

stored at −70 °C for in vitro experiments.

Western blot analysis

Cells were harvested and washed with PBS, lysed with RIPA buffer supplemented 1% (v/v) 

with phosphatase/protease inhibitor complex (Cell Signaling Technologies #5872) and 

sonicated. Equal amounts of protein were analyzed by SDS-PAGE, transferred to 

polyvinylidene diflouride membranes, and probed with specific primary antibodies. Targets 

were detected with NIR-conjugated anti-mouse and anti-rabbit secondary antibodies 

(LiCOR) and imaged on a LiCOR Odyssey FC. Specific antibodies and sources are listed in 

Supplementary Table 2.

Quantitative real time-polymerase chain reaction (qRT-PCR)

RNA was extracted from cultured cells using Allprep RNA Mini Kit (Qiagen, Valencia, CA) 

and measured by Nanodrop. First strand cDNA synthesis was performed using the 

SensiFAST kit (Bioline). Pre-designed TaqMan gene specific primers (Life Technologies, 

Carlsbad, CA) were used (Supplemental Methods). qPCR reactions were set up on an 

automated robot platform (Gilson, Inc Middleton, WI, USA) and PIPETMAX qPCR 

assistant. Samples were normalized to normal human lung tissue. All reactions were 

performed in triplicate from RNA isolated from three independent biological experiments.

DNA-copy number by qRT-PCR

DNA was isolated from cultured cells using DNeasy Mini Kit (Qiagen) and quantified by 

Nanodrop to 5 μg per sample. FGFR1 and FGFR2 copy number variation was determined by 

the TaqMan® Copy Number Assay (Life Technologies #Hs04933308_cn). RT-PCR was 

performed using the 7500 Fast Real-Time PCR System (Life Technologies). Samples were 

normalized to a positive control, RNAseP, known to have two copies. All reactions were 

performed in quadruplicate from DNA isolated from three independent biological 

experiments.

Proliferation assay

Cells were plated in 96-well plates at densities ranging from 2,000 to 10,000 cells/well 

according to cell type growth rate. Twenty-four hours post-plating, cells were treated with 

indicated doses of AZD4547 or DMSO control and incubated for 48–72 hours. Once control 

wells neared full confluence, Cell Counting Kit-8 (CCK8) reagent was added (Dojindo 

Molecular Technologies) and absorbance measured at 450 nm on a SpectraMax i3 plate 

reader (Molecular Devices). The absorbance of treated wells was normalized to control 

wells and the half-maximal inhibitory concentration (IC50) values calculated.

Irradiation

Cells were irradiated with a Xstrahl X-ray System, Model RS225 (Xstrahl, UK) at a dose 

rate of 3.27 Gy/min at 30 cm FSD, tube voltage of 195 kV, current of 10 mA and filtration 
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with 3 mm Al. Animals were irradiated with a Precision Xray XRAD 320 with 1 Gy/minute 

delivered at 320 kV/12.5 mA at 50 cm FSD with a beam hardening filter with half-value 

layer of 4 mm Cu. The delivered dose rate was confirmed by ionization chamber. Mice were 

shielded with custom-built lead jigs to limit radiation exposure to the rear quarter of the 

body.

Clonogenic survival assay

Cells were seeded into 6-well plates at specific densities, incubated overnight, and treated 

with AZD4547 or DMSO. Colony counts from treated wells were normalized to DMSO 

control and IC50 values were calculated. For the radiation survival clonogenic assay, cells 

were irradiated as indicated after 1 hour of AZD4547 treatment, and media was refreshed 23 

hours later. Once colonies averaged 50 or more cells (12–20 days) in the control wells, 

plates were fixed and stained with 1% (w/v) crystal violet in methanol, imaged, and colonies 

of 50 or more cells were counted. Survival curves were generated after normalizing for the 

amount of AZD4547-induced cell death. The clonogenic survival curve for each condition 

was fitted to a linear quadratic model (Y = e−[A * × + B * X2]) according to a least squares 

fit, weighted to minimize the relative distances squared. Each point represents the mean 

surviving fraction calculated from three independent experiments done in triplicate for each 

treatment condition. Radiation dose enhancement factors were calculated at 10% survival 

levels by dividing the mean radiation dose for control conditions by the mean radiation dose 

after drug exposure. A value > 1.0 indicates enhancement of radiosensitivity.

Apoptotic cell death

Cells were seeded into 6-well plates at defined densities, incubated overnight, exposed to 

DMSO or 0.1 μM of AZD4547, and irradiated with 3 Gy one hour later. Seventy-two hours 

post-treatment, cells were trypsinized, washed twice with cold PBS, and stained with FITC 

Annexin V and propidium iodide according to manufacturer instructions (BD Biosciences 

#556547). Staining was detected with the Countess II FL Automated Cell Counter (Thermo 

Fisher Scientific) utilizing GFP and RFP EVOS Light Cubes.

Autophagy

Cells were plated, incubated overnight, and treated with DMSO or 0.1 μM AZD4547 one 

hour before irradiation with 3 Gy. Seventy-two hours post-treatment, cells were washed with 

PBS and stained with acridine orange (Sigma-Aldrich #318337) at a concentration of 1 

μg/mL in PBS for 15 minutes at 37°C. After staining, cells were washed with PBS, 

trypsinized, and harvested to create a single cell suspension. Staining was detected with the 

Countess II FL Automated Cell Counter utilizing GFP and RFP EVOS Light Cubes. Acidic 

autophagic vesicles were stained bright orange/red, which contrasts with green stained 

nuclei and dim red stained cytoplasm. An RFP channel intensity threshold was established 

for each cell line using cells grown in serum (negative control) and serum-free conditions 

(positive control) in order to differentiate autophagic activity from cytoplasmic staining. 

Cells meeting or exceeding this intensity threshold were quantified and presented as a 

percentage of total detected cells in the GFP channel.
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Cell cycle analysis

Cells were plated in 6-well plates at densities ranging from 200,000–300,000 cells/well 

depending on the cell type and growth rate. Twenty-four hours post-plating, cells were 

treated with the indicated dose of AZD4547 or DMSO control, irradiated with 3 Gy, 

trypsinized and collected at the indicated time points. Cells were centrifuged at 500 × g for 

10 minutes, washed with PBS, pelleted again, and a single cell suspension was created in 0.5 

ml PBS. 4.5 ml chilled 70% methanol was forcefully added to each tube and cells were 

stored in 4°C. Twenty-four hours later, cells were centrifuged at 500 × g for 10 minutes, and 

a single cells suspension was created in 1 ml solution of propidium iodide (Molecular probes 

# P3566), Triton X-100 (0.1%) (Sigma #T9284), and RNase A (Thermo Scientific 

#EN0531) in PBS. The samples were analyzed using the Attune NxT flow cytometer 

(Thermo Scientific), and the cell cycle distribution was calculated using ModFIT software 

(Verity Software House, Top-sham, ME).

γH2AX immunofluorescence

Cells were plated in 8-well chamber slides at densities ranging from 5,000 to 9,000 cells/

well. Twenty-four hours after plating, they were treated with the indicated dose of AZD4547 

or DMSO, irradiated with 3 Gy after 1 hour, and fixed with 70% methanol in PBS at 

indicated time points. Cells were permeabilized with 0.1% Triton-X 100 in TBST for 15 

minutes, blocked with SuperBlock™ (Thermofisher #37515) for 1 hour in 25°C, and 

incubated with anti-phospho-H2AX primary antibody overnight at 4°C (Supplementary 

Table 2). Cells were then probed with Alexa Fluor 555 conjugated secondary antibody (CST 

#4413) for 1 hour at 25°C in the dark, and cover-slipped with Fluoromount G™ containing 

DAPI.

For in vivo γH2AX experiments, deparaffinized 5 μm slides were washed in 1X PBS, 

blocked with SuperBlock™ (PBS) (Thermofisher #37515) for 1 hour and incubated with 

anti-phospho-H2AX primary antibody overnight at 4°C (Supplementary Table 2). Slides 

were washed thrice with 1X PBS the next day and probed with Alexa Fluor 555 (Life 

Technologies: A27039) secondary antibody at 1:300 dilution in SuperBlock™ Blocking 

Buffer for 1 hour at room temperature. Slides were washed thrice with 1X PBS and tissues 

were mounted using Fluoromount-G™ with DAPI (Invitrogen: 00–4959-52). In vivo and in 
vitro cells were imaged at 60x magnification using a Nikon A1RS inverted point scanning 

confocal microscope system. γH2AX foci were counted and data presented as number of 

foci per cell. For each treatment condition, γH2AX foci per cell were counted in at least 150 

cells from three independent experiments.

In vivo immunohistochemistry

5 μm sections from formalin fixed paraffin embedded samples were deparaffinized with 

Xylene and hydrated through graded solutions of ethanol. Antigen retrieval was conducted 

in sodium citrate retrieval buffer (pH 6.0) followed by washing in running water. Slides were 

washed in PBS and then incubated with 0.3% hydrogen peroxide solution. Blocking was 

carried out using 10% goat serum in PBS and then incubated with the primary antibody 

(Supplemental Table 2) diluted in 1% goat serum in PBS containing 0.1% Triton X-100 

overnight at 4°C. Slides were washed with PBS next day; secondary antibody was used 
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(SignalStain® Boost IHC Detection Reagent (HRP, Rabbit) CST #8114). Staining was 

detected using diaminobenzidine (Vector Laboratories, Inc. #SK-4100). The slides were 

counterstained with 1:10 hematoxylin (Thermo Scientific #TA-125-MH) solution for 2 

minutes, then dehydrated in ethanol and xylene solutions and sections were covered with 

coverslip with Cytoseal (Thermo Scientific #8312–4). Three sections were taken from three 

independent tumors for each control and experimental condition. For the phosph-MAPK and 

phosph-S6 analysis, images were obtained at 10x magnification and quantified in a blinded 

manner with ImageJ software (http://rsb.info.nih.gov/ij). The immunohistochemistry (IHC) 

Image Analysis Toolbox Plug-tool was first used to identify areas of positive staining.17 

Images were then converted to the RGB scale and the threshold tool was used to calculate 

the percentage area positively stained. Cleaved caspase 3–positive cells were manually 

counted by a blinded individual in 2 high-powered 20x fields for two independent tumors.

Xenograft growth delay studies

Five to six week old female Hsd:athymic Nude-Foxn1nu mice (Envigo) were used for growth 

delay studies. Mice were kept in the Association for Assessment and Accreditation of 

Laboratory Animal Care-approved Wisconsin Institute for Medical Research Animal Care 

Facility. Animals were housed in specific pathogen-free rooms, and their clinical health was 

evaluated weekly. Studies involving the mice were carried out in accordance with an animal 

protocol approved by the University of Wisconsin.

NCI-H1581 and NCI-H226 tumor cells were mixed 1:1 with Matrigel (BD Biosciences) and 

injected subcutaneously into bilateral flanks of nude mice at 1 × 106 cells/site. Tumor 

volume was measured twice weekly with Vernier calipers and calculated according to the 

relationship V = π
6 x largediameter x smalldiameter 2. Once average tumor size reached 

200 mm3, mice were randomized into treatment groups (8–10 mice).

Statistical analyses

In vitro experiments were repeated three times and statistical analyses were carried out using 

a Student’s t-test or one-way ANOVA. Data are presented as the mean ± standard error of 

the mean (SEM). A p value of <0.05 was considered statistically significant. All graphs and 

in vitro analyses were performed and graphed using GraphPad Prism version 8.0 (GraphPad 

Software, San Diego, CA). To analyze the longitudinal tumor growth data (volume) resulting 

from the xenograft studies, linear mixed models were fit to the log-transformed data using 

the ‘lme4’ package in R (V 3.6.1).18 The fixed-effect model matrices were parameterized 

such that all main and interactive effects between treatment groups (vehicle, radiation, 

AZD4547 and AZD4547+radiation) and time were estimated, while the random-effect 

structure accommodated for intra-tumor correlation via random intercepts. All models were 

estimated using the restricted maximum likelihood estimation (REML) criterion, and 

resulting p-values were calculated using Satterthwaite’s approximation. Model assumptions 

(normality of error and random effects) were assessed via graphical analysis. The synergistic 

effect between the two treatments was assessed via inference about the three-way interaction 

between time, AZD4547, and radiation. Note that an initial volume for a single tumor in the 
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NCI-H226 xenograft was measured below the limit of quantification, this observation was 

omitted from the statistical model.

Results

FGFR expression varies among NSCLC cell lines

Western blot analysis determined that FGFR1 and FGFR2 proteins were expressed to 

varying degrees under cell culture conditions in our panel of seven NSCLC cell lines (Figure 

1A) and non-cancerous cell lines (Supplemental Figure 1). FGFR3 expression was absent 

(Figure 1A). FGFR1, FGFR2 and FGFR3 mRNA expression in the NSCLC cell lines varied 

compared to a normal human lung tissue (Figure 1B). As previously reported, our copy 

number analysis revealed that NCI-H1581 harbors both FGFR1 and FGFR2 amplification19 

and NCI-H520 harbors FGFR1 amplification.20,21 The other five cell lines did not show 

FGFR1 or FGFR2 amplification (Figure 1C).

AZD4547 inhibits cell growth in vitro

To determine sensitivity to FGFR inhibition, a cell viability assay was performed on the 

panel of NSCLC cell lines after 72-hour exposure to varying doses of AZD4547. Figure 2 

A–G shows the full dose response curves and Figure 2H shows the proliferation IC50 for the 

seven cell lines. Four cell lines were sensitive to AZD4547 with NCI-H1581 and NCI-H226 

being the most sensitive to micromolar concentrations of AZD4547 (Figure 2H). Colony 

formation assays were performed with NCI-H1581 and NCI-H226 as well as NCI-H520 to 

confirm sensitivity and determine appropriate drug concentrations for radiosensitization 

studies. NCI-H520 was included given its known FGFR1 amplification and previous reports 

showing limited response to AZD4547 in proliferation assays yet higher sensitivity in 

colony formation assays.20 The colony formation IC50 was 0.014 μM for NCI-H1581, 0.144 

μM for NCI-H226 and 2.11 μM for NCI-H520 (Figure 2I).

To assess the effect of AZD4547 on FGFR-associated signaling transduction, we measured 

phospho-MAPK (Thr202/Tyr204) and phospho-AKT (S473) protein levels in NCI-H1581, 

NCI-H226, and NCI-H520. AZD4547 at 0.1 μM strongly inhibited phospho-MAPK and a 

lesser degree phospho-AKT activation in NCI-H1581 and NCI-H226 within 1 hour of 

exposure. NCI-H520 showed limited inhibition (Figure 2J). Supplemental Figure 2 shows 

quantification of the western blots.

AZD4547 enhances NSCLC response to radiation

Clonogenic survival assays were used to analyze the effect of AZD4547 treatment on 

radiation sensitivity in our panel of seven NSCLC lung cancer and two non-cancerous cell 

lines. AZD4547 radiosensitized both NCI-H1581 and NCI-H226 (p<0.001, Figure 3 A, B). 

The dose enhancement factor (DEF) at a surviving fraction of 0.1 was 1.31 for NCI-H1581, 

1.29 for NCI-H226 and 1.11 for NCI-H520. The other cell lines, including two non-

cancerous cell lines, showed minimal to no difference in survival with the combination 

therapy when compared to radiation treatment alone (Figure 3 C–I and Supplemental Table 

3).
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Apoptosis and autophagy are increased after combined radiation and AZD4547 treatment

To understand the mechanism of cell death following AZD4547 and radiation combination 

therapy in NCI-H1581 and NCI-H226, markers of apoptosis and autophagy were studied 

(Figure 4 A, B). AZD4547 alone has been reported to induce apoptosis in several cell 

lines18. Our results using Annexin V and propidium iodide staining indicate treatment with 

AZD4547 alone (p=0.0069 for NCI-H1581 and p=0.0053 for NCI-H226) and radiation 

alone (p=0.001 for NCI-H1581 and p=0.01 for NCI-H226) significantly increased apoptosis 

in both cell lines compared to DMSO controls. In NCI-H1581, combination therapy 

significantly increased apoptosis compared to radiation treatment alone (p=0.0154) or drug 

alone (p=0.0014). Similar trends were seen in NCI-H226 although not statistically 

significant (Figure 4 A). These results suggest that enhanced apoptosis may play a role in the 

radiosensitizing effects of AZD4547. Acridine orange staining was used to study autophagy 

in the two responding cell lines. While AZD4547 alone and radiation alone increase 

autophagy in both cell lines, the combination therapy significantly increased autophagy in 

both cell lines when compared to radiation alone (Figure 4 B, p<0.01 for both). Increased 

autophagy was confirmed in the adherent NCI-H226 cell line using LC3B 

immunofluorescence (Supplemental Figure 3). These results suggest that enhanced 

autophagy plays a role in mediating the radiosensitization effects of AZD4547.

Redistribution of cell cycle with AZD4547 and radiation treatment

Because redistribution of cells in the cell cycle can affect radiosensitivity, flow cytometry 

was used to determine the cell cycle phase distribution of cells exposed to 0.1 μM AZD4547, 

radiation (3 Gy) or both AZD4547 and radiation at 15 hours after treatment. NCI-H1581 and 

NCI-H226 cells treated with AZD4547 alone showed increased G1 arrest (p<0.001), as has 

been previously reported.16 Radiation alone caused an accumulation of the G2 population 

(p<0.001) compared to non-treated cells (Figure 4 C). There was a decrease in the G2 

population in NCI-H1581 cells when treated with AZD4547 plus radiation compared to 

radiation alone (p<0.001). In NCI-H226 cells treated with the combination therapy there was 

no difference in G2 arrest compared to radiation alone, (p=0.61) (Figure 4 C). These results 

indicate that redistribution of cells into a radiosensitive phase of the cell cycle is not the 

main mechanism of radiation-induced cell killing observed in Figure 3.

γH2AX foci after combined AZD4547 and radiation treatment

To determine whether AZD4547 inhibited DNA damage repair, γH2AX expression was 

evaluated in both the in vitro and in vivo setting. In vitro γH2AX assessment was performed 

with only NCI-H226 cells as NCI-H1581 cells are a suspension cell line and do not adhere 

to slides. Both cell lines were used for the in vivo analysis. In the NCI-H226 in vitro 
experiment, treatment with AZD4547 alone did not enhance induction of γH2AX foci. The 

combination of AZD4547 plus irradiation did not lead to a statistically significant increase 

in the number of foci at 3, 8 or 24 hours (Figure 5 A). These findings were confirmed in our 

in vivo assessment of γH2AX (Figure 5 B). NCI-H1581 also demonstrated no significant 

difference in foci expression at 24 hours in the AZD4547 plus radiation-treated tumors 

compared to the radiation alone treated tumors (Figure 5 C).
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AZD4547 enhances radiation response in NSCLC tumor xenografts

Given our in vitro findings, we assessed radiosensitization by AZD4547 using cell line 

xenografts. Mice bearing NCI-H1581 and NCI-H226 tumors were randomized into four 

groups: vehicle, AZD4547, radiation, or AZD4547 plus radiation. The mice were given 

AZD4547 (6.25 mg/kg or 12.5 mg/kg) by p.o. gavage 1 h before local tumor irradiation (2 

Gy × 5 or 2 Gy × 10 daily fractions). The combination of AZD4547 and radiation delayed 

the growth of NCI-H1581 and NCI-H226 tumors compared to vehicle control, AZD4547 or 

radiation alone (Figure 6 A & B). In both experiments, the growth delay following the 

combination treatment was more than the sum of the growth delays caused by individual 

treatments.

The mean time for NCI-H1581 xenografts tumors to triple in size from start of treatment 

was 17.5 days for vehicle treated mice; 18.2 days for AZD4547 treated mice and 23.3 days 

for irradiated mice. In mice that received AZD4547 plus irradiation, the time for tumors to 

triple increased to 33.8 days, which was statistically significant compared to the other 

groups (p< 0.01, Figure 6B). The absolute growth delay (time in days for tumors in treated 

mice to triple minus the time in days for tumors to reach the same size in vehicle treated 

mice) were 0.7 days for AZD4547 alone and 5.8 days for irradiation alone, whereas the 

tumor growth delay induced by the AZD4547 plus irradiation treatment was 16.3 days. In 

the NCI-H1581 tumors, the model fit of the data did not show evidence of a synergistic 

effect in regards to the growth curves (p=0.99), however the slope of the combination 

treatment group was significantly lower than that of the AZD4547 treated group (p<0.0001).

For NCI-H226 tumor xenografts, mean time to triple was 10.7 days for vehicle treated mice; 

20.2 days for AZD4547 treated mice and 50.9 days for irradiated mice. In mice that received 

the AZD4547 plus irradiation, the time for tumors to triple was 75.7 days, which was 

statistically significant compared to the other groups. (p<0.001, Figure 6D). The absolute 

growth delay was 9.5 days for AZD4547 alone and 40.2 days for irradiation alone and 65.0 

days for AZD4547 plus irradiation treatment. No synergistic effect between radiation and 

AZD4547 (p=0.88) was observed in the NCI-H226 tumors. Although the slope of the 

combination treatment group was significantly lower than both radiation treatment 

(p<0.0001) and AZD4547 alone treatment groups (p<0.0001).

The DEF, obtained by dividing the normalized tumor growth delay in mice treated with both 

AZD4547 and radiation by the absolute growth delay in mice treated with radiation alone, 

was 1.8 in the NCI-H1581 tumors and 1.4 in the NCI-H226 tumors. These results indicate 

that AZD4547 enhances the radiation-induced tumor growth delay in these xenografts.

Markers of downstream FGFR signaling, phospho-MAPK and phospho-S6, were assessed 

immunohistochemically and quantified at 8 hours post-treatment (Figure 6E and G). Both 

NCI-H1581 and NCI-H226 tumors demonstrated statistically significant inhibition of pS6 

after AZD4547 was given with or without radiation compared to tumors receiving no 

treatment (Figure 6F and 6H). Significant reduction in p-MAPK was only seen in treated 

NCI-H226 tumors compared to no-treatment tumors (Figure 6F). p-MAPK expression was 

not evident in any of the NCI-H1581 tumor samples (Figure 6E). At 48 hours post treatment 

Cleaved Caspase 3 (CC3), a marker of apoptosis, was most pronounced in the combined 

SenthilKumar et al. Page 9

Mol Cancer Ther. Author manuscript; available in PMC 2020 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



AZD4547 and radiation-treated tumors compared to other treatments (Figure 6F, H). When 

quantified, there was a statistically significant increase in cleaved caspase expression in the 

radiation and AZD4547 combination group compared to controls (p<0.001 for NCI-H1581 

and p=0.029 for NCI-H226), AZD4547 alone (p=0.029 for NCI-H1581 and p=0.084 for 

NCI-H226) and radiation alone (p=0.003 for NCI-H1581 and p=0.03 for NCI-H226) (Figure 

6F and 6H).

Discussion

Radiotherapy in combination with chemotherapy remains the backbone of treatment in 

unresectable locally advanced NSCLC. Even with this aggressive therapy, overall survival is 

poor and local recurrence remains high.13 Finding ways to improve the therapeutic ratio of 

radiotherapy with molecular directed therapies is an ongoing endeavor. In this study, we 

have focused on FGFR as a target for radiosensitization. We have demonstrated that 

inhibition of FGFR by the selective tyrosine kinase inhibitor AZD4547 resulted in 

radiosensitization in both a FGFR expressing and a FGFR amplified NSCLC preclinical 

model.

Efforts to exploit the high expression and amplification of FGFRs in lung SCC patients are 

ongoing. Multiple preclinical studies have evaluated several FGFR inhibitors in NSCLC 

models.19 Wynes et al. tested the sensitivity of 58 lung cancer cell lines to the FGFR 

inhibitor ponatinib and showed that 15 were sensitive to ponatinib; FGFR1 mRNA and 

protein expression and not gene copy number predicted for response.19 Alternatively, Kotani 

et al assessed the response of seven lung cancer cell lines to three FGFR inhibitors, BGJ398, 

ponatinib and AZD4547, and found FGFR1-amplified and high FGFR1 protein-expressing 

lung cancers were sensitive to FGFR inhibitor monotherapy and FGFR inhibition resulted in 

suppression of ERK signaling.22 They also reported a discrepancy between FGFR1 

amplification and FGFR1 protein expression in a number of these cells, and the cell lines 

with low FGFR1 expression were uniformly resistant to the different FGFR inhibitors.22 

Zhang et al. established five FGFR1-amplified squamous NSCLC patient-derived tumor 

xenograft models and demonstrated that AZD4547 induced tumor growth delay in four of 

five models that harbored FGFR1 amplification.10 These encouraging preclinical results 

have led to the initiation of clinical studies testing FGFR inhibitors in metastatic lung SCC.

The pan-FGFR inhibitor AZD4547 has been investigated in both a phase Ib and phase II 

study of patients with lung SCC. The phase Ib trial enrolled 15 patients with previously 

treated stage IV FGFR1-amplified lung SCCs (NCT00979134).11 In this study, AZD4547 

was tolerable at a dosage of 80 mg oral twice a day and showed modest anti-tumor activity.
11 The phase II study of AZD4547 was conducted under the LungMAP National Clinical 

Trials Network umbrella trial for previously treated lung SCC.12 Eligibility for this study 

included patients with metastatic lung SCC who had progression after one line of systemic 

therapy and harbored a FGFR1, 2, 3 amplification, mutation or fusion. Forty-three patients 

enrolled and 28 received AZD4547. FGFR alterations included FGFR1 amplification, 

defined as ≥6 estimated copies, in 38 patients (86%); FGFR3 S249C mutation in four 

patients (9%); FGFR3 amplification in 3 patients (7%); and FGFR3 fusion in two patients 

(5%). Nine patients (26%) had more than one FGFR alteration. The study reported minimal 
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activity of AZD4547 and was closed at interim analysis.12 Besides AZD4547, two other 

pan-FGFR inhibitors, BGJ398 (infigratinib)23 and dovitinib24, have showed modest clinical 

response in a few number of patients with FGFR1-amplified lung SCC determined by FISH. 

These early studies with FGFR inhibitors reported skin and gastrointestinal toxicity, which 

raises the concern for an increase in esophageal toxicity when combined with thoracic 

radiotherapy.23,24 However, AZD4547 was well tolerated in the LungMAP study with only 

one grade 3 gastrointestinal event of oral mucositis being reported.12

Overall, the limited responses seen with these drugs highlight the need for better predictive 

biomarkers. FGFR1 amplification by FISH appears not to correlate with mRNA expression 

or be a good predictor for drug response. This could be because of the heterogeneity of the 

8p11–12 amplicon, raising the possibility that FGFR1 is not actually being amplified and 

thus overexpressed.25

While the status of FGFR monotherapy remains unclear in FGFR amplified or expressing 

lung SCC, combining FGFR inhibition with radiation remains a potential therapeutic 

strategy. The initial data supporting the FGF/FGFR signaling pathway in regulation of the 

cellular response to radiation focused on FGFR activation to prevent radiation-induced 

apoptosis in normal tissues. Work by Fuks and colleagues demonstrated FGF2 protected 

endothelial cells from radiation-induced apoptosis and administration of FGF2 protected 

against the development of fatal radiation pneumonitis in mice.14,26 Additional studies have 

shown FGF2 to mitigate the effects of radiation on gastrointestinal crypt cells and 

hematopoietic cells through reduction in apoptosis, stem cell renewal, progenitor cell 

differentiation, and epithelial proliferation.27,28

In tumor cells, aberrant FGFR signaling activates pro-survival pathways including anti-

apoptotic pathways through activation of either RAF/MAPK and PI3K/AKT.3 This in turn 

leads to chemotherapy and radiation resistance.15 Two transcriptome analyses have 

identified FGFRs as targets for radiosensitization21,29 and two studies have demonstrated 

radiosensitization with FGFR inhibitors in glioblastoma cells15,30. In our study, the addition 

of AZD4547 resulted in inhibition of phospho-MAPK and radiation enhancement in two 

FGFR expressing NSCLC cell lines. This includes NCI-H1581 cells, which harbor FGFR1 

amplification and are known to be dependent on FGFR1 signaling, and NCI-H226 cells that 

do not have FGFR1 amplification but overexpresses FGFR1. We observed an increase in 

apoptosis and autophagy with the addition of AZD4547 to radiation but did not observe a 

difference in prolongation of γH2AX or a significant shift in cell G2 cell cycle arrest. These 

results suggest that radiation-enhancing effect of AZD4547 is not through direct action on 

DNA repair but rather inactivation of FGFR signaling, leading to enhanced apoptosis and 

autophagy. The MAPK/ERK pathway appears to be the predominant pathway inhibited by 

AZD4547 and is responsible for AZD4547-induced apoptosis.16 Reactivation of the 

canonical MAPK/ERK signaling cascade can lead to AZD4547 resistance.31 AZD4547 also 

induces autophagy and in our study, when combined with radiation this effect was increased. 

Others have reported that induction of autophagy in NCI-H1581 and H520 cells by 

AZD4547 or FGFR1 short hairpin RNA is mediated through inhibition of the MAPK/ERK 

pathway and not through the AKT pathway.32 While autophagy is commonly thought to 

play a pro-survival role, in cancer the effects of autophagy are likely more complex and its 
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role in radiosensitization is not fully understood33; further work will be needed to define its 

role when combining AZD4547 with radiation.

In summary, we have demonstrated in vitro and in vivo radiation enhancement by combining 

the selective FGFR inhibitor AZD4547 with clinically meaningful doses of radiotherapy in 

FGFR amplified and expressing NSCLC tumors. This combination holds translational 

implications given the well-established use of radiotherapy in the treatment of locally 

advanced NSCLC. These data provide the rationale for continuation of studies combining 

radiotherapy with molecular agents that inhibit the FGFRs. However, further work is needed 

to identify those who would benefit from this combination.
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Figure 1: 
FGFR expression in a panel of seven NSCLC cell lines. (A) Western blot showing FGFR1, 

FGFR2 and FGFR3 protein levels, (B) FGFR1, FGFR2 and FGFR3 mRNA expression – 

fold change from normal lung tissue expression (C) FGFR1 and FGFR2 copy number 

analysis. Columns, mean; bars, SEM (n=3).
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Figure 2: 
Response to FGFR inhibitor AZD4547 in seven NSCLC cell lines.

AZD4547 proliferation dose response curves for: A) NCI-H1581, (B) NCI-H226, (C) NCI-

H358, (D) NCI-H520, (E) NCI-3122, (F) A549, (G) NCI-H2228. (H) Cell line IC50 

sensitivity determined by proliferation assay, (I) clonogenic survival following varying doses 

of AZD4547 of three high-FGFR expressing cell lines, (J) Western blot downstream 

signaling analysis of AZD4547 treated NSCLC cell lines. NCI-H1581, NCI-H226 and NCI-

H520 cells were treated for 10 minutes, 1 hour, 6 hours and 24 hours with 0.1 μM 

AZD4547. Columns, mean; bars, SEM (n=3).
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Figure 3: 
Radiosensitizing effects of AZD4547 on NSCLC cell lines grown in vitro. The 

radiosensitizing effects of AZD4547 on (A) NCI-H1581, (B) NCI-H226, (C) NCI-H358, (D) 

NCI-H520, (E) NCI-3122, (F) A549, (G) NCI-H2228, (H) BeasB2, (I) HTE cells. Cell 

cultures were exposed to 0.1 μM of AZD4547 for 1 h before irradiation and maintained in 

the medium after irradiation. Colony-forming efficiency was determined 12–20 days later 

and survival curves were generated after normalizing for AZD4547 cytotoxicity. Points, 

mean; bars, SEM (n=3).
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Figure 4: 
Mechanism of cell death after combined radiation and AZD4547 treatment in NCI-H226 

and NCI-H1581 cell lines. Cells were treated with DMSO, AZD4547 (0.1 μM), radiation (3 

Gy), or combined AZD4547 (0.1 μM) and radiation (3 Gy) and analyzed at designated time 

points. (A) Annexin V apoptosis, (B) acridine orange autophagy, and (C) cell cycle arrest 

analysis. Columns, mean; bars, SEM (n=3). *, P < 0.01, according to t test (irradiation 

versus AZD4547 plus irradiation).
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Figure 5: 
In vitro and in vivo γH2AX analysis after combined radiation and AZD4547 treatment in 

NCI-H226 and NCI-H1581 cell lines. Representative immunofluorescence γH2AX foci 

images and foci quantification for (A) NCI-H226 cells grown in vitro, (B) NCI-H226 cells 

grown in vivo and (C) NCI-H1581 cells grown in vivo. In vitro NCI-H226 cells were treated 

with DMSO, AZD4547 (0.1 μM), radiation (3 Gy) or combined AZD4547 (0.1 μM) and 

radiation (3 Gy) and analyzed at designated time points. NCI-H1581 and NCI-H226 

xenografts were treated with DMSO, AZD4547 (6.25 or 12.5 mg/kg), radiation (2 Gy single 

dose) or combined AZD4547 (6.25 or 12.5 mg/kg) and radiation (2 Gy single dose). 

Columns, mean; bars, SEM (n=3).
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Figure 6: 
The effects of AZD4547 on radiation-induced xenograft tumor growth delay. Tumor growth 

delay curves of (A) NCI-H1581 and (C) NCI-H226 subcutaneous flank xenografts treated 

with vehicle, AZD4547 (6.26 mg/kg or 12.5 mg/kg), radiation (2 Gy × 5 or 2 Gy x10) or 

AZD4547 (6.25 mg/kg or 12.5 mg/kg) plus radiation (2 Gy × 5 or 2 Gy x10). AZD4547 was 

delivered as p.o. gavage at 1 h before radiation fraction. (B & D) Time from start of 

treatment for tumor volumes to triple. IHC analysis of (E) H1581 and (G) NCI-H226 tumor 

sections showing modulation of FGFR-downstream signaling (pMAPK and pS6) and 

apoptotic markers (CC3). pMAPK and pS6 analysis were conducted at 8 hours following a 

single dose of AZD4547 (6.25 mg/kg or 12.5 mg/kg), radiation (2 Gy) or AZD4547 plus 

radiation whereas CC3 data were collected at 48 hours post-treatment, respectively. (F and 

H) Percent staining for pMAPK, pS6 at 8 hours post treatment and number of CC3 positive 

cells after 48 hours of treatment. Each stain was objectively quantified in three high-powered 

fields for three independent tumors. No pMAPK expression was observed in the NCI-H1581 

tumors. The scale bar represents 50 μm. Points, mean tumor volume in mice after treatment; 

bars, SEM, *, P < 0.05, according to one-way ANOVA.
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