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Abstract

Purpose: We examined the capacity of the pan-fibroblast growth factor receptor (FGFR)
inhibitor AZD4547 to augment radiation response across a panel of head and neck squamous cell
carcinoma (HNSCC) cell lines and xenografts.

Experimental Design: FGFR1, FGFR2, FGFR3 RNA in situ hybridization (ISH) expression
was assessed in a cohort of HNSCC patient samples, cell lines and patient-derived xenografts
(PDXSs). In vitro effects of AZD4547 and radiation on cell survival, FGFR signaling, apoptosis,
autophagy, cell cycle and DNA damage repair were evaluated. Reverse phase protein array (RPPA)
was used to identify differentially phosphorylated proteins in cells treated with AZD4547. In vivo
tumor responses were evaluated in cell line and PDX models.

Results: FGFR1, FGFR2 and FGFR3 RNA ISH were expressed in 41%, 81% and 89%, of 107
oropharynx patient samples. Sensitivity to AZD4547 did not directly correlate with FGFR protein
or RNA expression. In sensitive cell lines, AZD4547 inhibited p-MAPK in a time dependent
manner. Significant radiosensitization with AZD4547 was observed in cell lines that were
sensitive to AZD4547. The mechanism underlying these effects appear to be multifactorial
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involving inhibition of the MTOR pathway and subsequent enhancement of autophagy and
activation of apoptotic pathways. Significant tumor growth delay was observed when AZD4547
was combined with radiation compared to radiation or drug alone in a FGFR-expressing HNSCC
cell line xenograft and PDX.

Conclusions: These findings suggest that AZD4547 can augment the response of radiation in
FGFR-expressing HNSCC Jn vivo model systems. FGFR1 and FGFR2 may prove worthy targets
for radiosensitization in HNSCC clinical investigations.
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Introduction

Treatment of locally advanced head and neck squamous cell carcinoma (HNSCC) typically
involves a combined modality approach using surgery, radiation and chemotherapy. For
patients with unresectable disease, radiation remains the central component of treatment.
Whereas Human Papilloma Virus (HPV)-associated tumors demonstrate improved survival,
the prognosis for HPV-negative tumors remains poor. Despite aggressive therapy, only
30-50% of these patients are alive 5-year after diagnosis.! Treatment approaches that
integrate molecularly targeted agents with radiation could improve the therapeutic index and
outcomes.

Besides epidermal growth factor receptor (EGFR)-directed therapy, there has been only
modest success in translating molecular targeted therapy in the treatment of HSNCC. Recent
large-scale genomic profiling studies have identified the fibroblast growth family receptors
(FGFR) as potential therapeutic targets in HNSCC.23 The FGFR family consists of four
transmembrane receptor tyrosine kinases, FGFR1, FGFR2, FGFR3, and FGFR4, which are
activated by 18 different fibroblast growth factors (FGF) ligands.# Stimulation of these
FGFRs activate cell signaling pathways, which are important in regulating cell survival,
proliferation, migration and differentiation.? Studies have shown that FGFR1 and FGFR2
are both overexpressed in HPV-positive and HPV-negative tumors®, and FGFR1 is amplified
in 15-17% of HPV-negative tumors.5.” One study examining 951 HNSCC patient tumor
samples found 73% of oral cavity tumors and 85% of oropharyngeal tumors to highly co-
express two or more FGFR family member proteins.® Additional studies have also correlated
FGFR1 protein overexpression with poor prognosis in HPV-negative HNSCC.8

FGFRs activate multiple pathways involved in the cellular response to radiation including
RAS/RAF/MAPK, PI3K/AKT and STAT. A recent proteomic and transcriptomic analysis of
HPV-negative HNSCC cell lines found several targets, including FGFR1 to be associated
with radioresistance.® Various FGFR inhibitors have shown anti-tumor activity in FGFR
expressing HNSCC cell lines.810.11 |n this study, we demonstrate the ability of AZD4547, a
potent tyrosine kinase inhibitor of FGFR1, FGFR2 and FGFR3'2, to enhance the effect of
radiation in HSNCC preclinical models including a patient-derived xenograft (PDX).
AZD4547 is being investigated in multiple clinical trials and combination with radiotherapy
may be beneficial for patients whose tumors express FGFR.
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Materials and Methods

RNA In Situ Hybridization

FGFR1, FGFR2, FGFR3 RNA in situ hybridization (ISH) expression was assessed in 107
patient samples from the XX Head and Neck SPORE oropharynx tissue microarray and in a
panel of 22 HNSCC PDX13 samples using the RNAscope assay (Advanced Cell Diagnostics
Inc., Hayward, CA).

Cell lines and culture

HNSCC cell lines (HPV-positive: UD-SCC-2, UM-SCC-47, UPCI-SCC-90, 93-VU-147T
and HPV-negative: UM-SCC-6, SCC-9, UM-SCC22B, MDA-1483, CCL-30, TU-138) were
obtained from the UW Head and Neck SPORE cell line repository and cultured at low
passage in standard conditions. The identity of all cell lines was confirmed via short tandem
repeat testing as listed in Supplemental Table 1.

Immunoblot analysis

Western blotting was performed as described in supplement and imaged using the Odyssey
system (LI-COR).

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

RNA was extracted using Allprep DNA/RNA Mini Kit (Qiagen, Valencia, CA) and
measured by Nanodrop. Relative mMRNA levels were quantified by RT-qPCR (Bio-Rad,
S1000 Thermal cycler) and normalized to human tonsil epithelial cells (HTE).

Proliferation assay

Cells were treated with indicated doses of AZD4547 and proliferation was measured with
Cell Counting Kit-8 (CCKa8).

Irradiation

Cells were irradiated with an Xstrahl X-ray System, Model RS225 (Xstrahl, UK) and
animals were irradiated with an X-RAD320 (Precision X-Ray, North Branford, CT).

Clonogenic Survival Assay

Cells were seeded into 6-well plates at specific densities, incubated overnight, and treated
with radiation after 1 hour of AZD4547 treatment. Colonies were fixed and stained by
crystal violet in methanol.

Apoptotic cell death

Cells were stained with FITC Annexin V and propidium iodide Annexin V (BD Biosciences
#556547) and positive cells were quantified.
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1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fisher et al.

Autophagy

Page 4

Cells were stained using acridine orange (Sigma-Aldrich #318337) and staining was
detected with the Countess Il FL Automated Cell Counter utilizing GFP and RFP EVOS
Light Cubes.

vYH2AX immunofluorescence

Cell cycle

Cells were permeabilized with 0.1% Triton-X 100, blocked with goat serum, and incubated
with anti-phospho-H2AX primary antibody. Cells were probed with Alexa Fluor 555
conjugated secondary antibody (CST #4413). A Nikon A1RS confocal microscope was
used.

Cells were treated with RNAse A and incubated with propidium iodide. Samples were run
on an Attune NxT flow cytometer (Thermo Scientific), and the cell cycle distribution was
calculated using ModFIT software (Verity Software House, Top-sham, ME).

Reverse-phase protein array—TU-138 and UM-SCC-6 cells were treated with DMSO
or 0.1 uM for 24 hours and samples were processed at the Functional Proteomics Core
Facility at MD Anderson for reverse-phase protein array (RPPA) analysis as described in the
supplement. The R package limma was used to determine the differentially expressed
proteins.1 Gene Set Enrichment Analysis (GSEA)!® was performed using the Molecule
Signatures Database v6.2 (MSigDB) on the RPPA data by mapping the gene symbols to the
RPPA probe identifiers and discarding those genes with no corresponding probe (custom
perl scripts)16.

Cell line xenograft and PDX growth delay studies

Results

TU-138 cell lines and UW-SCC-36 PDX1’, established from a HPV-positive oropharynx
human tumor, were injected subcutaneously into flanks of nude mice. Tumor volumes were
measured twice weekly. Eight to 10 mice (16-20 tumors) were used per treatment group.

Statistical analyses and full detailed materials and methods are described in the supplement.

FGFR RNA expression in HNSCC patient samples

FGFR1, FGFR2 and FGFR3 RNA ISH was expressed in 41.1%, 81.3% and 88.8%, of the
107-oropharynx patients. High FGFR1, FGFR2 and FGFR3 RNA ISH expression was seen
in 5.6%, 24.3% and 43.9% of patients. Supplemental Tables 3, 4 and 5 list patient
characteristics by FGFR1, FGFR2 and FGFR3 RNA expression. No patient factors were
associated with FGFR1 RNA expression. FGFR2 RNA expression was more prevalent in the
pl6-negative patients while FGFR3 RNA expression was more prevalent in the p16-positive
patients. FGFR1, FGFR2 and FGFR3 expression was not found to be predictive of OS or
DFS (Supplemental Table 6).
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FGFR expression and sensitivity to AZD4547 in HNSCC cell lines

FGFR1, FGFR2 and FGFR3 protein and mRNA were expressed to varying degrees under
cell culture conditions in our panel of 10 HNSCC cell lines (Fig. 2A and 2B). FGFR1 and
FGFR2 copy number analysis identified 2 copies in most cell lines (Supplemental Fig. 1).
Viability assays performed on HNSCC cell lines after 72-hour exposure to increasing
concentrations of AZD4547 indicated variable responses to AZD4547 that did not
correspond to FGFR1, FGFR2 or FGFR3 expression (Fig. 2C).

To assess the effect of AZD4547 on FGFR-associated signaling transduction, we measured
phospho-MAPK (Thr202/Tyr204) and phospho-AKT (S473) protein levels in drug-
responsive cell lines. AZD4547 strongly inhibited phospho-MAPK activation in all lines
within six hours of exposure to 0.1 uM; however, the timeline of this response was variable
(Fig. 2D). TU-138 and to a lesser degree UM-SCC-6 both exhibited decreased phospho-
AKT activation, while CCL-30 cells did not. Two AZD4547 non-responding cell lines, UD-
SCC-2 and MDA-1483, showed either no inhibition or no sustained inhibition of phospho-
MAPK and no inhibition of phospho-AKT (Supplemental Figure 2).

FGFR inhibition with AZD4547 enhances radiosensitivity of HNSCC cell lines

Clonogenic survival assays were performed to assess the radiosensitizing effects of
AZD4547 on six HNSCC cell lines and one human tonsillar epithelial cell line (Fig. 2E).
Cells were exposed to 0.1 pM AZD4547 for 1 hour prior to irradiation and drug treatment
continued 23 hours thereafter. AZD4547 significantly enhanced the effect of radiation in
three cell lines, TU-138, CCL-30 and UM-SCC-6 (Fig.2E). The dose enhancement factor at
a surviving fraction of 10% for these cell lines were 1.32 for TU-139, 1.15 for CCL-30, and
1.20 for UM-SCC-6.

Mechanism of AZD4547 radiation-induced death in HNSCC cell lines

To understand the mechanism by which AZD4547 exerts its /n vitro radiosensitization
effect, cellular Annexin V apoptosis, acridine orange autophagy, yH2AX
immunofluorescence and flow cytometric cell-cycle analysis were conducted on TU-138,
CCL-30 and UM-SCC-6 cell lines (Fig. 3). AZD4547 alone increased apoptosis in TU-138
treated cells (p=0.02) but not in CCL-30 and UM-SCC-6 cells (Fig. 3A). When AZD4547
(0.1 uM) was combined with radiation (3 Gy) a significant increase in apoptosis was only
seen in UM-SCC-6 cells compared to radiation alone (p=0.01, Fig. 3A). Autophagy was
increased with combined AZD4547 (0.1 uM) and radiation (3 Gy) treatment compared to
AZD4547 or radiation alone in all three cell lines (TU-138, p=0.001; CCL-30, p=0.02; and
UM-SCC-6, p=0.02, Fig. 3B). To determine whether AZD4547 inhibited DNA damage
repair yH2AX foci were assessed after exposure to AZD4547 (0.1 uM) and radiation (3
Gy). The addition of AZD4547 to radiation did not prolong expression of yH2AX in
TU-138 and CCL-30 at any time point (Fig. 3C). In UM-SCC-6 there was a significant
prolonged expression -yH2AX at 12 hours (p=0.04, Fig. 3C). Because redistribution of cells
in the cell cycle can affect radiosensitivity, flow cytometry was used to determine cell cycle
phase distribution 24 hours after exposure to 0.1 UM AZD4547, radiation (3 Gy or 8 Gy), or
both AZD4547 and radiation. Cells treated with AZD4547 alone exhibited only minor cell
cycle phase distribution (Fig. 3D). There was also no difference in the cell cycle distribution
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of irradiated cells treated with or without AZD4547 (Fig. 3D). These results indicate that
redistribution of cells into a radiosensitive phase of the cell cycle by AZD4547 does not
account for the radiation-induced cell killing observed in Fig. 2E.

RPPA demonstrates inhibition of mTOR signaling with AZD4547 in HNSCC cell lines

To identify differentially expressed proteins in response to AZD4547 treatment, we
performed RPPA analysis in cells treated with AZD4547 (0.1 uM) for 24 hours and
compared them to control cells treated with DMSO. We focused on two cell lines, TU-138
and UM-SCC-6, which demonstrated radiosensitization with AZD4547. Using FDR <0.05,
we identified 57 proteins differentially expressed between AZD4547 treated and non-treated
TU-138 cells and 15 proteins were differentially expressed in the UM-SCC-6 treated and
non-treated cells (Fig. 4A-C).

When comparing TU-138 treated cells to UM-SCC-6 treated cells, 13 proteins were
differentially expressed in both cell lines (Fig. 4C). GSEA found MTOR and MTORCL1
signaling and apoptosis pathways to be altered by AZD4547 treatment in TU-138 cells
(Table 1A) and MTORC1 and cell cycle pathways to be altered in UM-SCC-6 cells (Table
1B). Fig. 4D shows the heatmap for differentially expressed proteins for TU-138 in the
MTORC1 reactome signaling pathway.

AZDA4547 delays growth and enhances radiation response in HNSCC tumor xenografts

A panel of 22 HNSCC PDXs!3 were screened for FGFR1, FGFR2 and FGFR3 RNA
expression by ISH. Four samples revealed elevated FGFR1 or FGFR2 expression (Fig. 5A)
and no FGFR3 expression (not shown). Immunoblot analysis confirmed the ISH findings
(Fig. 5B). Copy number assay revealed FGFR1 and FGFR2 amplification in both UW-
SCC-14 and UW-SCC-36. (Fig. 5C). Experiments involving UW-SCC-36 were used to
determine the capacity of AZD4547 monotherapy to slow the growth of HNSCC /n vivo and
to guide dose selections for radiosensitization studies. AZD4547 significantly inhibited
growth of UW-SCC-36 tumors (p<0.01, Fig. 5D) compared to controls.

In vivo radiosensitization by AZD4547 was assessed in TU-138 cell line xenografts and
UW-SCC-36 PDXs. For both experiments, mice bearing tumors were randomized into four
groups: control, AZD4547 (12 mg/kg or 15 mg/kg) daily for 7 or 14 days, irradiation (10 or
20 Gy in 2 Gy daily fractions), and AZD4547 (12 mg/kg or 15 mg/kg) given 1 hour before
daily irradiation (10 or 20 Gy in 2 Gy daily fractions). The combination of AZD4547 and
radiation delayed growth in both TU-138 and UW-SCC-36 tumors compared to control and
single-modality treatments (p<0.01, Fig. 5E and F).

Discussion

The FGFR family plays an important role in the pathogenesis of HNSCC. FGFR1 and
FGFR2 are both overexpressed in HPV-positive and HPV-negative HNSCC tumors; and
FGFR1 amplification is seen in 15-17% of HPV-negative tumors.2:3 Aberrant FGFR1 and
FGFR2 signaling drives tumorigenesis and confers resistance to anticancer therapies and
thus are promising therapeutic targets. Preclinical work from multiple groups have
demonstrated the efficacy of various FGFR inhibitors (PD173074, BGJ398, RO4383596,
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AZ8010 and AZD4547) in HNSCC cell lines.8:10.18-20 Qyr study focused on the role of
FGFR inhibition in combination with radiation. We have shown that combining AZD4547,
an FGFR1, 2 and 3 receptor tyrosine kinase inhibitor, with radiation results in /in vitro
radiosensitization and enhanced tumor growth delay in our FGFR expressing cell line
xenograft and PDX models. The mechanisms underlying these effects appear to involve
attenuation of the mTOR pathway and induction of autophagy. Cell lines not responsive to
FGFR inhibition by AZD4547 did not demonstrate radiosensitization. In addition,
radiosensitization was not seen in an immortalized human tonsillar epithelial line indicating
AZD4547 may have limited radiosensitizing effects on normal tissues.

There is now mounting evidence supporting a role of the FGF/FGFR signaling axis in
regulating the cellular response to radiation.21-25 Besides being involved in the pathogenesis
of several malignant tumors, there is data to suggest that FGF ligands regulate cellular
response to ionizing radiation and protects endothelial cells against radiation-induced
apoptosis.26:27 Others have also shown FGF2 to mitigate the effects of radiation on
gastrointestinal crypt cells and hematopoietic tissues through reduction in apoptosis, stem
cell renewal, progenitor cell differentiation, and epithelial proliferation?8:29 Two studies
have also demonstrated radiosensitization with FGFR inhibition in human glioblastoma
cells21:30,

In HNSCC, two transcriptome studies have identified FGFR signaling pathway as targets for
radiosensitization. Ishigami et al. compared gene expression profiles of two HNSCC cell
lines (HSC2 and HSC3) treated with radiation and identified six genes (ID1, ID3, FGFR3,
PEG10, ICAM2 and MMP13) associated with radioresistant cells compared with
radiosensitive cells.23 They then showed that inhibition of FGFR3 with either mRNA
interference or small-molecule FGFR inhibitor leads to /n vitro radiosensitization in one
(HSC2) cell line.24 Skinner et al. performed a proteomic and transcriptomic analysis of
targetable biomarkers of radioresistance in 47 HPV-negative HNSCC cell lines.® They
discovered increased expression of several targets including FGFR1, ERK1, EGFR and
PTK2/FAK to be associated with radioresistance.®

We elected to investigate the combination of AZD4547 with radiation in this study as it is
currently under clinical investigation in a variety of cancers where FGFRs are frequently
amplified, overexpressed or harbor gene fusions.31-34 To date no clinical trials have studied
AZD4547 in head and neck cancers. The clinical studies that have been completed with
AZDA4547 report it to be safe and well tolerated and to demonstrate modest anti-tumor
effects.31:32.34 |n these studies, FGFR amplification did not always correlate with FGFR
gene and protein expression or with response to AZD4547.31:32.34 |n some patients,
response to AZD4547 was associated with high-level FGFR copy-number amplification and
not low-level copy number.3® Others have indicated that response to AZD4547 may depend
more on FGFR protein or RNA expression than on amplification.36 This raises the question
of what is the most appropriate biomarker to select patients for FGFR-directed therapy.

In our study, we found high levels of FGFR1, FGFR2 and FGFR3 RNA ISH expression in
our oropharynx patient cohort, but expression of these receptors did not predict for disease
outcome. In our /n vitro analysis, we found protein and RNA expression did not directly

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2021 July 15.
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correlate with AZD4547 sensitivity or radiosensitization. The reason for the limited efficacy
of AZD4547 in some patients and cell lines may be a result of intra- and inter-tumor
heterogeneity of FGFR protein and gene expression along with activation of alternative
pathways.31:32 Common HNSCC signaling pathways such as EGFR and downstream mTOR
may function as resistance mechanisms of FGFR inhibition.8:1937 For example, Singleton et
al. showed that AZD4547 resistance is driven through activation of the mTOR pathway, and
combining AZD4547 with an mTOR inhibitor significantly attenuated tumor growth in their
HSNCC models.38 Pearson et al. demonstrated similar findings and concluded that high-
level FGFR-amplified cell lines have a distinct oncogene addiction phenotype that is
characterized by PI3K and mTOR signaling mediated by FGFR.3® They also report that
lower-level FGFR-amplified cell lines do not display this phenotype and are not sensitive to
FGFR inhibition. In addition, they found that mTOR inhibitors can synergize with FGFR
inhibition in these insensitive cell lines.3> Our data also supports the role of FGFRs in the
regulation of MTOR and mMTORC1 signaling and demonstrates that AZD4547 can inhibit
those pathways. It is well known that mTOR is a key regulator of autophagy3® and our data
also suggest that the mechanism of AZD4547-induced radiosensitization may be mediated
by inhibition of MTOR signaling leading to an increase in radiation-induced autophagy. The
role of autophagy as a mechanism of radiosensitization is complex*® and further work will
be needed to define its role in FGFR-induced radiosensitization.

Limitations of this work include the use of PDX models that do not account for the immune
microenvironment. Combining FGFR inhibition with anti-PD-1 has been shown to lead to
expansion of T-cell clones and immunological changes in the tumor microenvironment to
support enhanced antitumor immunity.#1 Anti-PD-1 immunotherapy is now approved for the
treatment of advanced HNSCC and is currently being investigated in combination with
radiation. Further testing with FGFR inhibition, ant-PD-1 and radiation is therefore
warranted.

In summary, we have demonstrated radiation enhancement by combining the selective FGFR
inhibitor AZD4547 with clinically meaningful doses of radiotherapy in a HNSCC preclinical
model. This combination holds translational implications given the well-established use of
radiotherapy in the treatment of HSNCC. These data provide a rationale for further
investigation of combining radiotherapy with molecular agents that inhibit the FGFRs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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