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Abstract

Purpose: Radiation and cetuximab are therapeutics used in management of head and neck 

squamous cell carcinoma (HNSCC). Despite clinical success with these modalities, development 

of both intrinsic and acquired resistance is an emerging problem in the management of this 

disease. The purpose of this study was to investigate signaling of the receptor tyrosine kinase AXL 

in resistance to radiation and cetuximab treatment.

Experimental Design: To study AXL signaling in the context of treatment-resistant HNSCC, 

we used patient-derived xenografts (PDXs) implanted into mice and evaluated the tumor response 

to AXL inhibition in combination with cetuximab or radiation treatment. To identify molecular 
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mechanisms of how AXL signaling leads to resistance, three tyrosine residues of AXL (Y779, 

Y821, Y866) were mutated and examined for their sensitivity to cetuximab and/or radiation. 

Furthermore, reverse phase protein array (RPPA) was employed to analyze the proteomic 

architecture of signaling pathways in these genetically altered cell lines.

Results: Treatment of cetuximab- and radiation-resistant PDXs with AXL inhibitor R428 was 

sufficient to overcome resistance. RPPA analysis revealed that such resistance emanates from 

signaling of tyrosine 821 of AXL via the tyrosine kinase c-ABL. In addition, inhibition of c-ABL 

signaling resensitized cells and tumors to cetuximab or radiation therapy even leading to complete 

tumor regression without recurrence in head and neck cancer models.

Conclusions: Collectively, the studies presented herein suggest that tyrosine 821 of AXL 

mediates resistance to cetuximab by activation of c-ABL kinase in HNSCC and that targeting of 

both EGFR and c-ABL leads to a robust anti-tumor response.
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Introduction

Globally, head and neck squamous cell carcinoma (HNSCC) represents about 5% of all 

cancer deaths with almost 900,000 people being newly diagnosed each year (1). HNSCCs 

arise from the mucosal lining of the aerodigestive tract and are typically treated with surgery, 

radiation, chemotherapy, and/or molecular-targeted therapy. Because HNSCC 

characteristically overexpresses the epidermal growth factor receptor (EGFR), a monoclonal 

antibody for this receptor called cetuximab is commonly used as a treatment option. The 

addition of cetuximab to radiotherapy or chemotherapy regimens improved overall survival 

of HNSCC patients as compared to radiotherapy or chemotherapy alone (2,3).

Although cetuximab remains a viable therapeutic option for HNSCC patients, resistance—

both intrinsic and acquired—is a major clinical hurdle. Many mechanisms of resistance to 

cetuximab have been identified including signaling by the receptor tyrosine kinase AXL (4). 

AXL is a member of the TAM family of receptors and has been shown to mediate resistance 

to several treatment modalities including radiation (5–7), chemotherapy (6,8–10), and 

molecular-targeted therapy (11–23). Because of AXL’s prominence in mediating resistance, 

strategies to inhibit AXL signaling have developed rapidly in order to resensitize cancers to 

treatment approaches.

Based on previous studies of AXL, we investigated the role of AXL signaling in cetuximab- 

and radiation-resistant HNSCC with a focus on understanding the signaling cascades 

emanating from the C-terminal tail of AXL. Using the small molecule inhibitor R428, AXL 

blockade resensitized tumors to both cetuximab and radiation treatment. In addition, 

mapping of C-terminal tyrosines of AXL, indicated that tyrosine 821 (Y821) confers 

resistance to cetuximab and radiation. Specifically, mutation at Y821, but not Y779 or Y866, 

reduced c-ABL tyrosine kinase expression. Furthermore, inhibition of c-ABL signaling—

both in intrinsic and acquired models of resistance—was able to resensitize cells and tumors 
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to cetuximab and radiation treatment. Collectively, these results indicate that AXL plays a 

role in cetuximab and radiation resistance via signaling through Y821 to c-ABL kinase. This 

data provides rationale for clinical evaluation of therapeutics targeting AXL and c-ABL in 

the context of cetuximab- and/or radiation-resistant disease.

Materials and Methods:

Materials

Cetuximab (IMC-225, Erbitux) was purchased from the University of Wisconsin Pharmacy. 

R428 (BGB324, Bemcentinib) and imatinib were purchased from Selleck Chemicals 

(Houston, TX), Medchemexpress LLC (Monmouth Junction, NJ) or Apexbio (Houston, 

TX). PPY-A was obtained from R&D systems (Minneapolis, MN). DMSO was used as the 

vehicle control in vitro. In vivo human IgG (MilliporeSigma, St. Louis, MO) was the control 

for cetuximab, hydroxypropyl methylcellulose (0.5%)/Tween80(0.1%) was the vehicle for 

R428, and DMSO(2%)/PEG300(30%)/Tween80(5%) was the vehicle for imatinib.

Cell line

HN30 cell line was a gift from Dr. Ravi Salgia and cultured in DMEM with 4.5g/dL glucose, 

10%FBS, penicillin (100units/mL), streptomycin (100mg/mL). Cell line identity was 

confirmed using short tandem repeat (STR) analysis and publicly available databases by 

TRIP lab at University of Wisconsin. Mycoplamsa testing was completed through WiCell 

Core Service at University of Wisconsin.

Plasmids and transfection

pDONR223-AXL was a gift from William Hahn & David Root (Addgene plasmid #23945) 

and subcloned into the BamH1/EcoR1 restriction sites of the pcDNA6.0 expression vector 

(Life Technologies). Site-directed mutagenesis was performed to generate an AXL-Y821F 

mutant expression construct using a QuikChange II Site-Directed Mutagenesis Kit according 

to the manufacturer’s instructions. AXL-Y779F and AXL-Y866F mutants were synthesized 

by GenScript (Piscataway, NJ). The presence of 779F, 821F, and 866F mutations were 

confirmed by DNA sequencing. Transfection was performed using Lipofectamine3000 and 

Opti-MEMI (Life Technology) according to the manufacturer’s instructions. Blasticidin 

(3ug/mL) was used as the antibiotic for clonal selection.

siRNA transfection

Non-targeting control pool siRNA (Cat#D-001810) and SMARTpool siRNA targeting ABL1 

(Cat#L-003100) were purchased from Dharmacon, Inc (Lafayette, CO) and utilized for 

transfection with Lipofectamine RNAiMAX (Life Technologies).

Cell proliferation assay and clonogenic assay

Cell proliferation and clonogenic assays using crystal violet were performed as described 

previously (24,25). All treatments were performed in triplicate.
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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 

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.

Xenograft Flank Models

Female athymic nude mice (4–6 weeks old) were obtained from Envigo (Indianapolis, IN). 

Animal procedures and maintenance were conducted in accordance with institutional 

guidelines of University of Wisconsin. Patient derived xenografts (PDXs) or cell lines were 

inoculated by subcutaneous injection into the dorsal flank of each mouse and tumor volume 

was measured using a caliper. When tumors attained a volume of ~200mm3, mice were 

randomized into groups and treatment was initiated. Inhibitor or an equivalent volume of 

vehicle were administered by intraperitoneal injection (cetuximab/IgG) or oral gavage 

(R428, imatinib, vehicle). Tumors were collected within 3 hours of the last treatment for 

analysis of biochemical markers.

Immunoblot analysis

Whole-cell protein lysis, immunoprecipitation, and immunoblot analysis were performed as 

previously described (24). Antibodies were used according to the manufacturer’s 

instructions: AXL for immunoblot (Cell Signaling Technologies (CST) #8661), AXL for 

immunoprecipitation (Santa Cruz Biotechnology #166269), c-ABL (CST #2862), p-c-ABL-

Y412 (Abcam #4717), EGFR (CST #4267), GAPDH (CST #5174), α-tubulin 

(MilliporeSigma #CP06).

Immunohistochemistry

Tumors were processed for immunohistochemistry as previously described (24). Ki67 (CST 

#9027, 1:400) antibody was used and bound antibodies were detected using the 

VECTASTAIN Universal Kit/HRP (Vector Laboratories) and 3,3’-diaminobenzidine 

substrates. Images are shown at a magnification of 20X and were quantified in three separate 

areas by counting the number of positive cells and creating an average and standard error 

that is presented in graphic form.

Reverse Phase Protein Array

Cells were plated on six-well plates and treated with 4Gy radiation the next day. Protein 

from 3 treated and 3 untreated (control) plates was isolated 4 hours or 24 hours after 

radiation treatment. Protein samples were submitted to the RPPA Core at MD Anderson for 

analysis.
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Statistical analysis

Student’s t-test was used for comparisons between two groups. Differences were considered 

significant when P<.05. Due to the exploratory nature of this study, no multiple-testing 

corrections were applied to p-values.

To analyze the longitudinal tumor growth data (volume), linear mixed models were fit to the 

log-transformed data (beginning at treatment start date) using the ‘lme4’ package in R 

(V3.6.1). The fixed-effect model matrices were parameterized such that all main and 

interactive effects between treatment groups (drug1, drug2, vehicle and drug1+drug2) and 

time were estimated with the random-effect structure accommodated for inter-mouse 

variation via random intercepts. All models were estimated using the restricted maximum 

likelihood estimation (REML) criterion. Reported model p-values were estimated using 

Satterthwaite’s approximation as implemented in the ‘lmerTest’ package. Model 

assumptions were assessed using graphical analysis of model residuals and QQ plots about 

the estimated random effects (49–51).

For the two-drug experiments, a synergistic effect between the two treatments was assessed 

via inference about the three-way interaction between time, first drug, and second drug. Note 

that the HN30-AXL-WT cetuximab+imatinib experiment, the UW-SCC64 cetuximab

+imatinib experiment, and the UW-SCC64 XRT+imatinib experiment were analyzed on the 

measured scale due to the presence of zero-volume, fully shrunk tumors (Figures 4A, 4C, 

and 6C).

In addition to this synergistic analysis, the fractional product method was used to evaluate 

therapeutic interactions between inhibitors in the two-drug in vivo experiments (26)(27). 

This method utilizes average final tumor volumes with each individual agent to calculate the 

expected (E) effect for an additive interaction as a product of the individual responses. The 

observed (O) effect is the final average tumor volume following combination treatment. The 

ratio of observed to expected (O:E) values was calculated and used to indicate synergy 

(O:E<1), additivity (O:E=1), or antagonism (O:E>1).

Results

AXL targeting overcomes cetuximab resistance

Previously, we identified that AXL plays a critical role in mediating resistance to cetuximab 

therapy in vitro using established HNSCC cell lines (4). Here, we advanced these findings 

using established PDXs with known cetuximab responses: UW-SCC1 (1A) and UW-SCC64 

(1B) as previously published (28) (clinical characteristics in Supplemental Table S1). We 

implanted these two PDXs into the flanks of nude mice and treated with vehicle and IgG, 

cetuximab (0.2 mg/mouse, twice weekly), R428 (25mg/kg, twice daily), or the combination 

(n=9–14 tumors/treatment group) (Figure 1A and 1B). In both studies, there was noticeable 

growth delay of tumors receiving combination therapy indicating that blockade of AXL 

signaling could resensitize tumors to cetuximab treatment. In regard to UW-SCC1, the 

model fit to the data suggested evidence of a synergistic effect between R428 and cetuximab 

(P<.0001). While there was no evidence of a synergistic effect between the two drugs in 

UW-SCC64 PDX (P=.67), the slope of the tumor-growth curve for combination treatment 
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was still significantly less than that of the cetuximab-only group (P<.001) and analysis by 

the fractional product method indicated that the combination therapy worked better together 

than either drug alone (Supplemental Figure S6). Tumors from these studies were stained for 

Ki67 expression—a nuclear marker of proliferation (Figure 1C and 1D) and evaluated for 

the presence of apoptotic bodies (Supplemental Figure S2). Quantification of Ki67 

expression revealed that tumors treated with the combination therapy demonstrated reduced 

Ki67 positive staining as compared to cetuximab or R428 therapies alone while the presence 

of apoptotic bodies increased after combination therapy. This data supported additional 

studies showing that Ki67 can be used as a surrogate biomarker for cetuximab response in 

head and neck xenografts (Supplemental Figure S1). These results indicate the advantageous 

effect of R428 on cetuximab-resistant tumors and that Ki67 could be a marker of response of 

resensitization to cetuximab from AXL targeting.

Y821 of AXL is critical for mediating resistance to cetuximab

To determine how AXL mediates cetuximab resistance, we mutated three critical signaling 

tyrosines Y779, Y821, and Y866 to phenylalanine (29). These mutants, along with AXL 

wildtype (WT), were stably overexpressed in the cetuximab-sensitive cell line HN30 and 

tested for response to cetuximab in vitro (Figure 2A). HN30-Vector was sensitive to 

cetuximab treatment whereas the HN30-AXL-WT cells were resistant. Furthermore, the 

HN30-AXL-Y779F cells and HN30-AXL-Y866F cells were both resistant to cetuximab 

with a less than a 20% decrease in cell number; however, the HN30-AXL-Y821F cells 

(clone 2 and clone 4) were sensitive to cetuximab treatment with a greater than 30% 

response. P-values were calculated using treatment response as compared via student’s t-test 

to the AXL-WT overexpressing cell line. To verify that the AXL-Y821F mutation inhibited 

AXL activity, HN30-AXL-Y821F along with HN30-AXL-WT cells were treated with the 

combination of cetuximab and R428. Although treatment with R428 resensitized HN30-

AXL-WT cells to cetuximab therapy, R428 did not enhance the growth inhibitory effects of 

cetuximab in cells bearing the Y821 mutation (Supplemental Figure S3). To confirm the 

sensitivity of Y821 mutants to cetuximab, we implanted HN30-Vector, HN30-AXL-WT, and 

HN30-AXL-Y821F-C2 cells into flanks of nude mice and treated with IgG or cetuximab 

(0.2 mg/mouse) twice weekly (n=13–16 tumors/treatment group) (Figure 2B). The growth 

curve for cetuximab-treated tumors within HN30-Vector and HN30-AXL-Y821F 

experiments were significantly delayed in growth as compared to that of IgG group 

(P<.0001 for both) indicating sensitivity. No significant difference in growth curves was 

found between cetuximab and IgG for HN30-AXL-WT tumors (P=.11) indicating 

resistance. These results demonstrate that Y821 of AXL could regulate a signaling pathway 

that is critical for mediating resistance to cetuximab treatment.

c-ABL plays a role in cetuximab resistance via tyrosine 821 of AXL

To explore signaling pathways that AXL uses to mediate cetuximab resistance, we 

performed Reverse Phase Protein Array (RPPA) analysis which used 304 antibodies to 

detect endogenous protein level changes between HN30-Vector, HN30-AXL-WT, and 

HN30-AXL-Y821F(clone 2) cells. From normalized values provided, protein expression of 

c-ABL kinase was higher in HN30-AXL-WT cells while lower in the HN30-AXL-Y821F 

mutant cells (Figure 3A). To validate this finding, we evaluated endogenous levels of c-ABL 

McDaniel et al. Page 6

Clin Cancer Res. Author manuscript; available in PMC 2021 February 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



kinase and phosphorylated c-ABL in the HN30-AXL-WT and mutant cell lines via 

immunoblot (Figure 3B). There was less total and activated c-ABL in the HN30-AXL-

Y821F cells as compared to HN30-AXL-WT, HN30-AXL-Y779F, and HN30-AXL-Y866F 

cells. This correlation suggests that Y821 of AXL signaling may lead to regulation of c-ABL 

expression. Since HN30-AXL-Y821F cells were also sensitive to cetuximab treatment 

(Figure 2A), we hypothesized that c-ABL may be playing a role in cetuximab resistance. To 

test this hypothesis, we knocked down ABL with siRNA transfection and treated cells with 

cetuximab (Figure 3C). Loss of c-ABL expression resensitized to cetuximab. 

Pharmacological inhibition of c-ABL signaling with the ABL kinase inhibitor PPY-A in 

cetuximab-resistant HN30-AXL-WT cells was also sufficient to resensitize cells to 

cetuximab treatment (Figure 3D). Furthermore, we observed elevated expression levels of c-

ABL in a model of HN30 cells with acquired resistance to cetuximab and resensitization to 

cetuximab upon ABL inhibition via siRNA or PPY-A treatment (Supplemental Figure S4). 

To confirm that AXL is signaling through c-ABL, HN30-AXL-WT cells were transfected 

with siABL1 and treated with cetuximab and R428 (Supplemental Figure S5). Treatment 

with R428 did not provide an additional decrease in cell proliferation to siABL1 cells treated 

with cetuximab (siABL1+Ctx vs siABL1+Ctx+R428). There was a moderate additional 

decrease in proliferation when c-ABL was knocked down in cells treated with the 

combination of R428 and cetuximab (R428+Ctx vs R428+Ctx+siABL1). These data 

indicate that genetic modulation of c-ABL downstream of AXL is advantageous. 

Collectively, these results indicate that AXL is signaling through Y821 to c-ABL kinase to 

promote cetuximab resistance.

c-ABL targeting overcomes cetuximab resistance, leading to tumor regression and limiting 
tumor recurrence

Because inhibition of c-ABL was able to resensitize to cetuximab in vitro, we hypothesized 

that c-ABL inhibition could enhance cetuximab sensitivity in vivo and may represent a novel 

therapeutic approach in patients who are refractory to cetuximab therapy or to increase the 

response to therapy.

To investigate this, we first used the genetically modified cetuximab resistant HN30-AXL-

WT cells. These were implanted into flanks of nude mice and treated with vehicle and IgG, 

cetuximab (0.2 mg/mouse, twice weekly), ABL inhibitor imatinib (30mg/kg, once daily), or 

combination (n=7–10 tumors/treatment group) (Figure 4A). A synergistic effect of 

cetuximab and imatinib was seen in HN30-AXL-WT tumors (P<.001). After 41 days of 

treatment for HN30-AXL-WT, visible tumors from each treatment group were collected 

while mice from combination therapy group that did not have visible tumors were kept for 

observation. 5 of 10 HN30-AXL-WT tumors were still undetectable at 69 days after 

treatment was stopped. To better visualize the tumor regression of this study, a Kaplan-Meier 

curve was generated using doubling time of tumor volumes as criteria for “death” (Figure 

4B). This curve shows that only 3 of 10 HN30-AXL-WT tumors doubled in volume in 

entirety of the study. This data suggests that not only can inhibition of c-ABL overcome 

cetuximab resistance, but it can lead to complete tumor regression with limited recurrence.
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To test this in a more clinically relevant model, we used PDX UW-SCC64. This was 

implanted into flanks of nude mice and treated with vehicle and IgG, cetuximab (0.2 mg/

mouse, twice weekly), ABL inhibitor imatinib (30mg/kg, once daily), or combination (n=8–

18 tumors/treatment group) (Figure 4C). Again, a synergistic effect between cetuximab and 

imatinib (P<.0001). After 35 days of treatment for UW-SCC64, visible tumors from each 

treatment group were collected while mice from combination therapy group that did not 

have visible tumors were kept for observation. For UW-SCC64 tumors, 12 of 18 tumors 

were still not visible 107 days after treatment was stopped. The Kaplan-Meier curve 

generated using doubling time of tumor volumes as criteria for “death” (Figure 4D) shows 

that only 5 of 18 UW-SCC64 tumors doubled in volume in entirety of the study. In both 

studies, there was a dramatic delay in growth of tumors receiving combination therapy and 

several tumors regressed and remained completely undetectable in both models tested. This 

remarkable vanishing of 50–67% of tumors after receiving combination treatment strongly 

reinforces the idea that inhibition of c-ABL kinase signaling can resensitize tumors to 

cetuximab treatment.

Tyrosine 821 of AXL is critical for mediating resistance to radiation

Previous studies in our laboratory and others demonstrated the role of AXL in promoting 

resistance to radiation therapy (6,7). Based on our studies of AXL receptor signaling and the 

critical function of Y821 in resistance to cetuximab (Figure 2), we hypothesized that Y821 

signaling might also play a role in resistance to radiation therapy. Therefore, we used the 

genetically modified HN30 cell lines—Vector, AXL-WT, Y821F—and tested their response 

to radiation treatment via clonogenic survival analysis (Figure 5A). The survival curves 

generated from these experiments indicated that HN30-Vector and HN30-AXL-Y821F cells 

were sensitive to radiation while HN30-AXL-WT cells were not as responsive. This data 

suggests that Y821 of AXL is critical in mediating resistance to radiation therapy.

AXL targeting overcomes resistance to radiation therapy

To determine if Y821 of AXL mediates radiation resistance, we hypothesized that inhibition 

of AXL signaling should resensitize tumors to radiation treatment. To test this, PDX UW-

SCC64 was implanted into flanks of nude mice and treated with vehicle, radiation (3Gy 

twice weekly), AXL inhibitor R428 (25mg/kg, twice daily), or combination of radiation with 

R428 (n=10–13 tumors/treatment group) (Figure 5B). A synergistic effect between R428 

and radiation was seen (P<.01) indicating that blockade of AXL caused a resensitization of 

tumors to radiation treatment. Tumors from these studies were stained for Ki67 expression 

(Figure 5C). Quantification of the expression reveals that the number of cells positive for 

Ki67 expression did not change after radiation or R428 therapy alone but is reduced after 

combination therapy suggesting that Ki67 may be a biomarker of response of resensitization 

to radiation from AXL targeting.

c-ABL plays a role in radiation resistance

Since HN30-AXL-Y821F cells were sensitive to radiation treatment (Figure 5A) and Y821 

of AXL signaling regulates c-ABL expression (Figure 3A and 3B), we hypothesized that c-

ABL may be playing a role in radiation resistance. To investigate, we targeted ABL 

signaling by siRNA in HN30-AXL-WT cells and treated with radiation (0Gy, 2Gy, 4Gy). 
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We measured radiation response via cell proliferation assay (Figure 6A) and clonogenic 

survival analysis (Figure 6B). Together these results showed that HN30-AXL-WT cells were 

more responsive to radiation treatment after ABL knockdown with siRNA. To expand this 

finding, PDX UW-SCC64 was injected into flanks of nude mice and treated with vehicle, 

radiation (3Gy twice weekly), ABL inhibitor imatinib (30mg/kg, once daily), or 

combination of radiation with imatinib (n=10–18 tumors/treatment group) (Figure 6C). The 

model fit to the data provides evidence of a synergistic effect in regard to longitudinal tumor 

growth (P=.028) between imatinib and radiation indicating that blockade of c-ABL caused a 

resensitization of tumors to radiation therapy. In summary, these results suggest Y821 of 

AXL is signaling to c-ABL kinase to promote radiation resistance and that blockade of c-

ABL signaling can overcome such resistance.

Discussion

In the current report, we identified tyrosine 821 of the AXL receptor tyrosine kinase as a 

critical mediator of resistance to cetuximab and radiation therapy by activating the c-ABL 

signaling cascade. Most notably, the reported findings suggest that utilizing imatinib, a c-

ABL kinase inhibitor, in combination with cetuximab leads to profound tumor regression 

and impacts tumor recurrence in models of HNSCC. Together, this work suggests that 

repurposing this combination of FDA approved molecular therapeutics in HNSCC patients 

that become refractory to cetuximab and/or radiation therapy may have a profound impact 

on survival.

Previous studies about the structure of AXL identified three critical tyrosines Y779, Y821, 

and Y866 as the most prominent tyrosines in AXL signaling. Early AXL studies revealed 

tyrosine 821’s role in binding of p85 subunit of PI-3K and Grb2 (30) whereas Braunger et al 

also found that Y779 and Y866 were critical nodes for signaling with Y821 acting as a 

docking site for multiple effectors including PLCγ, p85 proteins, Grb2, c-src, and lck 

(29,31). The mutagenesis studies presented herein indicate that Y821, not Y779 nor Y866 is 

critical for mediating resistance to both cetuximab and radiation treatment. Collectively, our 

finding that AXL is signaling through Y821 to c-ABL warrants further studies delineating 

the signaling cascade and the role of Y821 in mediating other mechanisms of resistance.

AXL has demonstrated a role in resistance to both cetuximab and radiation therapy (4–

7,19,32–34), and thus AXL has emerged as a major therapeutic target in many cancer types 

including HNSCC. However, how AXL imparts resistance is poorly understood. Here we 

report that c-ABL may be a critical signaling axis leading to resistance. Supporting this 

finding are several studies performed by other groups showing imatinib combined with 

radiation treatment was very effective at delaying tumor and cell growth in different types of 

cancer including desmoid tumors, glioblastoma, breast cancer, and bladder cancer through 

various mechanisms (35–41). Our study corroborates these findings by showing that the 

combination of c-ABL inhibition, via genetic or pharmacological approaches, was able to 

overcome resistance to radiation in HNSCC PDX model systems. Furthermore, as supported 

by others, the addition of imatinib to conventional radiotherapy could have a significant 

clinical impact (42).
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c-ABL has also been shown to mediate resistance to molecular-targeted therapies including 

EGFR-targeted treatments like lapatinib and cetuximab. Lapatinib when combined with 

imatinib demonstrated a significant therapeutic benefit in drug-resistant breast cancer 

(43,44). Another study by Murray et al demonstrated the ability of c-ABL to modulate 

tumor sensitivity to antibody-dependent cell cytotoxicity (ADCC) (45). The authors showed 

that ABL1 knockdown and imatinib treatment enhanced ADCC and reduced cell 

proliferation while c-ABL overexpression decreased ADCC sensitivity. These results 

indicate that resistance to molecular targeting agents such as lapatinib and cetuximab may 

share mechanisms of resistance through the activation of c-ABL. The data presented in this 

report suggests that c-ABL signaling, emanating from AXL Y821, is a critical pathway for 

resistance to cetuximab, and the combination of imatinib and cetuximab had a dramatic 

impact on the growth of cetuximab-resistant tumors. It will be important to further evaluate 

if c-ABL is a critical signal for the mechanisms of action of cetuximab to strengthen the idea 

that this targeting strategy should be investigated clinically. Overall, these previous studies 

of c-ABL suggest that c-ABL is critical in mediating resistance to various therapeutic 

modalities including radiation and cetuximab. This supports the finding reported here that 

tumors overexpressing AXL may be more prone to resistance due to the regulation of c-ABL 

by AXL-Y821.

In the current study, we identified the interaction of AXL and c-ABL signaling in the context 

of cetuximab and radiation resistance. Our findings were consistent with a previous study by 

Hong et al showing that c-ABL regulation by AXL was able to promote cisplatin resistance 

in esophageal cancer (46). In this study, the authors showed that AXL associates with c-ABL 

protein and sequesters it in the cytosol thus preventing translocation of c-ABL to the nucleus 

in response to DNA damage. AXL’s ability to prevent DNA-damage-induced apoptosis by 

blocking nuclear translocation of c-ABL and consequently promote cisplatin resistance 

supports our finding that AXL could be signaling through c-ABL in order to mediate 

cetuximab or radiation resistance and prevent cell death. However, our data differs from that 

reported by Hong et al in that Y821 appeared to regulate total levels of c-ABL expression. 

Future work will be centered on the mechanism of how c-ABL mediates resistance and 

whether it is through mechanisms of c-ABL nuclear shuttling or activating transcription 

factors important for other pathways. One potential pathway could be the regulation of 

neuregulin, a HER3 ligand. HER3 and neuregulin have been strongly implicated in 

resistance to cetuximab therapy (24,47–49). In one specific instance, it was reported that 

AXL regulated neuregulin expression which activated HER3 and subsequent dimerization 

with EGFR resulted in subcellular functions and cetuximab resistance (50). Together, it is 

possible to imagine that the Y821/c-ABL pathway may be critical in regulating cetuximab 

resistance by regulating neuregulin and the HER3 pathway. We are currently investigating 

along these lines.

In summary, the work presented herein identifies a unique targeting approach for HNSCC 

patients that become refractory to cetuximab or radiation therapy. We identified a novel 

signaling pathway that emanates from Y821 of the AXL receptor tyrosine kinase and 

activates c-ABL kinase. We demonstrate that inhibition of c-ABL in combination with 

cetuximab has marked anti-tumor activity. These results are currently being translated into 
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clinical trials testing the combination of cetuximab and imatinib in HNSCC patients to fully 

investigate this new and novel therapeutic strategy in the HNSCC armamentarium.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Translational Relevance

Head and neck squamous cell carcinoma (HNSCC) is a devastating disease that greatly 

impacts quality of life because of the location of the involved tissues. Although 

therapeutic mainstays include radiation and targeted therapies like cetuximab, there is 

either a limited response to these treatment approaches or resistance develops over time. 

These consequences emphasize a critical need for development of strategies that work 

better and are safer for patients. Using preclinical models, we demonstrate that blockade 

of the receptor tyrosine kinase AXL is able to resensitize tumors to cetuximab and 

radiation treatment. Furthermore, inhibition of downstream signaling from AXL to c-

ABL kinase is even more effective at overcoming resistance. Combination treatment 

using imatinib and cetuximab exhibited substantial growth inhibition and survival benefit 

and provides strong evidence for clinical testing of these targeted therapies in resistant 

disease.
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Figure 1: AXL targeting overcomes cetuximab resistance.
A, B: UWSCC PDXs (1 and 64) were implanted into flanks of nude mice and treated with 

vehicle (oral gavage, methylcellulose, twice daily) and human IgG (intraperitoneal, twice 

weekly) (UW-SCC1 n=9, UW-SCC64 n=13), cetuximab (intraperitoneal, 0.2 mg/mouse, 

twice weekly) (UW-SCC1 n=9, UW-SCC64 n=11), R428 (oral gavage, 25mg/kg, twice 

daily) (UW-SCC1 n=10, UW-SCC64 n=10), or combination of cetuximab with R428 for 28 

days (UW-SCC1 n=9, UW-SCC64 n=14). Data was analyzed using linear mixed models 

where volume was modeled on natural-log scale. **, P<.01 for UW-SCC1 combination 

compared to single treatments and UW-SCC64 combination compared to cetuximab only.

C, D: Tumors from studies shown in 1A and 1B were stained for Ki67 using IHC. Image 

quantification shown.

McDaniel et al. Page 16

Clin Cancer Res. Author manuscript; available in PMC 2021 February 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2: Y821 of AXL is critical for resistance to cetuximab.
A: pcDNA6.0-Vector control, pcDNA6.0-AXL-WT, and pcDNA6.0-AXL mutants (Y779F, 

Y821F, and Y866F) were stably overexpressed in HN30 cell line. Cells were treated with 

IgG or cetuximab (100nM) for 72 hours and relative cell numbers were determined by 

crystal violet assay. Mean values and SEs were derived from replicates within one 

experiment. Statistical analyses compare cetuximab response to AXL-WT cells and are 

representative of four independent experiments. **, P<.01. Endogenous AXL expression 

was determined by immunoblot analysis of cell lysates with α-tubulin as loading control.

B: HN30-Vector, HN30-AXL-WT, and HN30-AXL-Y821F-C2 cells were injected into 

flanks of nude mice and treated with IgG or cetuximab (0.2mg/mouse) twice weekly for 28 

days. Data was analyzed using linear mixed models where volume was modeled on natural-

log scale. **, P<.01; NS, not significant. Tumor numbers: HN30-Vect: IgG n=13, Ctx n=14. 

HN30-AXL-WT: IgG n=14, Ctx n=14. HN30-AXL-Y821F-C2: IgG n=16, Ctx n=15.
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Figure 3: c-ABL plays a role in cetuximab resistance.
A: Lysate of HN30-Vector, HN30-AXL-WT, and HN30-AXL-Y821F(clone 2) cells were 

analyzed via RPPA. Expression values of c-ABL are presented in box plot format. Mean, 

SEs, and student’s t-test were calculated based on 3 replicates from two experiments. **, 

P<.01.

B: Endogenous phospho-c-ABL-Y412, c-ABL, and AXL expression were determined by 

immunoblot analysis of cell lysates from HN30-Vector, HN30-AXL-WT, and HN30-AXL 

mutants (Y779F, Y821F, Y866F) with α-tubulin as loading control.

C: HN30-AXL-WT cells were transfected with siABL1 or nontargeting siRNA (siNT). 24 

hours later, cells were treated with IgG or cetuximab (100nM), and after 72 hours of 

treatment, relative cell numbers were determined by crystal violet assay. Mean values and 

SEs were derived from replicates within one experiment. Statistical analyses are 

representative of three independent experiments. *, P<.05; **, P<.01. siABL1 knockdown of 
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c-ABL was evaluated by immunoblot analysis of cell lysates with α-tubulin as loading 

control.

D: HN30-AXL-WT cells were treated with DMSO and IgG, cetuximab (100nM), PPY-A 

(500nM), or combination of cetuximab and PPY-A for 72 hours and relative cell numbers 

were determined by crystal violet assay. Mean values and SEs were derived from replicates 

within one experiment. Statistical analyses are representative of five independent 

experiments. *, P<.05; **, P<.01.
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Figure 4: c-ABL targeting overcomes cetuximab resistance.
A,C: HN30-AXL-WT cells (A) or PDX UW-SCC64 (C) were implanted into flanks of nude 

mice and treated with vehicle (oral gavage, methylcellulose, twice daily) and human IgG 

(intraperitoneal, twice weekly) (HN30-AXL n=7, UW-SCC64 n=12), cetuximab 

(intraperitoneal, 0.2 mg/mouse, twice weekly) (HN30-AXL n=7, UW-SCC64 n=10), 

imatinib (oral gavage, 30mg/kg, once daily) (HN30-AXL n=7, UW-SCC64 n=8), or 

combination of cetuximab with imatinib (HN30-AXL n=10, UW-SCC64 n=18). Data was 

analyzed using linear mixed models. Volume data was untransformed given the presence of 

fully shrank tumors, resulting in volume readings of zero. **, P<.01 for combination 

compared to single treatments.

B, D: Data for studies in panels A and C are presented regarding overall survival. Survival 

was evaluated using tumor doubling time with “death” occurring when a tumor reached 

double its original volume. For HN30-AXL-WT, 5 of 10 tumors were still undetectable at 69 

days after treatment was stopped. For UW-SCC64, 12 of 18 tumors were still not visible 107 

days after treatment was stopped.
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Figure 5: AXL targeting overcomes resistance to radiation therapy.
A: Radiosensitivity of HN30 cell lines (Vector, AXL-WT, AXL-Y821F-C2) was evaluated 

by clonogenic survival analysis. Cells were plated and 24 hours later treated with radiation 

(0Gy, 2Gy, 5Gy). Mean values, SEs, and statistical analyses were derived from replicates 

within the experiment. **, P<.01; NS, not significant.

B: PDX UW-SCC64 was implanted into flanks of nude mice and treated with vehicle (oral 

gavage, methylcellulose, twice daily) (n=13), XRT (3Gy twice weekly) (n=10), R428 (oral 

gavage, 25mg/kg, twice daily) (n=10), or combination of radiation with R428 (n=11) for 28 

days. The vehicle and R428 arms are the same as shown in Figure 1B. Data was analyzed 

using linear mixed models where volume was modeled on natural-log scale. **, P<.01 for 

combination compared to single treatments.

C: Tumors from study shown in 5B were stained for Ki67 using IHC. Image quantification is 

shown.
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Figure 6: c-ABL plays a role in radiation resistance.
A: HN30-AXL-WT cells were transfected with siABL1 or nontargeting siRNA (siNT). 24 

hours later, cells were re-plated at a lower confluency. 24 hours later, cells were treated with 

2Gy or 4Gy of radiation and after 72 hours of treatment, relative colony numbers were 

determined by crystal violet assay. siNT and siABL1 treatment data are the same for both 

graphs. Mean values and SEs were derived from replicates within one experiment. Statistical 

analyses are representative of three independent experiments. *, P<.05. siABL1 knockdown 

of c-ABL was evaluated by immunoblot analysis of cell lysates with α-tubulin as loading 

control.

B: Radiosensitivity of HN30-AXL-WT transfected with siABL1 or siNT was evaluated by 

clonogenic survival analysis. Cells were transfected and 24 hours later re-plated at 200 cells 

per well. 24 hours later, cells were treated with radiation (0Gy, 2Gy, or 4Gy). 14 days later 
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colonies were analyzed. Mean values, SEs, and statistical analyses were calculated from 

replicates within four experiments. **, P<.01.

C: PDX UW-SCC64 was implanted into flanks of nude mice and treated with vehicle (oral 

gavage, methylcellulose, once daily) (n=11), XRT (3Gy twice weekly) (n=10), imatinib (oral 

gavage, 30mg/kg, once daily) (n=11), or combination of radiation with imatinib (n=18) for 

28 days. Data was analyzed using linear mixed models where volume was untransformed 

given the presence of fully shrank tumors, resulting in volume readings of zero. *, P<.05 for 

combination compared to single treatments.
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