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Abstract

Background: Head and neck squamous cell carcinoma (HNSCC) is a debilitating disease 

with poor survival rates. While the epidermal growth factor receptor (EGFR)-targeting antibody 

Cetuximab is approved for treatment, responses are limited and the molecular mechanisms driving 

resistance remain incompletely understood.

Methods: To better understand how cells survive without EGFR activity, we developed an 

EGFR knockout derivative of the UM-SCC-92 cell line using CRISPR/Cas9 technology. We 

then characterized changes to the transcriptome with RNAseq and changes in response to kinase 

inhibitors with resazurin cell viability assays. Finally, we tested if inhibitors with activity in the 

EGFR knockout model also had synergistic activity in combination with EGFR inhibitors in either 

wild type UM-SCC-92 cells or a known Cetuximab-resistant model.

Results: Functional and molecular analysis showed that knockout cells had decreased cell 

proliferation, upregulation of FGFR1 expression, and an enhanced mesenchymal phenotype. In 

fact, expression of common EMT genes including VIM, SNAIL1, ZEB1 and TWIST1 were all 

upregulated in the EGFR knockout. Surprisingly, EGFR knockout cells were resistant to FGFR 

inhibitor monotherapies, but sensitive to combinations of FGFR and either XIAP or IGF-1R 

inhibitors. Accordingly, both wild type UM-SCC-92 and Cetuximab-resistant UM-SCC-104 cells 

with were sensitive to combined inhibition of EGFR, FGFR and either XIAP or IGF-1R.

Conclusions: These data offer insights into EGFR inhibitor resistance and show that resistance 

to EGFR knockout likely occurs through a complex network of kinases. Future studies of 

cetuximab-resistant HNSCC tumors are warranted to determine if this EMT phenotype and/or 

multi-kinase resistance is observed in patients.

Introduction

Head and neck squamous cell carcinoma (HNSCC) is the 6th most common cancer 

by incidence worldwide, and affects more than 800,000 patients each year (Leemans 

et al., 2011). Most patients present with locally advanced disease and are cured 

with multimodality therapy including surgery, radiation, and cytotoxic chemotherapy. 

Unfortunately, many patients develop recurrent or metastatic disease, which is frequently 

incurable. In these cases, systemic therapy is the cornerstone of therapy and includes 

cytotoxic chemotherapeutics, immune checkpoint inhibitors, and EGFR directed therapy. 

Despite the development of immune checkpoint inhibitors, survival has improved only 
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marginally and remains poor with an average survival of approximately one year (Burtness, 

Harrington, et al., 2019). Development of novel approaches to overcome drug resistance is 

of crucial importance given the limited treatments and dismal outcomes.

With the elucidation of the genomic landscape of HNSCC, targeted therapy was recognized 

as being more complex than originally hoped given the lack of driver mutation events 

(Cancer Genome Atlas, 2015). EGFR has long been known to be overexpressed in the 

majority HNSCC and thought to be a rational candidate for targeted therapy. Cetuximab, 

an anti-EGFR chimeric monoclonal antibody, improved outcomes in combination with 

chemotherapy or as a single agent in recurrent/metastatic HNSCC (Vermorken et al., 2008; 

Vermorken et al., 2007), and is FDA approved for use in recurrent/metastatic HNSCC. 

However, anti-tumor responses were seen in the minority of patients and limited in duration. 

Subsequent studies of other small molecule EGFR inhibitors and monoclonal antibodies 

including afatinib, erlotinib, panitumumab, and zalutumumab have shown limited efficacy 

in patients with HNSCC (Brondum et al., 2018; Burtness, Haddad, et al., 2019; Siano et 

al., 2017; Siu et al., 2007). Despite these limitations, Cetuximab has been shown to alter 

the tumor immune microenvironment, antibody-dependent cellular cytotoxicity (ADCC) 

activity, and cytotoxic T-lymphocyte (CTL) infiltration into the tumor, anti-angiogenesis 

activity (Okuyama et al., 2023; Smith et al., 2023). Recognizing the limited activity of single 

agent EGFR inhibitor, attention has been turned to combinatorial approaches potentially 

leveraging alternative compensatory pathways mediating EGFR treatment resistance.

Indeed, several recent important studies have highlighted the role of various individual 

receptor tyrosine kinase and cell signaling pathways that are elevated in during HNSCC 

progression and have potential to drive Cetuximab resistance. For example, in the study 

by Raj et. al., the authors highlight the important role of the HGH/cMET axis in HNSCC 

(Raj et al., 2022) and its role in driving cetuximab resistance in many patients (Hartmann 

et al., 2016). Likewise, the recent identification of HRAS mutations in HNSCC identified 

a genetic driver of resistance that occurs in 5-8% of HNSCC patients (Wang et al., 2023). 

As such, while some cell signaling and genetic mechanisms are becoming established, the 

global mechanisms of resistance remain unclear.

With the clear molecular basis for EGFR inhibition in HNSCC and the ongoing challenges 

that have limited the efficacy of cetuximab and other EGFR-targeting therapies, research 

efforts by our group and others have sought to understand mechanisms of resistance to 

EGFR inhibition such that more effective dual-therapies could be developed. These studies 

have largely used therapeutics-based approaches to identify mechanisms of resistance and 

have shown that activation of the PI3K signaling pathway can bypass EGFR inhibition 

and that combined targeting of PI3K and EGFR is synergistic in HNSCCs (Anisuzzaman 

et al., 2017; D'Amato et al., 2014; Lattanzio et al., 2015; Michmerhuizen et al., 2016; 

Michmerhuizen et al., 2019; Rebucci et al., 2011; Silva-Oliveira et al., 2017; Young et 

al., 2013). Additional data has nominated compensatory FGFR, IGF-1R, and/or MET 

signaling as possible mechanisms of compensatory resistance to EGFR inhibition (Dieci 

et al., 2013; Goke et al., 2015; Guix et al., 2008; Jameson et al., 2011; Koole et al., 

2016; Michmerhuizen et al., 2022; Quintanal-Villalonga et al., 2019; Stabile et al., 2013; 

von Massenhausen et al., 2013; Xu et al., 2011). To date, most EGFR combination 
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therapies in HNSCC have not advanced clinically as currently available drugs have narrow 

therapeutic windows with overlapping toxicities, hence limiting the ability to safely deliver 

efficacious doses of either agent. However, therapeutic synergy may allow lower doses of 

each individual agent, improved patient tolerability, and clinical advancement.

Here, we chose to implement a genetics-based strategy to knockout EGFR using CRISPR/

Cas9 in an EGFR-driven model as an alternative approach to identifying the cell signaling 

mechanisms that compensate for loss of EGFR. We then leveraged this model to 

characterize: (1) the molecular consequences of EGFR knockout, and (2) the effective 

small molecular combination therapies that could block proliferation of the knockout model. 

Our hope is that this work could serve as a primer for leveraging complete knockouts to 

understand compensatory signaling mechanisms in HNSCC models.

Materials and Methods

Ethics Statement

Human subjects were not used in this study. Next generation sequencing of genomic DNA 

from previously established patient-derived cell lines (UM-SCC-92 and UM-SCC-104) was 

covered under an IRB protocol approved by the University of Michigan ethics board.

Cell Culture

UM-SCC-92 wildtype, UM-SCC-92 EGFR knockout and UM-SCC-104 cell lines were 

cultured at 37°C in Dulbecco’s Modified Eagle’s Medium (DMEM) (Catalog No: 11965; 

Invitrogen, Carlsbad, CA) with 10% fetal bovine serum (FBS), 1% non-essential amino 

acids (NEAA) (Catalog No: 15140122; Invitrogen, Carlsbad, CA) and 7 μL/mL penicillin-

streptomycin (Catalog No: 15140122; Invitrogen, Carlsbad, CA) in a humidified atmosphere 

with 5% CO2. We used genotyping to confirm authenticity and tested for contamination 

from mycoplasma using the MycoAlert detection kit (Lonza, Basel, Switzerland). Details of 

DNA copy number analysis were described in a previous publication (Ludwig et al., 2018). 

The EGFR status of UM-SCC-92 wildtype cells was confirmed with previously reported 

Nimblegen V2 exome capture-based experiments (Liu et al., 2013).

Genomic DNA Purification

Cells were washed in PBS, and the pellet frozen at −20°C. After thawing, the pellet was 

re-suspended in 700 μL of Nuclei Lysis Solution (Promega, Madison, WI) and heated to 

55°C for one hour. 200 μL of Protein Precipitation Solution (Promega) was added, and the 

solution was mixed and placed on ice for at least five minutes. After centrifuging at 13,000 

RPM and 4°C for five minutes, the supernatant was transferred to a tube containing 600 μL 

of isopropanol. Another centrifugation (13,000 RPM for one minute) was performed and the 

supernatant was aspirated. Finally, the DNA pellet was washed in 200 μL of 70% ethanol 

and dried before re-suspending in 30-50 μL of nuclease-free water.

Sanger Sequencing

PCR was performed Platinum Taq DNA Polymerase High Fidelity (Invitrogen, Carlsbad, 

CA) as described (Smith et al., 2019) to amplify genomic DNA from EGFR K/O 
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cells (forward and reverse sequences 5’-GGCTTTCTGACGGGAGTCAA-3’ and 5’-

CTGTATTTGCCCTCGGGGTT-3’, respectively). PCR products were cloned into the pCR8 

vector system according to manufacturer’s instructions and isolated DNA using the QIAprep 

spin mini-prep kit (Qiagen, Hilden, Germany). Sanger sequencing was performed at the 

University of Michigan DNA Sequencing Core on the 3730XL DNA Sequencer (Applied 

Biosystems, Foster City, CA) as described (Birkeland et al., 2017). DNASTAR Lasergene 

software suite was used to align the sequencing results to the wildtype EGFR sequence.

Chemicals

All compounds (gefitinib, BGJ398, ADW742, and BV-6) were obtained from Selleck 

Chemicals (Houston, TX). Compounds were initially dissolved in 100% sterile DMSO to 10 

mM and were diluted in media to the indicated concentrations for in vitro studies.

Resazurin Assay

The Multiflo liquid handling dispensing system was used to seed 2,000 cells per well for 

wildtype UM-SCC-92 and 1,000 cells per well for UM-SCC-92 EGFR K/O (cell density 

was reduced due to large cell size) in 50 μL volume in 384-well microplates. The following 

day, cells were treated in quadruplicate with complete media containing 0.5% DMSO or 

inhibitor using a 10-point two-fold dilution series. To accomplish this, 96-well plates with 

inhibitors in 200X concentration was prepared and then diluted to 10X concentration in 

complete media in a second 96-well plate. For these dilutions, the Agilent (Santa Clara, 

CA) Bravo Automated Liquid Handling Platform and VWorks Automation Control Software 

was used as described previously (Michmerhuizen et al., 2019). Cells were treated with the 

desired compound concentration, again using liquid handling robotics. For combination with 

5 μM gefitinib, 5 μL of 50 μM (10X) gefitinib in media to one of two 384 well plates treated 

in parallel with BGJ398 and ADW742 or BV-6 combinations.

In all cases, resazurin (Sigma, St Louis, MO) was dissolved in serum-free media to 440 μM 

and 10 μL was added to each well of cells for 12-24 hours prior to quantification. After 72 

hour exposure, quantification was performed using the Cytation3 fluorescence plate reader 

with 540 nm excitation and 612 nm emission wavelengths. Prism 8 software was used to plot 

the data; concentration response curves were created using the log(inhibitor) vs. response 

-- Variable slope model with four parameters (IC50, top, bottom, and Hill slope) allowed to 

vary.

For monotherapy experiments in UM-SCC-92 WT and EGFR K/O cell lines, the AUC 

model from GraphPad Prism 8 software was used to assess the treatment effect for each cell 

line and compound tested. The average value obtained from two independent experiments 

was used to generate the heatmap shown. Of note, viability data for BV-6/ADW742 from 

concentrations 0.625 μM, 1.25 μM, 2.5 μM and 5 μM are inferred from the dose-response 

curve after nonlinear regression by GraphPad Prism. Statistical analysis of synergism was 

completed using the Combenefit software under the Loewe synergy model (52).
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Trypan Blue Dye Exclusion Assay

To assess growth rates in UM-SCC-92 WT and EGFR K/O models, 20,000 cells were 

seeded per well in 24-well cell culture plates. After 24, 48, 72 or 96 hours, cells were 

trypsinized, pelleted, and resuspended in in 50 μL of medium. 10 μL of cell suspension and 

10 μL of trypan blue dye (0.4%, Invitrogen, Carlsbad, CA) were mixed. Total cell number 

for each well was determined by averaging two determinations using the Automated Cell 

Counter (Invitrogen, Carlsbad, CA). Six technical replicates were performed at each time 

point, and experiments were repeated independently three times.

Western Blotting

Western blot analysis was performed as previously described (Ludwig et al., 2018; Tillman 

et al., 2016). Briefly, 70-80% confluent cells were rinsed with PBS then lysed in RIPA 

buffer containing 1% NP40 as well as protease and phosphatase inhibitors (Catalog Nos: 

186129, 1861277; ThermoFisher, Waltham, MA) as described (Michmerhuizen et al., 

2016). Primary and secondary antibodies were purchased from Cell Signaling Technology 

(Danvers, MA) or Origene (Rockville, MD) and Jackson ImmunoResearch (West Grove, 

PA), respectively. Catalog numbers for all antibodies are given in Table S1. Images at 300 

dpi or greater were digitally retained from all western blots and representative data is shown.

Exome Sequencing and Variant Analysis

Genomic DNA from UM-SCC-92 and EGFR K/O cell line was extracted according to 

Gentra PureGene Handbook (Qiagen, Hilden, Germany) and genotyped. Exome Capture 

Library Construction was performed using the Roche (Basel, Switzerland) NimbleGen V3, 

and paired-end sequencing (2x150 bp) of the captured exons was carried out on an Illumina 

(San Diego, CA) HiSeq 2500 High-Output at the University of Michigan DNA sequencing 

core according to standard protocol as described (Haring et al., 2021). Variant calling was 

performed as previously described. Variants reported were required to have at least 5 reads 

supporting the variant allele, and variants reported as intergenic or intronic were filtered out.

RNA Sequencing

RNA was isolated with the Qiagen (Hilden, Germany) RNeasy Spin Prep Kit and submitted 

to the University of Michigan DNA sequencing core as described (Mann et al., 2023). 

Sequencing libraries were prepared according to manufacturer’s protocols with the Illumina 

(San Diego, CA) TruSeq stranded mRNA kit and sequenced by paired end sequencing on 

the Illumina HiSeq 2500-Rapid as previously described (Ludwig et al., 2018).

Transcriptome Quantification

Quality of the RNA sequencing reads was determined using FastQC v0.11.5 and no quality 

issues were identified. A two-step alignment protocol of Star v2.5.3a was used to map 

the reads. Genome index files were generated in the first step with the help of reference 

human genome and annotated transcriptome files. These index files were then used to guide 

read mapping in the second step. To retain only uniquely mapped reads, Samtools v1.9 

and Picard v2.4.1 were used. Further, FPKM was computed using Cufflinks v2.2.1 with 

default parameters except for “--max-bundle-frags” which was changed to 100000000. This 
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modification was made to avoid raising of the HIDATA flag at loci that have more fragments 

than the pre-set threshold for every locus as described (Heft Neal et al., 2021). Raw FPKM 

values were compared for UM-SCC-92 wildtype and EGFR K/O cell lines.

Gene Set Enrichment Analysis

Gene set enrichment analysis was performed on all genes with FPKM > 1 using the software 

GSEA v4.03 from the Broad Institute (http://software.broadinstitute.org/gsea/index.jsp). We 

prepared the Pre-ranked gene list based on the log2-folder change and selected the gene sets 

used from the Molecular Signatures Database v7.0, including hallmark gene sets, motif gene 

sets, GO biological process gene sets, oncogenic gene sets and immunologic gene sets.

Transcript Analysis by qPCR

Cells were rinsed with PBS and then preserved in Qiazol (Qiagen, Hilden, Germany) 

at −80°C until RNA extraction was performed using RNeasy Spin Kit (Qiagen, Hilden, 

Germany) according to manufacturer recommendations. cDNA templates were then 

synthesized using random primers and SuperScript III Reverse Transcriptase (Invitrogen, 

Carlsbad, CA) as described (Mann et al., 2019). Primers used for qPCR analysis are 

listed in Table S2. Amplification by qPCR was performed with Quantitech Sybr Green 

(Qiagen, Hilden, Germany) on QuantStudio5 (Applied Biosystems, Foster City, CA) under 

the cycling conditions recommended by manufacturer.

Results

Generation of an EGFR Knockout Model to Study EGFR Resistance

To begin, we generated CRISPR/Cas9-mediated knockout (K/O) of EGFR in the patient-

derived HNSCC cell line, UM-SCC-92. The UM-SCC-92 wildtype (WT) cell line has 3 

copies of EGFR (Ludwig et al., 2018), and in our newly derived knockout cell line, all 

three alleles of EGFR contain deletions leading to deleterious frame-shifts (Figure 1A). 

EGFR protein expression is not detected by Western blot confirming knockout of expression 

(Figure 1B). Given the loss of EGFR protein expression in the knockout, we then used 

immunoblotting to evaluate any changes in cell signaling between UM-SCC-92 WT and 

EGFR K/O cell lines. We observed that downstream activation of effectors such as AKT and 

ERK1/2 were still present in the EGFR K/O, despite the lack of EGFR (Figure 1B).

Based on previous results from our lab and others showing that EGFR and FGFR inhibitor 

dual-therapy is effective in preclinical models of HNSCC (Goke et al., 2015; Koole et 

al., 2016; Michmerhuizen et al., 2022; von Massenhausen et al., 2013), we postulated that 

a complete loss of EGFR signaling may lead to reliance on FGF signaling if the FGF 

signaling pathway was indeed a primary compensatory pathway in a particular model. We 

also observed an increase in FGFR1 protein expression in the EGFR K/O, consistent with 

the upregulated FGFR1 gene expression (Figure S1). Furthermore, MET phosphorylation 

or total protein expression was unchanged, again suggesting that this pathway may not be 

a critical mediator of EGFR signaling in UM-SCC-92. Finally, we evaluated expression 

of IGF-1R and XIAP based on the efficacy of EGFR and IGF-1R or XIAP inhibition in 
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HNSCC models (Guix et al., 2008; Jameson et al., 2011), but little change in the expression 

of either IGF-1R or XIAP was noted in the K/O model.

We noted that the EGFR K/O cell line also displays morphological differences as compared 

to the parental UM-SCC-92 cell line, perhaps indicative of a more mesenchymal phenotype 

(Figure 1C). Additionally, consistent with the known role of EGFR in cell growth and 

proliferation, the EGFR K/O cell line has a significantly slower proliferation rate than 

UM-SCC-92 cells with wildtype EGFR (Figure 1D).

Genetic and Molecular Characterization of the Knockout Model

As the EGFR K/O cell line, while slower growing, was capable of surviving without 

EGFR, we next wanted to interrogate the gene or pathway that might be compensating 

for the loss of EGFR signaling. We first postulated that a gain of function mutation 

might have occurred during the CRISPR/Cas9 and cloning process, which would help the 

EGFR K/O cell line survive. Exome sequencing of the EGFR K/O cell line identified 89 

non-synonymous mutations not observed in WT UM-SCC-92 cells (Ludwig et al., 2018). 

The non-synonymous mutations are categorized by effect score in Table S3. Importantly, 

there were no gain of function mutations in notable kinases including Ras, PI3Kα, or FGF 

receptors. This analysis also confirmed that no wild type reads were observed in the EGFR 
knockout model across the EGFR gRNA target site (data not shown). We then analyzed 

the transcriptome of the EGFR K/O cell line, hypothesizing that a compensatory pathway 

may be upregulated in response to the loss of EGFR. This analysis generated a signature 

of 222 genes that were >2 log2-fold overexpressed and 288 genes that were >2 log-2-fold 

repressed in the knockout model compared to control cells, of which 23 were kinases 

(Table S4). We then analyzed the full rank list of genes for enriched molecular concepts 

with FDR < 0.05 using GSEA software. We identified one gene set that was positively 

correlated with our transcriptome signature, Hallmark Epithelial to Mesenchymal Transition 

(Figure 2A), which was consistent with the morphological changes observed in the 

knockout model (Figure 1C). The analysis also identified 91 gene sets that were negatively 

correlated with our knockout signature, including GO_Keratinization, GO_Cornification 

and GO_Epidermal Differentiation (Figure 2A), supporting a de-differentiation phenotype 

towards a basal cell phenotype of the knockout model. Indeed, further analysis of classical 

Epithelial to Mesenchymal Transition associated genes including CDH1 (E Cadherin), 

CDH2 (N Cadherin), VIM (Vimentin), SNAI1 (Snail1), SNAI2 (Snail2), ZEB1 and TWIST1 
confirmed the associated biochemical changes between the EGFR K/O and WT cell line 

(Figure S1)

To then understand how EGFR K/O may help identify synergistic pathway targets, we 

analyzed the expression of gene targets of small molecules identified in our high throughput 

screen above. The greatest changes in expression were observed in FGFRs: there was a 

dramatic increase in FGFR1 gene expression in the EGFR K/O cell line, and FGFR2 
and FGFR3 were downregulated (Figure 2B). We confirmed the upregulation of FGFR1 
and downregulation of FGFR2 that was observed in the RNAseq data by qPCR (Figure 

S2). PIK3CA, a known compensatory signaling mechanism to loss of EGFR, showed no 

transcriptome changes.
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Sensitivity of EGFR Knockout Cells to Small Molecule Inhibitor Mono- and Di-Therapies

To further explore pathways responsible for compensatory resistance following EGFR 

depletion, we profiled the responses of UM-SCC-92 WT and EGFR K/O cells to a panel 

of small molecule inhibitors as monotherapies, hypothesizing that EGFR K/O cells would 

display heightened sensitivity to treatment with single agent inhibitors targeting genes or 

pathways co-dependent with EGFR signaling. Using resazurin cell viability assays, we 

surprisingly observed that responses to monotherapies were modest at best. Overall, no 

single agent resulted in exquisite sensitivity in the K/O model. Specific treatments were 

capable, however, of shifting responses toward sensitivity or resistance in each model 

(Figure 3A). For example, we observed that a decrease in cell viability is observed with 

high concentrations of gefitinib in the WT UM-SCC-92 cell line, but the EGFR K/O cell 

line does not respond to EGFR inhibition (Figure 3A). Additionally, PI3Kα/δ inhibitor 

pictilisib was less effective in the EGFR K/O cell line (Figure 3B), perhaps due to the 

upregulation of PIK3CD gene expression identified in this cell line (Figure 2B). EGFR K/O 

cells were slightly more sensitive to FGFR inhibition using BGJ398, and XIAP inhibition 

using BV-6 as compared the UM-SCC-92 WT model, but displayed minimal changes in 

sensitivity to IGF-1R inhibitor ADW742 (Figure 3C-E). Nevertheless, the majority of EGFR 

K/O cells were still viable following treatment with micromolar concentrations of these 

three inhibitors.

Based on the limited sensitivity of EGFR K/O cells to targeted small molecule inhibitors 

as monotherapies, we sought to evaluate the hypothesis that EGFR K/O cells would be 

responsive to combination therapies targeting additional compensatory signaling pathways. 

Thus, we examined the responses to FGFR inhibitor combinations in UM-SCC-92 WT and 

EGFR K/O cells. Our dual-therapy experiments demonstrated that the ability of BV-6 and 

ADW742 treatment to decrease cell viability synergistic over a much greater range of dose 

combinations with BGJ398 in UM-SCC-92 EGFR K/O cells, but not in WT cells (Figure 

4A-D). This suggested, as we hypothesized, that the EGFR K/O clone was dependent on 

both FGFR and on additional pathways (including those involving IGF-1R and XIAP). 

Of note, dual-therapies were not universally more effective in the K/O model; BV-6 and 

ADW742 co-treatment displayed non-synergistic effects in both the UM-SCC-92 WT and 

EGFR K/O cell lines (Figure S3,4).

To determine if co-dependence on FGFR and either IGF-1R or XIAP was a specific effect 

of the lack of EGFR signaling in the K/O model, we then tested the dependence of these 

inhibitors on EGFR activity in the UM-SCC-92 WT cells treated with tri-therapies of 

gefitinib, BGJ398 and either ADW742 or BV-6 (Figure 4E, F). Here, we observed that the 

addition of 5 μM gefitinib (this concentration does not affect UM-SCC-92 cell viability 

when administered as monotherapy) to BGJ398 and ADW742 or to BGJ398 and BV-6 in 

WT cells further improved the effects of each dual-therapy, analogous to what was observed 

in the EGFR K/O model. Thus, the inhibition of FGFR and either IGF-1R or XIAP in the 

absence of EGFR signaling is more beneficial than the dual inhibition of FGFR and either 

IGF-1R or XIAP.

Finally, we tested if these combinations could reverse EGFR inhibitor resistance in a 

model with innate resistance to Cetuximab. Review of the literature for models of intrinsic 

Ludwig et al. Page 9

Arch Oral Biol. Author manuscript; available in PMC 2024 June 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cetuximab resistance identified a series of papers that characterize UM-SCC-104, as 

naturally Cetuximab resistant (intrinsic resistance) (Baysal et al., 2020; De Pauw et al., 

2018). We confirmed expression of each target gene in the cell line, and expression is shown 

relative to other HNSCC cell lines, Figure S4. Consistent with the published Cetuximab 

resistance data, Gefitinib did not inhibit proliferation of this model under our experimental 

system. Critically, the addition of FGFR and either IGF-1R or XIAP inhibitors showed little 

to no effect in the model in the absence of Gefitinib, but the triad of EGFR, FGFR and 

IGF1R inhibition induced significant synergistic loss of proliferation (Figure 5, Figure S5, 

Table S5). This data is consistent with the concept of multi-tyrosine kinase compensation as 

a mechanism of EGFR inhibitor resistance in HNSCC.

Discussion

Our UM-SCC-92 CRISPR/Cas9-mediated EGFR knockout cell line represents a unique and 

powerful model to reveal important insights about EGFR depletion in HNSCC. Frequent 

overexpression of EGFR in this cancer type (Grandis & Tweardy, 1993; Ozanne et al., 

1986) suggests the functional importance of the EGFR signaling pathway in HNSCC, but 

the effects of EGFR depletion are incompletely understood due to limitations of other 

common model systems. For example, the contribution of EGFR to oncogenic phenotypes is 

difficult to assess using siRNA or shRNA due to the incomplete knockout provided by these 

techniques. EGFR inhibitors block only a subset of the functions of the receptor, depending 

on their interaction site, and leave inactive EGFR protein in the cell. EGFR homozygous 

knockout mice display strain-specific deleterious phenotypes; if viable at all, these mice do 

not reach three weeks of age (Sibilia & Wagner, 1995). In contrast, the UM-SCC-92 EGFR 
K/O cell line is to our knowledge the first HNSCC model with complete loss of EGFR and 

may represent the optimal model for the advancing class of EGFR-degrading molecules that 

are currently in development.

Characterization of our EGFR K/O model identified both expected and unexpected 

phenotypes. For example, we observed that our EGFR K/O cells, consistent with the 

role of EGFR signaling in cell proliferation, displayed blunted growth compared to WT 

UM-SCC-92 cells (Figure 1D). A similar finding was reported when CRISPR/Cas9 was 

used to knockout EGFR in a renal cell carcinoma cell line that overexpressed the receptor 

prior to genome editing (Liu et al., 2020). We also found, as expected, that EGFR knockout 

cells had reduced sensitivity to EGFR inhibitor gefitinib (Figure 3A). Additionally, even 

though EGFR overexpression has been implicated in cancer metastasis (Radinsky et al., 

1995), characterization of our EGFR K/O model revealed a mesenchymal phenotype (Figure 

1C), suggesting that mesenchymal signaling may be a critical factor in bypassing EGFR-

dependence. This result included the downregulation of genes involved in keratinization and 

upregulation of genes necessary for epithelial to mesenchymal transition (EMT) (Figure 

2A). Importantly, our data is consistent with previous data suggesting that EMT can be 

driver of EGFR inhibitor resistance in non-small cell lung cancer (Weng et al., 2019; 

Yochum et al., 2019) and HNSCC (Cardnell et al., 2013; Haddad et al., 2009).

Also consistent with previous reports is our data highlighting FGFR signaling as a possible 

mechanism of resistance to EGFR-targeting therapy (Goke et al., 2015; Koole et al., 2016; 
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von Massenhausen et al., 2013). Further, XIAP antagonists have also shown synergism 

with EGFR-targeting agents in HNSCC and other cancer types (Foster et al., 2009; Lee 

et al., 2014; Michmerhuizen et al., 2022), and while XIAP expression was unchanged in 

EGFR K/O cells (Figure 2B), our EGFR K/O cells were more sensitive than wildtype 

cells to treatment with XIAP inhibitor BV-6 (Figure 3E). The sensitivity of K/O cells to 

combined FGFR and IGF-1R or XIAP inhibition (Figure 4) suggests that UM-SCC-92 cells 

are dependent on multiple signaling pathways, including not only EGFR and FGFR, but also 

IGF-1R and/or XIAP. This result has at least two important implications with the potential 

to improve targeted therapy regimens for HNSCC. First, these data and others demonstrate 

synergistic effects of a XIAP inhibitor and FGFR inhibitor following short- or long-term 

EGFR depletion which suggests incorporation of IAP inhibitors may facilitate clinically 

tolerable combinations of EGFR and FGFR inhibitors. Combinations of EGFR and FGFR 

inhibitors are associated with dose-limiting toxicities both in vivo and in clinical trials (Das 

et al., 2015); however XIAP inhibition could allow EGFR- and FGFR-targeting therapies to 

be used in lower, safer quantities. A recent study in HNSCC has shown administration of 

an IAP inhibitor with concurrent chemoradiation results in significantly improved outcomes 

compared to chemoradiation alone without a significant increase in toxicities (Sun et al., 

2020). These results support the potential role of IAP inhibition as a synergistic approach in 

HNSCC. Second, given the lack of clinical response following EGFR and IGF-1R inhibitors 

in clinical studies to date, our findings suggest that signaling through FGFR or even other 

RTKs may be responsible for resistance to EGFR and IGF-1R dual-therapy and motivate 

additional exploration of this hypothesis in preclinical models. As such, understanding how 

to effectively treat tumors with rapid multi-kinase compensation as we observed in this 

model system remains an important area of investigation in our field, and recent data has 

novel agents that may prove better tolerated in EGFR inhibitor combinations (Jin et al., 

2021).

In summary, we present here a novel model of total, long-term depletion of EGFR in 

HNSCC. Through our investigation of the consequences of EGFR knockout on cell gene 

expression and drug response, we reveal possible compensatory mechanisms that might be 

leveraged in future studies to overcome resistance to EGFR inhibition and provide additional 

targeted therapy regimens that offer a survival benefit in HNSCC.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

This work was supported by the National Institutes of Health National Institute of Dental and Cranofacial Research 
(Grant U01-DE025184), the National Science Foundation (Grant DGE-1256260), and funds from the American 
Head and Neck Society. NLM received support from a National Science Foundation Graduate Research Fellowship 
DGE-1256260, and MLL was supported by F31 CA206341-03 from the National Institutes of Health National 
Institute of Dental and Cranofacial Research.

Abbreviations:

DMEM Dulbecco’s Modified Eagle’s Medium

Ludwig et al. Page 11

Arch Oral Biol. Author manuscript; available in PMC 2024 June 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



DMSO dimethyl sulfoxide

DNMT DNA methyl transferase

EGFR epidermal growth factor receptor

FBS fetal bovine serum

FGFR fibroblast growth factor receptor

HNSCC head and neck squamous cell carcinoma

IC50 half-maximal inhibitory concentration

IGFR insulin-like growth factor receptor

MEV multiple experiment viewer

PI3K phosphatidylinositol 3-kinase

XIAP X-linked inhibitor of apoptosis
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Figure 1. Generation and Characterization of UM-SCC-92 EGFR K/O Cells.
(A) Sanger sequencing was performed to confirm EGFR knockout in UM-SCC-92 cells. (B) 

Western blot analysis of phosphorylated and total EGFR, MET, AKT, and ERK expression 

or of total FGFR1, IGF-1R, XIAP in UM-SCC-92 WT and EGFR K/O cells. β-actin and 

GAPDH were used as loading controls. Experiments were performed in at least duplicate, 

and representative images are shown. (C) Representative images of UM-SCC-92 WT and 

EGFR K/O cells taken at 40X on Nikon Eclipse TS100. Scale bar (400 μm) is shown. (D) 

Total cell number for UM-SCC-92 WT and EGFR K/O cells following 24, 48, 72, or 96 

hours of growth.
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Figure 2. Transcriptional analysis of UM-SCC-92 EGFR K/O Cells identifies a mesenchymal 
gene signature, with multiple upregulated kinases.
RNA sequencing was performed for UM-SCC-92 WT and EGFR K/O cells, followed by 

identification of individual genes with significantly higher or lower expression levels in 

EGFR K/O cells and gene set enrichment analysis. (A) Enrichment plots show that the 

Hallmark epithelial to mesenchymal transition gene set and GO keratinization gene set were 

significantly up- and downregulated, respectively, in EGFR K/O cells. (B) Differential gene 

expression (log2 fold change of UM-SCC-92 EGFR K/O compared to WT) for top-scoring 

and/or validated targets from small molecule profiling.
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Figure 3. Effects of Monotherapy Treatment in UM-SCC-92 WT and EGFR K/O Cells.
(A) UM-SCC-92 WT and EGFR K/O cells were treated with increasing concentrations of 

the targeted small molecule inhibitors shown for 72 hours. Cell viability was measured 

using a resazurin cell viability assay, and the average area under the curve was calculated 

using the mean and s.d. of quadruplicate determinations from at least two independent 

experiments. Representative data (mean and s.d. of quadruplicate determinations from a 

single independent experiment) is shown for (B) PI3K α/δ inhibitor pictilisib, (C) FGFR 

inhibitor BGJ398, (D) IGF-1R inhibitor ADW742, and (E) XIAP inhibitor BV-6.
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Figure 4. Effects of Combination Therapy Treatment in UM-SCC-92 WT and EGFR K/O Cells.
UM-SCC-92 EGFR K/O cells were treated with increasing concentrations of FGFR inhibitor 

BGJ398 and/or IGF-1R inhibitor ADW742 (A) or XIAP inhibitor BV-6 (B) for 72 hours. 

UM-SCC-92 WT cells were treated similarly in the absence (C, D) or presence (E, F) 

of 5 μM gefitinib. Cell viability was measured using a resazurin cell viability assay. Each 

point is the mean and s.d. of quadruplicate determinations from a single experiment. Each 

experiment was repeated independently at least twice with similar combination effects; 

representative data is shown along with analysis using Combenefit software (Di Veroli et 

al., 2016). Synergy is tested for each drug concentration dose using the Lowe synergy 

model, and regions of dark blue within the 3D plots indicate dose combinations with strong 

synergistic effects, while regions of green are non-synergistic. Regions of red would indicate 

antagonism, however, none of the drug combinations evaluated demonstrated antagonism.
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Figure 5. Effects of Combination Therapy Treatment in UM-SCC-104 cells.
UM-SCC-104 cells were treated with increasing concentrations of FGFR inhibitor BGJ398 

and/or IGF-1R inhibitor ADW742 (A) or XIAP inhibitor BV-6 (C) for 72 hours. UM-

SCC-104 cells were treated similarly in the presence of 5 μM gefitinib (B, D). Cell viability 

was measured using a resazurin cell viability assay. Each data point from dose-response 

curve is the mean and SD of quadruplicate determinations from a single experiment. Each 

experiment was repeated independently at least twice with similar combination effects; 

one representative data is shown by dose-response curve and two independent repeats are 

combined and shown by 3D plot after analysis using Combenefit software (Di Veroli et al., 

2016). Regions of dark blue within the 3D plots indicate dose combinations with strong 

synergistic effects as in Figure 4. Of note, 0.195 μM BGJ398 and its corresponding BV-6 

drug combinations with 5 μM gefitinib data points were removed from Combenefit analysis 

(D), because these data points cannot fit into its dose-response curve. Of note, viability data 

for BV-6/ADW742 from concentrations 0.625 μM, 1.25 μM, 2.5 μM and 5 μM are inferred 

from the dose-response curve after nonlinear regression by GraphPad Prism.
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