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Abstract: 

Our lab has previously shown that some gefitinib insensitive head and neck squamous 

cell carcinoma (HNSCC) cell lines exhibit dominant autocrine fibroblast growth factor 

receptor (FGFR) signaling. Herein, we deployed a whole genome loss-of-function 

screen to identify genes whose knockdown potentiated the inhibitory effect of the FGFR 

inhibitor, AZ8010, in HNSCC cell lines. Three HNSCC cell lines expressing a genome-

wide shRNA library were treated with AZ8010 and the abundance of shRNA sequences 

was assessed by deep sequencing. Underrepresented shRNAs in treated cells are 

expected to target genes important for survival with AZ8010 treatment. Synthetic lethal 

hits were validated with specific inhibitors and independent shRNAs. We found that 

multiple alternate receptors provided protection from FGFR inhibition, including receptor 

tyrosine kinases (RTKs), epidermal growth factor receptor 2 (ERBB2) and hepatocyte 

growth factor receptor (MET).  We showed that specific knockdown of either ERBB2 or 

MET in combination with FGFR inhibition led to increased inhibition of growth relative to 

FGFR tyrosine kinase inhibitor (TKI) treatment alone. These results were confirmed 

using specific small molecule inhibitors of either ERBB family members or MET. 

Moreover, the triple combination of FGFR, MET and ERBB family inhibitors showed the 

largest inhibition of growth and induction of apoptosis as compared to the double 

combinations. These results reveal a role for alternate RTKs in maintaining pro-growth 

and survival signaling in HNSCC cells in the setting of FGFR inhibition. Thus, improved 

therapies for HNSCC patients could involve rationally designed combinations of TKIs 

targeting FGFR, ERBB family members and MET. 
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Introduction: 

 Over 500,000 patients worldwide are diagnosed with HNSCC yearly. With a 5-

year survival of only 50% (Haddad et al., 2008), HNSCC exhibits one of the poorest 

survival rates among common cancer types.  Therapy for HNSCC has seen little 

advancement in recent years and largely involves improved chemotherapy schedules 

and use of intensity-modulated radiation (Murdoch 2007). Unlike other cancers, the 

frequency of oncogenic driver mutations (Agrawal et al., 2011; Stransky et al., 2011) in 

HNSCC is low. Rather, HNSCC tumors are characterized by mutations in tumor 

suppressors such as tumor protein 53 (p53), cyclin-dependent kinase inhibitor 2A 

(p16Ink4A), phosphatase and tensin homolog (PTEN) and retinoblastoma protein (Rb) 

(reviewed in (Leemans et al., 2011)). Approximately 90% of HNSCC tumors 

overexpress epidermal growth factor receptor (EGFR) (Dassonville et al., 1993) and 

EGFR ligands, correlating with poor prognosis (Dassonville et al., 1993; Grandis et al., 

1996; Grandis et al., 1998; Ang et al., 2004). From this evidence, trials of the EGFR 

TKIs, gefitinib and erlotinib, and the inhibitory antibody, cetuximab, were completed in 

HNSCC patients. While no significant response to EGFR TKIs was observed, cetuximab 

yielded a modest increase in survival (Cohen et al., 2003; Soulieres et al., 2004; Cohen 

2006; Specenier et al., 2011) and is approved for HNSCC treatment (Specenier et al., 

2011).  

 The hypothesis that tumor heterogeneity across a cancer type dictates 

therapeutic response forms the basis of personalized medicine and shows promise for 

improved treatment of non-small cell lung cancer (NSCLC). In trials of NSCLC patients 

treated with an EGFR TKI, responses are limited to tumors bearing EGFR mutations 
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(Shepherd et al., 2005; Gazdar 2009). However, EGFR mutations are rare in HNSCC 

(Agrawal et al., 2011; Stransky et al., 2011) and attempts to match EGFR expression or 

gene copy number with cetuximab response have failed (Egloff et al., 2009; Licitra et 

al., 2011). Recently, we showed that a possible intrinsic resistance mechanism of 

HNSCC cells to EGFR inhibition is mediated by an RTK autocrine loop comprised of 

FGFRs and fibroblast growth factor 2 (FGF2) that could be inhibited with FGFR TKIs 

(Marshall et al., 2011). This work highlighted an FGFR autocrine loop as a novel target 

for improved HNSCC therapy and illustrated how growth of tumors may be driven 

distinct from traditional oncogenic mutations. 

 Evidence supports the activity of other alternate RTKs in growth of HNSCC. 

ERBB2 is a dominant mediator of growth in a subset of breast cancers (Perou et al., 

2000). Also, ERBB2 is amplified in esophageal squamous cell carcinomas (ESCCs) and 

overexpression is linked to lowered survival (Sato-Kuwabara et al., 2009). ERBB2 is 

overexpressed in 20-40% of HNSCC tumors with gene amplification in 5-10% of cases, 

correlating with decreased survival (reviewed in (Morgan et al., 2009)). A role for an 

additional RTK, MET, is emerging in HNSCC. MET is overexpressed in some HNSCC 

tumors and efficacy of MET TKIs to reduce survival and migration of HNSCC cells has 

been shown (Seiwert et al., 2009). However, the full role of this RTK in the survival of 

HNSCC cells remains uncertain. 

 Following the success of the ABL inhibitor, imatinib mesylate, in the treatment of 

BCR-ABL-positive chronic myeloid leukemia (CML) (Druker 2002), cancer research has 

increasingly focused on identifying and targeting similar driver events in other cancers 

(Stambuk et al., 2010). The success of imatinib lies primarily in BCR-ABL being the sole 
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driving event for CML (Druker 2002), but other cancers have not proven as tractable. 

NSCLC is not characterized by a single driver, but by many, resulting in the need for 

patient stratification before treatment (Ladanyi et al., 2008). Some drivers are difficult to 

identify, as illustrated by the response of HNSCC patients to EGFR inhibitors 

(Kalyankrishna et al., 2006) while others, exemplified by RAS, remain difficult to target 

(Hopkins et al., 2002). In addition, even with targeted therapy, a significant number of 

patients will develop resistance (O'Dwyer et al., 2004). As a result, attention has 

focused on discovering biomarkers for patient selection as well as exploring novel 

combination therapies (Morse et al., 2010). With this goal, we performed a genome-

wide shRNA loss-of-function screen to identify targets whose inhibition would improve 

the response of HNSCC cells to FGFR TKIs. We found that HNSCC cell lines rely on 

the activation of multiple alternate RTKs, including ERBB2 and MET, to fully establish 

growth and survival. Our findings are consistent with the hypothesis of RTK coactivation 

(Xu et al., 2010) and responds to a call for development of therapies comprised of 

combinations of targeted inhibitors (Glickman et al., 2012). 

 

 

 

 

 

 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on January 31, 2013 as DOI: 10.1124/mol.112.084111

 at A
SPE

T
 Journals on A

pril 9, 2024
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #84111 

 9 

 

Materials and Methods: 

 

Cell Culture: All HNSCC cell lines used in this study were submitted to fingerprint 

analysis by the University of Colorado Cancer Center DNA Sequencing and Analysis 

Core confirming their authenticity.  Cell lines were routinely cultured in Dulbecco’s 

modified Eagle medium (DMEM) or Roswell Park Memorial Institute-1640 (RPMI-1640) 

(584-A2, MSK-921) growth medium (Invitrogen, Carlsbad, CA) supplemented with 10% 

fetal bovine serum (FBS) with 1% penicillin-streptomycin (Sigma-Aldrich, St. Louis, MO) 

at 37°C in a humidified 5% CO2 incubator.  

 

Lentivirus Preparation: The HIV based GeneNet Lentiviral Human 50K library (pSIH1-

H1-Puro, System Biosciences, SBI, Mountain View, CA) was packaged in 293T cells 

with packaging component vectors coding for VSV-G, Gag, Pol, and Rev (generously 

provided by Dr. Douglas Graham, Dept. Pediatrics, UC Denver Anschutz Medical 

Campus). Cells were incubated overnight with Turbofect transfection reagent 

(Fermentas, Glen Burnie, MD), packaging vectors and library. The lentiviruses released 

into the medium were filtered using a 0.45 μm filter (Corning Inc., Corning, NY). 4x106 

cells from each of the cells lines UMSCC25, 584-A2, and CCL30 were plated and 

transduced 24 hrs later with the SBI shRNA library containing viral media and 8 μg/mL 

polybrene (Sigma-Aldrich) at a multiplicity of infection (MOI) of ~0.2. Viral titer was 

determined by serial dilution. After 72 hrs, transfected cells were selected with 

puromycin (1 μg/mL) for 5 days. For validation of synthetic lethal hits, five independent 
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shRNAs (Supplemental Table 1) in the lentiviral vector pLKO.1 and the pCMV-VSV-G 

and pΔ8.9 packaging component vectors were obtained from the Functional Genomics 

Facility at the University of Colorado at Boulder. All cultures were confirmed for knock 

down and submitted to growth assays within three passages of puromycin (1 μg/mL, 

Sigma-Aldrich) selection. 

 

Genome-Wide RNAi-Based Functional Screening: Library expressing HNSCC cells 

were divided into six groups of 5x106 cells per T-75 flask (BD Biosciences, Franklin 

Lakes, NJ), where three were treated with vehicle (dimethyl sulfoxide, DMSO) and three 

groups were treated with AZ8010 (1.0 μM for UMSCC25, 0.125 μM for 584-A2 and 0.5 

μM for CCL30). After 72 hrs, the cells were placed in media without drug for an 

additional 72 hrs. Total RNA was purified from each replicate using an RNeasy Mini Kit 

(Qiagen, Germantown, MD) and reverse transcribed using vector specific primers (SBI) 

and MMLV reverse transcriptase (Invitrogen, Carlsbad, CA). The cDNA was amplified 

using nested PCR to isolate the shRNA sequences and to add Illumina adapter 

sequences. The samples were sequenced on an Illumina Genome Analyzer IIx 

(Illumina, San Diego, CA). 

 

Bioinformatics Analysis: To analyze and interpret the sequence data obtained from 

the Genome Analyzer, we used the bioinformatics pipeline, BiNGS! (Bioinformatics for 

Next Generation Sequencing) (Kim et al., 2012), as described and validated in previous 

studies (Casas-Selves et al., 2012; Porter et al., 2012; Sullivan et al., 2012). Briefly, 

after filtering steps, Negative Binomial (NB) was then used to model the distribution of 
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read counts of the data using edgeR (Robinson et al., 2007). The q-value of the false 

discovery rate (FDR) was calculated for multiple comparisons. In order to combine 

multiple shRNAs into genes, we adapted weighted Z-transformation It is based on the 

product of q-value, which follows a chi-square distribution with 2k degrees of freedom 

(where k is the number of p-values) (Whitlock 2005).  Lists of genes with differentially 

represented shRNAs were ranked using the associated p-value [P(wZ)]. By multiplying 

the P(wZ) value by the rank of the gene, an E-value was obtained. E-value is an 

estimation of false positivity. The resulting data sets have been deposited in NCBI GEO 

Database (Accession #GSE39305) 

 

Clonogenic Growth Assay: To measure the effect of inhibitors or shRNA-mediated 

knock down on cell growth, cells were seeded at 100 cells per well in six well tissue 

culture plates in full media. After 24 hrs, cells were treated as indicated and cultured for 

14 days with the addition of fresh media containing inhibitors every 7 days. Plates were 

rinsed twice with phosphate buffered saline (PBS) and fixed and stained with 0.5% 

(wt/vol) crystal violet in 6.0% (vol/vol) gluteraldehyde solution for 30 min at room 

temperature. Plates were rinsed in distilled H2O and photographed. The MetaMorph 

imaging software program (Molecular Devices, Downingtown, PA) was used to quantify 

total colony area. 

 

Anchorage-Independent Growth Assay: In order to measure the effect of inhibitors 

on anchorage independent growth, 20,000 cells were suspended in 1.5 mL of growth 

media containing 0.35% Difco agar noble (Becton, Dickinson and Co., Franklin Lakes, 
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NJ) and overlaid on a base layer of growth media containing 0.5% agar noble. Drugs 

were added by overlay with 2 mL growth media. Media and drugs were replaced once a 

week. After 14 days, plates were stained for 24 hrs with 200 μL of 1 mg/mL nitroblue 

tetrazolium and photographed. MetaMorph was used to quantify total colony number. 

 

Cell Proliferation Assay: Cells were plated at 50 cells per well in either 96 or 48 well 

tissue culture plates and treated with inhibitors at various doses. After the DMSO-

treated control wells had become confluent (1-2 weeks), cell numbers were assessed 

using a CyQUANT Direct Cell Proliferation Assay (Invitrogen) according to the 

manufacturer’s instructions. 

 

Immunoblot Analysis: Phospho-extracellular signal regulated kinase (ERK), phospho-

MET, phospho-AKT, phospho-ERBB2, phospho-EGFR, phospho-STAT3, poly ADP 

ribose polymerase (PARP) and caspase-3 levels in HNSCC cells were measured by 

immunoblotting. Cells in 10 cm tissue culture dishes were treated with different 

inhibitors in full growth media. After treatment, cells were rinsed once in PBS, collected 

in PBS and centrifuged at 2,000 x g for 3 min. The cell pellet was lysed in buffer 

containing 0.5% Triton X-100, 50 mM β-glycerophosphate (pH 7.2), 0.1 mM Na3VO4, 2 

mM MgCl2, 1 mM EGTA, 1mM DTT, 0.3 M NaCl, 2 μg/mL leupeptin and 4 μg/mL 

aprotinin. Samples were centrifuged at 13,000 x g for 5 min and the particulate fraction 

was discarded. Aliquots of cell extracts were added to 25 μL of sodium dodecyl sulfate 

(SDS) loading buffer and proteins were resolved by SDS-PAGE. After electrophoretic 

transfer to nitrocellulose, filters were blocked in 3% bovine serum albumin (BSA; Cohn 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on January 31, 2013 as DOI: 10.1124/mol.112.084111

 at A
SPE

T
 Journals on A

pril 9, 2024
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #84111 

 13

Fraction V, ICN Biomedicals, Inc., Aurora, OH) in Tris-buffered saline with 0.1% Tween 

20 (TTBS). The filters were then incubated overnight at 4°C with anti-phospho-Erk, 

phospho-MET (Tyr1234/1235), phospho-Akt (Thr308), phospho-ERBB2 (Tyr1248), 

phospho-STAT3 (Ser727) (Tyr705), PARP or caspase-3 (Cell Signaling Technology, 

Inc., Danvers, MA, #9101, #3077, #4056, #2247, #3281, #9134, #9145, #9542 and 

#9661) The filters were washed three times in TTBS and incubated for one hour at room 

temperature with alkaline phosphatase coupled goat anti-rabbit antibodies. The filters 

were developed using LumiPhos reagent (Pierce, Rockford, IL) according to the 

manufacturer’s instructions. The filters were stripped and reprobed for total ERK1 and 2 

or Na/K-ATPase using a mixture of ERK1 and ERK2 antibodies or Na/K-ATPase α-

subunit antibodies (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, sc-93, sc-154 and 

sc-21712). The filters were also reprobed for total MET, total AKT, total STAT3, total 

ERBB2 and total EGFR (Cell Signaling Technology, Inc., #3127, #9272, #9132, #2242 

and #2232).  

 

Caspase 3 Activity Assay: Caspase 3 activity was assessed as previously described 

(Matassa et al., 2001). 

 

Chemicals: AZ8010 and AZD8931 were obtained by Material Transfer Agreements 

from AstraZeneca (Wilmington, DE). PF02341066 and lapatinib were obtained from 

Selleck Chemicals (Houston, TX). 
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Results: 

A synthetic lethal screen identifies genes whose silencing enhances 

growth inhibition by FGFR-specific TKIs. In order to identify targets whose inhibition 

would sensitize HNSCC cells to FGFR TKIs, three cell lines expressing a genome-wide 

library of shRNAs were used in a loss-of-function screen (Fig. 1A). The HNSCC cell 

lines used to express the shRNA library were UMSCC25 and 584-A2, cell lines derived 

from tumors of the larynx, and CCL30, derived from a tumor of the nasal septum. 

UMSCC25 cells are highly dependent on EGFR for growth and signaling while FGFRs 

function as an auxiliary growth pathway (Supplemental Figure 1A and (Marshall et al., 

2011)). By contrast, CCL30 and 584-A2 cells are dependent on FGFR alone for growth 

as evidenced by high sensitivity to treatment with the FGFR specific TKI, AZ8010 

(Supplemental Figure 1A and B, (Marshall et al., 2011)). The levels of EGFR and 

FGFRs in these cell lines were published previously (Marshall et al., 2011). 

Cell lines stably expressing the lentiviral shRNA library with the majority of cells 

expressing only one shRNA were treated with DMSO for 72 hours followed by 72 hours 

of recovery in drug free media. Alternatively, the cell lines were treated with the FGFR 

inhibitor, AZ8010, for 72 hours at concentrations that reduced growth by approximately 

30% as compared to DMSO treated controls, followed by a 72 hour recovery period 

without drug. Total RNA was then isolated from each treatment group, and the shRNAs 

were amplified, sequenced and analyzed as described in the Materials and Methods. 

Nearly 28 million reads were generated for each replicate and the reads were found to 

cluster within treatment groups and cell lines via unsupervised hierarchical clustering 

(Supplemental Figure 2). This indicates that the drug treatment is reproducibly affecting 
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the proportions of shRNAs present in the cell populations and that the knockdown of 

certain genes can modulate the response of cells to AZ8010 treatment.  

In order to consider a gene a synthetic lethal with FGFR inhibition, we chose an 

E value ≤2 as the cut-off (Supplemental Table 2) from the BiNGS! ranked genes. We 

termed the synthetic lethal hits Synthetic Lethal with AZ8010 Treatment (SLAT) and 

detected 504 SLATs in UMSCC25 cells, 292 SLATs in 584-A2 cells, and 104 SLATs in 

CCL30 cells. While there was varying amounts of overlap between any two cell lines, 

with UMSCC25 and 584-A2 sharing the most SLATs (25), CCL30 sharing 9 with 

UMSCC25 and 9 with 584-A2, there were no SLATs observed in common among all 

three cell lines (Supplemental Figure 3). This likely reflects the distinct differences in 

growth drivers between 584-A2 and CCL30 cells (FGFR dominant) and UMSCC25 cells 

(EGFR dominant).  

For the remainder of the study, we have chosen to focus on the SLATs identified 

in UMSCC25 cells that support a RTK network comprised of FGFRs, EGFR, ERBB2 

and MET as the functional growth pathway. Where relevant, we use the functional 

genomics data from 584-A2 and CCL30 to highlight why ERBB2 and MET were not 

identified as SLATs in these cell lines. The ten highest ranking SLATs identified in 

UMSCC25 cells are shown in Figure 1B with the raw sequencing counts in triplicate for 

each shRNA indicated. Notably, the RTK, MET, was identified as a SLAT based on 

three distinct shRNAs, while ERBB2 was identified based on a single shRNA. While no 

synthetic lethal genes were observed in common among the three cell lines, there were 

receptor tyrosine kinases, G-protein coupled receptors and specific downstream 

signaling components identified as SLATs in all the lines. For example, the insulin 
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receptor related receptor (INSRR) and the ephrin receptor B2 (EPHB2) were identified 

as highly ranked SLATs in 584-A2 and protein tyrosine kinase 7 (PTK7) and the 

Wnt/Frizzled (FZD) pair, WNT16 and FZD7, were identified in CCL30 cells. Moreover, 

genes encoding signaling enzymes associated with WNT signaling (T-cell factor (TCF7) 

and tankyrase (TNKS)), phosphoinositide 3-kinase (PI3K) signaling (PIK3C3, PIK3R2, 

PIK3CB and AKT2), Janus kinase-signal transducer and activator of translation (JAK-

STAT) signaling (STAT1 and STAT2), RAS/ERK signaling (son of sevenless 2 (SOS2), 

KRAS, tyrosine-protein phosphatase non-receptor type 11 (SHP2) and mitogen 

activated protein kinase kinase 2 (MEK2)) were identified as SLATs with a less stringent 

cut off of E value ≤20, which still corresponds to a p value ≤0.05 (Fig. 1C). Overall, the 

results from the synthetic lethal screen support the hypothesis of “RTK coactivation”, 

whereby cancer cells rely on activation of multiple RTKs to maintain flexible and 

vigorous signaling responses in the face of various insults such as drug treatment 

(reviewed in (Xu et al., 2010)). To investigate whether HNSCC cell lines maintain 

growth in this manner, we have focused the remainder of the study on UMSCC25 cells 

and validation and further exploration of the SLATs, ERBB2 and MET.  

Validation of ERBB2 and MET as synthetic lethal genes with FGFR-specific 

TKIs in UMSCC25 cells. Both ERBB2 and MET are broadly expressed in a panel of 

HNSCC cell lines including UMSCC25 cells (Figure 2). It is noteworthy that the FGFR 

dependent cell lines, 584-A2 and CCL30, express reduced levels of ERBB2 and MET, 

respectively, and neither of these RTKs were identified as SLATs in these cell lines in 

the initial screen. ERBB2 is a ligand independent member of the EGFR family that 

heterodimerizes with other members of the ERBB family to initiate downstream 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on January 31, 2013 as DOI: 10.1124/mol.112.084111

 at A
SPE

T
 Journals on A

pril 9, 2024
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #84111 

 17

signaling to mitogen-activated protein kinase (MAPK), protein kinase B (AKT) and JAK-

STAT pathways (reviewed in (Hynes et al., 2005)). MET is a RTK, where, upon binding 

of the receptor’s ligand, hepatocyte growth factor (HGF), MET is phosphorylated and 

participates in signaling for survival, motility and proliferation (reviewed in (Cecchi et al., 

2010)). To validate ERBB2 and MET, UMSCC25 cells were transduced with two 

independent shRNAs targeting ERBB2 and two independent shRNAs targeting MET. 

The shRNAs were from the TRC library, distinct from those used in the original screen, 

and the level of target knockdown was determined by immunoblot (Fig. 3A). Consistent 

with the screen results, the combination of AZ8010 treatment and ERBB2 knockdown 

resulted in greater growth inhibition as compared to either treatment alone (Fig. 3B).  

Similarly, MET knockdown alone decreased clonogenic growth of UMSCC25 cells 

relative to the non-silencing control construct (NSC) expressing UMSCC25 cells. 

Additionally, confirming the screen results, knockdown of MET in combination with 

FGFR inhibition caused a greater reduction of clonogenic growth than AZ8010 

treatment or MET knockdown alone (Fig. 3C). These data provide molecular validation 

of ERBB2 and MET as being synthetic lethal with an FGFR inhibitor in UMSCC25 cells. 

A pan-ERBB inhibitor, AZD8931, yields synergistic inhibition of 

proliferation with FGFR-specific TKIs. Because genetic knockdown of ERBB2 

sensitizes UMSCC25 cells to AZ8010 treatment, we investigated whether 

pharmacological inhibitors of the ERBB family have a similar effect. The small molecule 

TKI, AZD8931, is a reversible, equipotent inhibitor of the ERBB family members EGFR, 

ERBB2 and ERBB3 and has been shown to have significant anti-growth effects in 

NSCLC and HNSCC xenografts in mice (Hickinson et al., 2010). AZD8931 potently 
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inhibited tyrosine phosphorylation of ERBB2 and EGFR in UMSCC25 cells, consistent 

with published results in other cell lines (Supplemental Figure 4A and B). UMSCC25 

cells, in which ERBB2 was identified as a SLAT, showed a significant decrease in 

growth with ERBB inhibition alone and this inhibition was increased with the addition of 

AZ8010 (Fig. 4A, Supplemental Figure 1A). When combinations of AZ8010 and 

AZD8931 were examined over multiple concentrations, synergistic growth inhibition of 

UMSCC25 cells (as evidenced by CI indices <0.5) was readily apparent (Fig. 4B). 

Importantly, neither 584-A2 nor CCL30 cells responded to AZD8931 alone 

(Supplemental Figure 1C) and the drug failed to increase growth inhibition combined 

with AZ8010 (Fig. 4C). These findings demonstrate the specificity of AZD8931 and are 

consistent with the identification of ERBB2 as a SLAT only in UMSCC25 cells (Fig. 4B). 

Similar results were observed with the pan-ERBB inhibitor, lapatinib (Supplemental 

Figure 5). To investigate whether other HNSCC cell lines would similarly respond to the 

combination of FGFR and ERBB inhibition, we tested additional HNSCC cell lines that 

we previously identified as exhibiting dual growth inputs through ERBB family members 

and FGFR (Marshall et al., 2011). As shown in Figure 4D, UMSCC1 and UMSCC8 cells 

showed a greater growth inhibition with combined AZ8010 and AZD8931 relative to 

either inhibitor alone. To confirm that the effect of AZD8931 was due to inhibition of 

ERBB family members, ERBB2 was knocked down with two independent shRNAs in 

UMSCC1 and UMSCC8 cells (Supplemental Figure 6A-C). A similar effect was seen 

with the combination of ERBB2 knockdown and AZ8010 treatment, suggesting that the 

targeting of EGFR in addition to other ERBB family members by AZD8931 is partially 

responsible for the effect. These results show that alternate RTKs such as ERBB2 can 
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provide protection from FGFR inhibition and that targeting these receptors with a 

combination of small molecule inhibitors can provide superior cell growth inhibition. 

Combined treatment with FGFR and MET inhibitors synergistically inhibits 

HNSCC cell line proliferation. Next, we tested if pharmacologic inhibition of both 

FGFR and MET, another highly ranked SLAT (Fig. 1B), would yield additive or 

synergistic growth inhibition in UMSCC25, UMSCC1 and UMSCC8 cells. PF02341066 

(PF1066; crizotinib) was originally developed as a MET inhibitor, but has other known 

targets including anaplastic lymphoma kinase (ALK) (Zou et al., 2007; Kwak et al., 

2010). PF1066 blocked phosphorylation of MET in UMSCC25 at concentrations 

consistent with published data (Supplemental Figure 4B), indicating that MET is basally 

activated in untreated cells. HNSCC cell lines were treated with PF1066 and AZ8010 

alone and in combination in anchorage independent or clonogenic growth assays. We 

found that PF1066 alone inhibited the growth of UMSCC25 cells, in which MET was 

identified as a SLAT (Supplemental Figure 1A). Furthermore, AZ8010 alone modestly 

inhibited the growth of these cells, but enhanced the growth inhibition in combination 

with PF1066 (Fig. 5A). Over a range of doses, the combination of PF1066 and AZ8010 

provoked a synergistic response in the cell line UMSCC25, with maximal synergy 

observed at higher doses of both drugs (Fig. 5B). To validate the screen results, we 

tested whether 584-A2 and CCL30 cells, in which MET was not identified as a SLAT, 

would respond to the combination treatment. 584-A2 cells but not CCL30 cells express 

MET (Figure 2B). While PF1066 treatment moderately reduced growth of 584-A2 cells 

and CCL30 cells, the combination treatment of AZ8010 and PF1066 did not increase 

the effect of AZ8010 on these cells (Fig. 5C, Supplemental Figure 1D). UMSCC1 and 
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UMSCC8 cells, previously shown to respond to a combination of FGFR and ERBB 

family member inhibition (Fig. 4D), also showed an enhanced growth inhibition with the 

combination of FGFR and MET inhibition as compared to the single treatments (Fig. 

5D). This effect of PF1066 was validated by knockdown of MET in UMSCC1 and 

UMSCC8 cells (Supplemental Figure 6D-F). Thus, our results demonstrate that different 

HNSCC cell lines rely on distinct repertoires of RTKs for growth and survival and their 

combined inhibition can achieve a superior growth inhibition relative to any one TKI 

alone. 

We have shown that the combination of AZ8010 and AZD8931 or the 

combination of AZ8010 and PF1066 can synergistically inhibit the clonogenic growth of 

a subset of HNSCC lines. To assess the mechanism of this growth inhibition, we used 

immunoblot analysis to measure pERK in extracts from UMSCC25 cells treated with 

different combinations of the TKIs. We have previously shown that decreased ERK 

signaling occurs following inhibition of the dominant RTKs in HNSCC cell lines (Marshall 

et al., 2011). In Figure 6A, either AZ8010 or AZD8931 alone reduce the level of ERK 

phosphorylation, but the combination treatment provides a nearly complete ablation of 

ERK phosphorylation (Fig. 6A, columns 1-7). In contrast, PF1066 treatment slightly 

increased pERK and the addition of AZ8010 lowers levels to control levels (Fig. 6A, 

columns 1, 8-11). Moreover, inhibition of MET phosphorylation with PF1066 slightly 

lowered pSTAT3 levels, suggesting MET may be one component of multiple pathways 

maintaining STAT3 signaling in these cells (Fig. 6A, columns 1, 8-11). We detected no 

effect of the TKIs on pAKT (Figure 6A). 
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We tested whether the combination therapies cause a decrease in clonogenic 

growth through an increase in apoptosis. Levels of cleaved PARP and caspase-3 

increase with AZ8931 and PF1066 treatment while the combination of AZ8010 and 

AZD8931 or the combination of AZ8010 and AZD8931 does not appreciably increase 

the levels (Fig. 6B). However, AZ8010 and PF1066 combination treatment did increase 

apoptosis as measured by a caspase-3 activity assay (Fig. 6C). Thus, we find that the 

two combination treatments function in slightly different manners to decrease 

clonogenic growth. AZ8010 and AZD8931 combination causes a decrease in 

proliferation through enhanced inhibition of ERK signaling while the combination of 

AZ8010 and PF1066 yields a decrease in STAT3 phosphorylation. Both treatments 

increase in apoptosis although it is unclear if the combination treatments cause 

significantly more apoptosis than the single treatments. 

The triple combination of AZ8010, AZD8931 and PF1066 strongly inhibits 

HNSCC cell growth accompanied by induction of apoptosis. The combined 

inhibition of FGFR and ERBB2 or MET provides a more complete decrease in growth 

than inhibition of one RTK. We postulated that UMSCC25, UMSCC1 and UMSCC8 

depend on EGFR, ERBB2, MET and FGFR for maximal growth, and inhibition of all four 

RTKs would be required to achieve maximal growth inhibition. UMSCC25, UMSCC1 

and UMSCC8 cells were treated with AZ8010, AZD8931 and PF1066 alone, with the 

three distinct combinations of two inhibitors and with a combination of all three 

inhibitors, and the effects on clonogenic growth were measured. As shown in Figure 7A, 

the triple combination resulted in a significantly greater inhibition of growth relative to 

any of the double combinations. To determine whether the triple combination was 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on January 31, 2013 as DOI: 10.1124/mol.112.084111

 at A
SPE

T
 Journals on A

pril 9, 2024
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #84111 

 22

exerting a non-specific cytotoxic effect on the cells, we treated MSK-921 HNSCC cells 

in the same manner. MSK-921 cells are highly and exclusively dependent on EGFR 

(data not shown). As expected, the cell line only exhibited a decrease in anchorage 

dependent growth when treated with the pan-ERBB inhibitor, AZD8931, with no 

evidence of additive effects with FGFR or MET inhibition (Fig. 7B). Likewise, growth of 

the highly FGFR dependent cell lines, 584-A2 and CCL30, was inhibited by AZ8010 

with no evidence of additive effects by other TKIs (Fig. 7C). Importantly, the triple 

treatment lead to a significant induction in apoptosis as measured by PARP and 

caspase-3 cleavage (Fig. 6B) or caspase-3 activity (Fig. 6C). These results indicate a 

subset of HNSCC cell lines engage multiple RTKs for growth and survival signaling and 

that simultaneous inhibition of multiple receptors is necessary to maximally inhibit 

growth. 
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Discussion: 

Our results show that coactivation of RTK networks is critical for maintenance of 

growth and survival in a subset of HNSCC cell lines. Research has already identified a 

role for EGFR as a driver of growth in HNSCC tumors, leading to the approval of 

cetuximab for the treatment of the disease (Specenier et al., 2011). Also, ERBB2 and 

MET have both been found to be overexpressed in HNSCC and in vitro experiments 

have indicated a role for these receptors as mediators of HNSCC growth (Morgan et al., 

2009; Seiwert et al., 2009). This work shows that RTKs have the ability to function as a 

network such that effective growth inhibition requires their simultaneous blockade.  

Recent research is unveiling the general importance of RTK networks in cancer 

and the relevance to cancer cell response to targeted therapy. For example, 

glioblastoma cell lines and primary tumors show activation of multiple RTKs.  While a 

dominant RTK preferentially drives downstream signaling, a secondary RTK can 

maintain signaling through the pathway when the dominant RTK is inhibited (Huang et 

al., 2007; Stommel et al., 2007). Additionally, in breast cancer cells resistant to the 

ERBB2 inhibiting antibody, trastuzumab, cells maintain growth and survival signaling 

through ERBB2, ERBB3 and insulin-like growth factor-I receptor (IGF-IR) heterotrimers 

that are formed exclusively in the resistant cells (Huang et al., 2010). Evidence from cell 

lines and primary tumor samples indicate that coactivation of multiple RTKs also 

functions in ovarian cancer (Jiao et al., 2011) and gastric cancer (Kataoka et al., 2011). 

Proposed mechanisms to target these RTK networks include inhibitor combinations, 

multitargeted inhibitors or inhibition of common downstream signaling components (Xu 

et al., 2010).  
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Our results raise significant questions about the strategies previously used to 

identify targets in HNSCC. Clearly, the search for effective targeted therapies for 

HNSCC has been hampered by the general lack of oncogenic mutations that 

characterize the cancer type (Agrawal et al., 2011; Stransky et al., 2011). In fact, 

researchers have speculated whether the disease may, in fact, be untreatable using 

targeted therapies and that clinical progress can only occur through improved 

prevention and early detection (Agrawal et al., 2011). However, combined with 

observations that many cell lines respond with growth inhibition to EGFR inhibitors 

(Marshall et al., 2011), but tumors do not respond well to the same therapy in the clinic, 

these data may instead imply that non-mutational changes in the cell, such as 

coactivation of RTKs, are driving growth. A coupling of disruption of tumor suppressors 

such as p53 or p16 and the coactivation of multiple RTKs to maintain pro-growth and 

anti-apoptosis signaling robustness could be proposed to be driving tumorigenesis in, if 

not all, then a large proportion of HNSCC tumors. Thus, we propose that developing 

approaches to identify and target non-mutated oncogene driver pathways and networks 

in HNSCC is critical for significant therapeutic advances in this cancer.  

The question remains how to effectively and efficiently determine the subtype 

into which a particular HNSCC cell line will reside with the ultimate goal of identifying 

the most appropriate therapy approach for each individual patient. Our present study 

shows that a subset of HNSCC cell lines do respond to combined inhibition of multiple 

RTKs while other cell lines seem to be highly dependent on a single RTK (Figure 7). It 

has been suggested that a method to overcome the robustness of a RTK network is to 

target a shared, downstream signaling protein (Xu et al., 2010). This strategy would 
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negate the need to individually tailor treatments to the specific network activated in a 

particular tumor. Unfortunately, we did not find a shared node downstream of the 

different RTKs in the three cell lines that were screened (Figure 1, Supplemental Table 

2). To fully understand the heterogeneity of HNSCC, more cell lines would need to be 

screened, but these results suggest that downstream targets would also be subject to 

the drawbacks of targeting receptors. One of the strengths of an unbiased, functional 

screen is that it can identify pathways or genes crucial to the growth of the cancer cell 

that are not mutated or otherwise deregulated. Growing evidence indicates these sort of 

drivers are present in cancer and will be missed by more traditional screening methods 

such as large scale sequencing (Luo et al., 2009). Unfortunately, while these pathways 

and genes may have vital roles and can be targeted clinically, by their very nature, they 

do not lend themselves to straightforward screening methods, such as SNaPshot 

(Sequist et al., 2011). Therefore, work is needed to develop tractable biomarkers for 

proper patient selection. It is conceivable that individual RNAi screens could be 

deployed in cell lines developed from each patient’s tumor in order to design a rational, 

personalized treatment regime. 

The findings from our study provide in vitro, preclinical support for combinations 

of TKIs as a superior therapeutic approach to managing HNSCC. In this regard, the 

recent review by Glickman and Sawyers provides a compelling argument for therapy 

with rationally-defined combinations of targeted drugs that induce synergistic killing of 

cancer cells relative to the transient responses observed with monotherapies as both a 

practical and necessary step in the evolution of modern cancer therapeutics (Glickman 

et al., 2012). Their argument is based on the clear successes with combination 
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therapies in the management of HIV and tuberculosis infections in humans where 

monotherapies provide only transient responses. As many small molecule inhibitors of 

RTKs are in various stages of clinical development, targeting multiple RTKs in the clinic 

with combinations of inhibitors is a feasible goal, albeit with technical and logistic 

hurdles as well.  
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Figure Legends: 

 

FIGURE 1: Synthetic lethal interactions with FGFR inhibition are identified using a 

genome-wide RNAi-based loss-of-function screen. A) As described in the Materials 

and Methods, the HNSCC cell lines UMSCC25, CCL30 and 584-A2 were transduced 

with a genome-wide shRNA library and either treated with the FGFR inhibitor, AZ8010 

or DMSO control for 72 hours. After recovering for an additional 72 hours, RNA was 

isolated from the cells and nested PCR was performed to isolate the shRNA sequences 

and to add Illumina adaptor sequences. Samples were submitted to Illumina sequencing 

and the reads were analyzed by BiNGS! B) Tabular representation of the shRNA counts 

obtained by deep sequencing for the ten most highly ranked SLATs in UMSCC25 cells 

as well as ERBB2. The intensity of red indicates the number of shRNA read counts in 

each replicate for both the control and AZ8010 treated groups. Each line corresponds to 

an independent shRNA targeting the indicated gene. The top ten hits and the data for 

ERBB2 for UMSCC25 cells are shown. C) Synthetic lethal hits (SLATs) (E value ≤ 20) 

among growth receptors and their common downstream signaling pathways. SLATs 

identified in the UMSCC25 cells are shaded red, SLATs in 584-A2 cells are shaded 

green, and SLATs in CCL30 cells are shaded blue. Pathway members that were not 

identified as SLATs in any cell line are unshaded. The number listed near each SLAT is 

the p-value (see Materials and Methods).  

 

FIGURE 2: A panel of HNSCC cell lines shows variable expression of ERBB2 and 

MET protein. Whole cell lysates of the indicated HNSCC cell lines were collected and 
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immunoblotted for A) ERBB2 or B) MET. Filters were stripped and reprobed for the α-

subunit of Na/K ATPase as a loading control. 

 

FIGURE3: Confirmation of ERBB2 and MET as synthetic lethal genes with FGFR 

inhibition by targeted knockdown. A) Pooled UMSCC25 cells expressing either a 

negative control shRNA targeting GFP or two independent shRNAs targeting either 

ERBB2 or MET were generated and ERBB2 or MET protein expression was measured 

by immunoblotting. The protein level of the α-subunit of Na/K-ATPase was measured as 

a loading control. B) Pooled UMSCC25 cells expressing the control shRNA or one of 

two shRNAs targeting ERBB2 were used in a clonogenic growth assay in the presence 

or absence of 1.0 μM AZ8010. After two weeks, colonies were stained and quantified as 

described in the Materials and Methods. C) Pooled UMSCC25 cells expressing the 

control shRNA or one of two shRNAs targeting MET were used in a clonogenic growth 

assay in the presence or absence of 1.0 μM AZ8010. After two weeks, colonies were 

stained and quantified as described in the Materials and Methods. The data are the 

means and SEM of three replicates from three independent experiments; ns indicates 

not significant, * indicates p<0.05 and ** indicates p<0.005 using a two-tailed Student’s 

t-test. 

 

FIGURE 4: Combined inhibition of ERBB family members and FGFR leads to 

synergistic impairment of the growth of HNSCC cell lines. A) UMSCC25 cells were 

treated in triplicate with DMSO, 3.0 nM AZD8931 or 10 nM AZD8931 alone or in 

combination with 0.5 μM AZ8010 or 1.0 μM AZ8010. The effect of the treatments on cell 
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growth was measured by clonogenic assay. B) UMSCC25 cells were plated in triplicate 

and treated with DMSO, AZ8010, AZD8931 and the combinations at the doses shown. 

Proliferation was measured after one week by the CyQuant assay as described in the 

Materials and Methods and plotted on the top chart. Data are the means of two 

independent experiments. Combination Indices (CI) were calculated using the Calcusyn 

program and shown on the bottom table where the strength of the synergism is 

indicated by the darkness of shading. C) As in A, except 584-A2 cells were treated with 

DMSO, 30 nM AZD8931, 30 nM AZ8010 and the combination. CCL30 cells were 

treated with DMSO, 100 nM AZD8931, 100 nM AZ8010 and the combination. The 

growth of 584-A2 cells was measured by clonogenic assay and the growth of CCL30 

cells was measured using an anchorage independent growth assay as described in the 

Materials and Methods. D) As in A, except UMSCC1 and UMSCC8 cells were treated 

with DMSO, 30 nM AZD8931, 30 nM AZ8010 and the combination. Data are the means 

and SEM of three independent experiments. Statistical analysis using a two-tailed 

Student’s t-test showed significant differences in clonogenic growth where ns indicates 

not significant, * indicates p<0.05, ** indicates p<0.005 and **** indicates p<0.0001. 

 

FIGURE 5: Combined inhibition of MET and FGFR leads to synergistic impairment 

of the growth of HNSCC cell lines. A) UMSCC25 cells were treated in triplicate with 

DMSO, 0.1 μM PF1066 or 0.5 μM PF1066 alone or in combination with 0.5 μM AZ8010 

or 1.0 μM AZ8010. The effect of the treatments on cell growth was measured by 

clonogenic assay. B) UMSCC25 cells were plated in triplicate and treated with DMSO, 

AZ8010, PF1066 and the combinations at the doses shown. Proliferation was measured 
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by CyQuant assay as described in the Materials and Methods and plotted on the top 

chart. Data are the means of two independent experiments. Combination Indices (CI) 

were calculated and shown on the bottom table. C) As in A, except 584-A2 cells were 

treated with DMSO, 0.5 μM PF1066, 30 nM AZ8010 and the combination and growth 

was measured by clonogenic assay. CCL30 cells were treated with DMSO, 0.3 μM 

PF1066, 0.1 μM AZ8010 and the combination and growth was measured by anchorage 

independent growth assay. D) As in A, except UMSCC1 and UMSCC8 cells were 

treated with DMSO, 0.3 μM PF1066, 0.3 μM AZ8010 and the combination and growth 

was measured by clonogenic assay. Data are the means and SEM of three independent 

experiments. Statistical analysis using a two-tailed Student’s t-test was used to show 

significant differences in growth where ns indicates not significant, * indicates p<0.05, ** 

indicates p<0.005, *** indicates p<0.0005 and **** indicates p<0.0001. 

 

FIGURE 6: Effects of combined FGFR, ERBB family and MET inhibition on ERK 

signaling and PARP cleavage. A) UMSCC25 cells were treated with the indicated 

doses (μM) of DMSO, AZ8010, AZD8931 or PF1066 alone and in combination for 6 

hours in full media. Extracts were prepared and proteins resolved by SDS-PAGE. The 

filters were immunoblotted for pERK, pSTAT3 and pAKT. The filters were then stripped 

and reprobed for total ERK1/2, total STAT3, total AKT and the α-subunit of NA/K 

ATPase as a loading control. B) UMSCC25 cells were treated as with the drugs 

indicated in A) with the doses (μM) shown for 72 hours. Extracts were prepared and 

proteins resolved by SDS-PAGE. The filters were immunoblotted for PARP. The filters 

were then stripped and reprobed for the α-subunit of NA/K ATPase as a loading control. 
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C) UMSCC25 cells were treated as described in B) and caspase activity was measured 

as described in the Materials and Methods. 

 

FIGURE 7: Simultaneous inhibition of FGFR, ERBB family receptors and MET 

leads to greater growth inhibition compared to the double combinations in a 

subset of HNSCC cell lines. A) UMSCC25, UMSCC1 and UMSCC25 were treated in 

triplicate with 0.5 μM AZ8010, 10 nM AZD8931, 0.1 μM PF1066, the respective double 

combinations and the triple combination. Growth was measured by clonogenic assay 

and quantified after 2 weeks. B) MSK-921 cells were treated in triplicate as in A. Growth 

was measured via anchorage independent growth assay. C) 584-A2 cells were treated 

in triplicate with 0.1 μM AZ8010, 10 nM AZD8931, 0.1 μM PF1066, the respective 

double combinations and the triple combination. Growth was measured after 2 weeks 

by clonogenic assay. CCL30 cells were treated in triplicate with 0.1 μM AZ8010, 10 nM 

AZD8931, 0.1 μM PF1066, the respective double combinations and the triple 

combination. Growth was measured after 2 weeks using an anchorage independent 

growth assay. Data are the means and SEM of three independent experiments. 

Statistical analysis using a two-tailed Student’s t-test revealed significant differences in 

growth where ns indicates not significant, * indicates p<0.05, ** indicates p<0.005, *** 

indicates p<0.0005 and **** indicates p<0.0001. 
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