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Abstract

Purpose—Our previous work suggested that HER3 inhibition sensitizes HNSCC to EGFR 

inhibition with cetuximab. This study aimed to define the role of HER3 in cetuximab resistance 

and the anti-tumor mechanisms of EGFR/HER3 dual targeting in HNSCC.

Experimental Design—We treated cetuximab-resistant HNSCC UMSCC1-C and parental 

UMSCC1-P cell lines with anti-EGFR antibody cetuximab, anti-HER3 antibody MM-121, and 

their combination. We assessed activities of HER2, HER3 and downstream signaling pathways by 

Western blotting, and cell growth by sulforhodamine B (SRB) and colony formation assays. 

HER3-specific shRNA was used to confirm the role of HER3 in cetuximab response. The 

combined efficacy and alterations in biomarkers were evaluated in UMSCC1-C xenograft and 

patient-derived xenograft (PDX) models.

Results—Cetuximab treatment induced HER3 activation and HER2/HER3 dimerization in 

HNSCC cell lines. Combined treatment with cetuximab and MM-121 blocked EGFR and HER3 

activities and inhibited PI3K/AKT and ERK signaling pathways and HNSCC cell growth more 

effectively than each antibody alone. HER3 knockdown reduced HER2 activation and re-
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sensitized cells to cetuximab. Cetuximab-resistant xenografts and PDX models revealed greater 

efficacy of dual EGFR and HER3 inhibition compared to single antibodies. In PDX tissue 

samples, cetuximab induced HER3 expression and MM-121 reduced AKT activity.

Conclusion—Clinically relevant PDX models demonstrate that dual targeting of EGFR and 

HER3 is superior to EGFR targeting alone in HNSCC. Our study illustrates the upregulation of 

HER3 by cetuximab as one mechanism underlying resistance to EGFR inhibition in HNSCC, 

supporting further clinical investigations using multiple targeting strategies in patients who have 

failed cetuximab-based therapy.
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Introduction

Targeting epidermal growth factor receptor (EGFR) in head and neck squamous cell 

carcinoma (HNSCC) is an attractive and rational strategy given that more than 90% of these 

tumors overexpress EGFR (1, 2). Cetuximab, a chimerized antibody against EGFR, remains 

the only Food and Drug Administration (FDA)-approved targeted agent for HNSCC since its 

approval in 2006. The addition of cetuximab to platinum and fluorouracil treatment resulted 

in improved overall survival of patients with recurrent/metastatic HNSCC, and this 

combination has been adopted as the current standard of care for this population (3). Despite 

this success, the overall response rate to cetuximab as a single agent does not exceed 13%, 

with a response duration of less than 2–3 months (4). Moreover, intrinsic and acquired 

resistance during EGFR therapy inevitably occurs (5, 6). Several mechanisms have been 

identified through which resistance to EGFR-targeted agents occurs in HNSCC. EGFR gene 

mutation and compensatory signaling from HER3 and other EGFR (ErbB) family members 

have been suggested to be associated with sensitivity to cetuximab therapy in HNSCC (7, 8).

HER3 (ErbB3) is a member of the human EGFR family which consists of four type 1 

transmembrane tyrosine kinase receptors: HER1 (EGFR, ErbB1), HER2 (Neu, ErbB2), 

HER3 (ErbB3), and HER4 (ErbB4). Upregulation of HER3 is commonly observed in 

various malignancies including breast, colorectal carcinoma, HNSCC, gastric, ovarian, 

prostate, and bladder cancers and correlates with poorer survival (9–13). Upon binding of 

HRG1, the physiological HER3 receptor ligand, HER3 dimerizes with other ErbB family 

members, preferentially HER2. Dimerization results in transphosphorylation of HER3 on 

tyrosine residues contained within the cytoplasmic tail of the protein (14–16). 

Phosphorylation of these sites creates SH2 docking sites for SH2-containing proteins, and 

specifically PI3-kinase (17). HER3 is a potent activator of AKT as it possesses six tyrosine 

phosphorylation sites with YXXM motifs that serve as excellent binding sites of the p85 

regulatory subunit of PI3K, resulting in subsequent activation of the downstream AKT 

pathway (18, 19). These six PI3K sites serve as a strong amplifier of HER3 signaling. 

Activation of this pathway further elicits several important biological processes including 

cell growth and survival (20). Ligand-independent HER2/HER3 interaction has also been 

reported in HER2-amplified cells (21). Since HER3 can dimerize with EGFR, HER2 even c-

Met, it likely plays a central role in response to EGFR-targeted therapy. Identifying 

Wang et al. Page 2

Clin Cancer Res. Author manuscript; available in PMC 2018 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



biomarkers that can predict the clinical activity of HER3 and EGFR-targeted therapy will be 

crucial in understanding the mechanism of resistance to anti-EGFR therapy in HNSCC.

This study aimed to elucidate the role of HER3 in cetuximab resistance in HNSCC, to 

investigate whether adding anti-HER3 treatment to cetuximab-based regimens can improve 

the treatment of HNSCC in models more relevant to the clinic, and to understand the 

underlying anti-tumor mechanisms of anti-EGFR/HER3 approaches. For that purpose, we 

addressed the role of HER3 in cetuximab resistance in three settings: HNSCC cell lines, a 

xenograft mouse model using a cetuximab resistant HNSCC cell line, and multiple patient 

derived xenograft (PDX) mouse models using tissues from HNSCC patients.

Materials and Methods

Cell lines and reagents

Cetuximab was obtained from ImClone (New York, NY) and MM-121/SAR256212 was 

provided by Merrimack Pharmaceuticals (Cambridge, MA) and Sanofi (Bridgewater, NJ). 

Human HNSCC cell line UMSCC1-P and its cetuximab resistant counterpart UMSCC1-C 

were provided by Dr. Paul Harari (University of Wisconsin School of Medicine and Public 

Health, Madison, WI). The genotypes of the two cell lines were confirmed using the STR 

method by the Emory Integrated Genomics Core. The genotype of these two cell lines is 

identical to the original UMSCC1 cell line published previously by Zhao et al (22). All cell 

lines were maintained in Dulbecco's Modified Eagle's Media (DMEM) with 5% FBS and 0.4 

µg/mL hydrocortisone at 37°C, 10% CO2 (23).

Colony formation assay

Cells were plated in 6-well culture plates at the concentration of 200 per well. After 24h 

incubation, cells were treated with PBS, cetuximab, MM-121 or the combination of 

cetuximab and MM-121 (CM combination) for 10 days to form colonies as previously 

described (24). Medium was changed every three days. The colonies were then stained with 

0.2% crystal violet with buffered formalin (Sigma). Colony numbers were manually counted 

using Image J software. Cell numbers ≥50 were considered as a colony.

Sulforhodamine B (SRB) assay

The SRB assay was used for cell growth determination. Cells were seeded in 96-well plates 

in medium containing PBS control, cetuximab, MM-121, and CM combination for 48 hours. 

Cells were fixed with 10% trichloroacetic acid (Sigma-Aldrich St. Louis, MO) after an 

additional 24, 48 hours of culture. Cells then were washed 5 times with distilled and de-

ionized water. After air drying, cells were incubated in 50 µl SRB (Sigma-Aldrich St. Louis, 

MO) for 10 min. Cells were then washed with 1% acetic acid 5 times. After air drying, 

10mM Tris solution (pH 10) was added to dissolve the bound dye. Cell growth was assessed 

by optical density (OD) determination at 510 nm using a microplate reader.

Western blot analysis

Lysates of cell lines and xenograft tissues were generated using lysis buffer as previously 

reported (25). The lysate was centrifuged at 16,000 g at 4°C for 15 min. 40 micrograms of 
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total protein for each sample were separated by 8–10% SDS-PAGE and transferred onto a 

Westran S membrane (Whatman Inc. Floham Park, NJ). Desired proteins were probed with 

corresponding antibodies. Rabbit anti-human AKT, ERK, pAKT, pERK, EGFR, pEGFR, 

HER2 pHER2, HER3 and pHER3 antibodies (1:1000 dilutions) were purchased from Cell 

Signaling (Danvers, MA), mouse anti-human β-actin (1:10000 dilution) from Sigma (St. 

Louis, MO), anti-human EGFR and HER3 antibodies from Santa Cruz (Santa Cruz, CA), 

and anti-human pEGFR antibody from Millipore (Temcula CA). HRP-conjugated secondary 

anti-mouse and anti-rabbit IgG (H+L) was obtained from Promega (Madison, WI). Bound 

antibody was detected using the SuperSignal West Pico Chemoluminescence system (Pierce, 

Inc., Rockford, IL). Image J software was used for blot quantification. Protein densitometry 

was determined by Image J software.

HER3 knock-down

To knock down HER3 in UMSCC1-C cells, we used pLKO.1 puro vector (Addgene, 

Cambridge, MA). On-line software from www.ambion.com was used to locate 3 potential 

siRNA sequences. Three pairs of shRNA were designed following the protocol provided by 

lentiweb.com. Basically, 3 pairs of oligonucleotides each containing the shRNA sequence 

and hairpin sequence plus Age I and EcoR I sites were synthesized and cloned into the 

pLKO.1 lentiviral vector. Only one of the three constructed targeting sequences 

‘TGGTAGAGTAGAGAATTCATT’ showed a significant knock-down effect after stable cell 

lines were made with puromycin selection. Western blot was carried out to confirm the 

HER3 knock-down efficiency in these purified cells. HER3 knock-down cells were named 

UMSCC1-C/H cells. A vector control cell line, SCC1-C/pLKO1, was simultaneously 

generated.

Immunohistochemistry (IHC) staining and analysis

In brief, patient tumor tissues were harvested, fixed in 10% buffered formalin and embedded 

in paraffin. The sections were incubated with a primary antibody: anti-EGFR (1:100 

dilution; Cell Signaling), anti-HER3 (1:100 dilution), followed by secondary antibody and 

diaminobenzidine (DAB, Vector Laboratories, Burlingame, CA) staining. Nuclei were 

counterstained with hematoxylin OS (Vector Laboratories). Immunoglobulin G was used as 

a negative control. The quantifications were determined by at least 2 individuals blindly and 

independently. Briefly, the staining was scored for the proportion of stained tumor cells and 

for staining intensity; each on a four-point scale: 1: <5%, 2: 5–20%, 3: 21–50%, 4: 51–

100%, and 1=no staining, 2=low, 3=moderate, and 4=high, respectively. IHC scores = 

(proportion × intensity) as previously described (26). The highest score is 16. Scoring was 

done at 200× magnification.

Immunoprecipitation (IP)

Cells cultured in 10cm dishes were collected and lysed with cold CHAP buffer with 

protease/phosphatase inhibitors. 2000µg total protein in 300 µl lysate buffer was incubated 

with anti-HER3 antibody (1:100) overnight at 4°C. 50 µl of immunoprecipitation beads 

(Pierce ProteinA/G Agarose, ThermoScientific, Waltham, MA) was directly dispensed into 

each lysate and further incubated for 2hrs. Immunoprecipitation beads were then spun down 
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and washed 3 times with CHAP buffer. The pellet was then suspended in SDS-PAGE 

loading buffer.

In vivo xenograft treatment study

The animal experimental protocol was approved by the Institutional Animal Care and Use 

Committees of Emory University. In brief, 2×106 UMSCC1-C1 cells were injected 

subcutaneously into nude mice (athymic nu/nu, Taconic, NY) aged 4 to 6 weeks. Mice were 

randomly divided into 5 groups after tumor formation: PBS control, cetuximab 100µg/dose, 

MM-121 300µg/dose (MM-121.LD), and combination with low dose MM-121 (comb. LD) 

and combination with high dose MM-121 600µg/dose (comb. HD) (n=7 for each treatment 

group). Doses were chosen based on previous studies (24, 27). Drugs were given by 

intraperitoneal injection (I.P.) twice a week. Tumor volume and bodyweight were measured 

three times a week. Tumor volume was calculated using the formula: V= π/6×larger 

diameter × (smaller diameter)2 as reported previously (28).

PDX animal models

Briefly, fresh tumor tissue from patients with HNSCC consented at the Midtown Hospital; 

Emory University (Atlanta, GA) in accordance with the protocol approved by the Emory 

Institutional Review Board was collected. Tumor section was cut into 3 mm ×3 mm×3 mm 

small pieces which were then implanted into the hind flanks of NOD SCID mice (Charles 

River Laboratories International, Inc, Wilmington, MA). Upon reaching 1,500 mm3, tumors 

were passed to a second colony of athymic nu/nu nude mice (Harlan, Indianapolis, IN). The 

third generation of 24 nude mice was divided into 4 groups for drug treatment: PBS control, 

cetuximab 100µg/dose, MM-121 300µg/dose (MM-121.LD), and combination with low dose 

MM-121 (comb. LD).

Statistical analysis

Comparison of means from multiple treatment groups was carried out using one-way 

ANOVA or Kruskal-Wallis test to determine the significance of tumor growth inhibition 

among treatment groups. A Bonferroni correction was introduced to correct for multiple 

comparisons. The pairwise comparison was used to compare mean tumor volumes of cell 

growth inhibition between the different groups over time. All p values were two-sided and p 
values less than 0.05 were considered significant.

Results

Cetuximab induces HER3 expression and activation in HNSCC cell lines

The compensatory overexpression of other HER family members has been implicated as one 

of the mechanisms that drive cetuximab resistance (7). To determine whether HER3 

expression is affected by cetuximab, we treated both the cetuximab resistant UMSCC1-C 

cell line and its sensitive parental cell line UMSCC1-P with cetuximab. Ligand binding of 

HER3 causes a change in conformation that allows for dimerization, phosphorylation, and 

activation of HER3. Phosphorylation of HER3 at specific sites such as Y1289 and Y1222 by 

its heterodimerization partner, such as HER2, implicates activation of this protein. As shown 

in Figure 1 A and B, both HER3 expression and activation (indicated by the level of pHER3) 
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were elevated in a time dependent manner. Induction and activation of HER3 by cetuximab 

was stronger in UMSCC1-C than UMSCC1-P cells.

HER2/HER3 dimerization is increased upon cetuximab treatment in UMSCC1-C cells

HER2/HER3 heterodimerization plays an important role in cancer progression (29–31). To 

examine whether cetuximab treatment has any effect on HER2/HER3 dimerization, we 

conducted an IP study. UMSCC1-C cells were incubated in the indicated cell medium with 

5% FBS and 2µg/ml cetuximab for 24 hr. HER3 was immunoprecipitated with anti-HER3 

antibody from the cell lysate. The immunoprecipitate was fractionated on SDS-PAGE 

followed by immunoblotting with anti HER2 and HER3. As Figure 2 shows, cetuximab 

treatment increased not only HER3 expression, but also HER2 and HER3 association in 

UMSCC1-C cells as illustrated by the greater level of HER2 detected in immunoblot 

analysis. The increase in HER2/HER3 dimerization by cetuximab treatment was also 

observed in MDA686TU cells (Supplementary Figure S1)

Inhibition of HER3 resensitizes resistant cell line UMSCC1-C to cetuximab

To determine if the reduction of HER3 expression has any effect on cetuximab sensitivity of 

the resistant cell line UMSCC1-C, we knocked down HER3 in UMSCC1-C cells with the 

pLKO.1 system to generate a stable cell line, UMSCC1-C/H, in which HER3 expression 

was reduced by more than 85% (Figure 3A). Interestingly, as HER3 level was knocked 

down, the levels of activated HER2 (pHER2) and AKT (pAKT) were also largely reduced as 

compared with the control UMSCC1-C cells (Figure 3A). SRB assay was performed to 

determine the sensitivity to cetuximab in parental UMSCC1-P, UMSCC1-C and HER3 

knock-down UMSCC1-C/H cells. As shown in Figure 3B, the sensitivity of UMSCC1-C/H 

cells to cetuximab was recovered. Our previous study indicated a synergistic inhibitory 

effect of cetuximab and MM-121 on HNSCC cell lines TU212 and UMSCC47. In this study, 

SRB assay and colony formation assay were carried out to compare the growth inhibitory 

effect of MM-121 and its combination with cetuximab in UMSCC1-P, UMSCC1-C, and 

UMSCC1-C/H cells. In UMSCC1-C cells, treatment with cetuximab alone did not inhibit 

cell growth. However, MM-121 re-sensitized UMSCC1-C to cetuximab, as shown by the 

significant inhibition of cell growth by the combined treatment (Figure 3C). The MM-121 

and cetuximab combination showed significantly greater inhibition of colony formation in 

comparison with either single drug in all three cell lines (Figure 3D). Consistent with the 

observations using the SRB assay, knock-down of HER3 in UMSCC1-C/H cells restored 

cell sensitivity to cetuximab, as indicated by the significant reduction in colony number in 

UMSCC1-C/H cells when treated with cetuximab as compared with UMSCC1-C cells 

(Figure 3D).

Combination of cetuximab and MM-121 inhibits both PI3K/AKT and ERK signaling 
pathways

HER family receptors activate a number of important signal transduction pathways including 

PI3K/AKT and ERK pathways, which are critical for cell growth. To identify the mechanism 

underlying the restoration of cetuximab sensitivity in the resistant cells, we treated both 

UMSCC1-P and UMSCC1-C cells with cetuximab, MM-121 and the combination and 

conducted a western blot assay to determine alterations in the PI3K/AKT and ERK 
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pathways resulting from cetuximab and MM-121 treatment. As shown in Figure 4, the 

combination of cetuximab and MM-121 more potently inhibited both ERK and AKT 

pathway compared to each single agent. Inhibition of HER3 by MM-121 affected mainly the 

pAKT level while only moderate ERK alteration was observed.

Inhibition of HER3 resensitizes resistant HNSCC tumor to cetuximab in xenograft models

To expand our findings into the in vivo setting, a xenograft model using the cetuximab 

resistant UMSCC1-C cell line in nude mice was established as previously described (7, 24). 

Mice were randomly assigned to five treatment groups: PBS control, cetuximab (C), 

MM-121 (M) and combination of cetuximab and MM-121 (CM high and low). Mice were 

treated twice a week through intraperitoneal injection (IP). Consistent with our in vitro 
observations, CM combination showed the greatest tumor growth inhibition of UMSCC1-C 

xenografts. As shown in the tumor volume measurement in Figure 5A, neither cetuximab 

nor MM-121 significantly reduced tumor growth compared to the PBS control. However, the 

group treated with CM combination showed significantly suppressed tumor growth as 

compared with the PBS control (p < 0.001), cetuximab (p < 0.001) and MM-121 (p < 0.001) 

alone for both high and low dose combination. Furthermore, in UMSCC1-C/H cells where 

HER3 expression is knocked down, the xenografted tumor was resensitized to cetuximab, 

such that cetuximab alone was sufficient to significantly inhibit UMSCC1-C/H tumor 

growth as compared with the control (Figure 5B) (p<0.001).

Combination of MM-121 and cetuximab shows strong antitumor activity in multiple PDX 
models

Tumor tissues from six patients with HNSCC were used to generate PDX models. The 

clinical characteristics of each patient are shown in Table S1. EGFR and HER3 expression 

levels in each patient tumor sample are shown in Supplementary Figure S2 A and B. For 

each PDX model, six tumor bearing mice were randomly assigned to each group treated 

with PBS, cetuximab (100ug/dose), MM-121 (300µg/dose) and the combination (100µg/

dose cetuximab /300µg/dose MM-121). In PDX models derived from Patient 1 (FOM/

tongue), Patient 2 (pyriform), Patient 4 (larynx, recurrent tumor with prior cetuximab 

treated), and Patient 5 (retromolar trigone), both cetuximab and the combination 

significantly inhibited tumor growth in nude mice (p<0.001 for both treatment) (Figure 6A, 

Supplementary Figure S3 A, B and C, and Table S1). There was no significant difference in 

tumor growth inhibition between single cetuximab and the combination treatment. However, 

the PDX tumors derived from Patient 1 grew back after stopping the treatment with 

cetuximab alone, while no tumor relapse was detected in the combination group (Figure 

6A). Moreover, only the combined treatment could completely block the tumors growth in 

most of the mice even in recurrent patient (patient 4) PDX (Supplementary Figure S3). In 

PDX models derived from Patient 8 (supraglottis), only the combination treatment 

significantly inhibited tumor growth (p<0.004) (Figure 6B). We have identified a KRAS 

mutation by RNA-seq in this patient sample (data not shown). The combined treatment was 

also more effective than either single agent (p<0.032 and p<0.035 respectively). In PDX 

models derived from Patient 3 (FOM), both cetuximab and the combination significantly 

inhibited tumor growth in nude mice (p<0.001 for both treatment) (Supplementary Figures 

S4 A and B). However, the combination was significantly more effective than either of the 
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single agents (p<0.01 for both). Interestingly, Western blot analyses of PDX tissues from 

Patient 3 and Patient 8 indicated induction of HER3 expression by cetuximab and reduction 

of AKT activity by MM-121 (Figure 6C). This is consistent with our observations in in vitro 
cell lines.

Discussion

The clinical benefit of anti-EGFR therapy in HNSCC is limited by de novo and acquired 

resistance. Novel strategies to overcome this resistance are therefore highly justified. The 

HER3 protein is reportedly expressed in 32–87% HNSCC patient tumors (depending on the 

study) and is positively correlated with invasion and metastasis (32–34). Hyperactivation of 

HER3 has previously been reported to negatively correlate with response to anti-EGFR 

therapy (35). Moreover, HER3 activation represents a critical step by which HNSCC cells 

escape from cetuximab inhibition (7). Dual inhibition of both EGFR and HER3 is hence an 

attractive clinical strategy for treating HNSCC. Harari’s group observed a strong activation 

of HER3 in established cetuximab resistant cell lines. They also found that MEHD7945A, a 

monoclonal antibody that targets both EGFR and HER3, was more effective than a 

combination of cetuximab and anti-HER3 antibody at inhibiting both EGFR/HER3 signaling 

and tumor growth (36). Nakagawa et al have shown that the HER3 ligand heregulin is 

associated with both de novo and acquired resistance to cetuximab (37). They also found 

that patritumab, an antibody specific for HER3, is able to overcome such resistance. Our 

recent research identified that high heregulin mRNA and high HER3 protein levels are 

independent prognostic factors for poor overall survival in patients with oropharyngeal 

squamous cell carcinoma (OPSCC) (38). Our current study further demonstrated both in 
vitro and in vivo that inhibiting HER3 could resensitize cetuximab-resistant HNSCC cells to 

this agent.

In addition, we have previously shown that the combination of cetuximab and MM-121 

significantly inhibited HNSCC tumor cell growth both in vitro and in vivo through inhibition 

of AKT, ERK, and S6 signaling pathways, suggesting that a multitargeting approach to the 

EGFR family of signaling receptors may provide potential clinical benefit for patients with 

HNSCC (24). In the current study, we demonstrated that HER3 expression and activity is 

upregulated after cetuximab treatment, suggesting that HER3 may hold the key to cetuximab 

resistance. Previous studies have shown that HER3 activity plays an important role in AKT 

activation (15, 39) and is induced by cetuximab, possibly due to the inhibition of AKT 

activity which in turn induces HER3 expression through FOXO (40). The inhibitory effect of 

cetuximab on AKT activation is, however, reduced as the elevated HER3 activates AKT, 

which prevents its complete inhibition. Our data demonstrated that either the combination of 

cetuximab and MM-121 or the use of shRNA against HER3 more potently reduced AKT 

activity and exerted greater cell growth inhibition in cetuximab-resistant cells than 

cetuximab alone, which is consistent with the findings from other groups (7, 41). More 

importantly, knock-down of HER3 with shRNA resulted in reduction of activated HER2, 

suggesting that HER2/HER3 heterodimerization probably contributes to cetuximab 

resistance. This notion is supported by our immunoprecipitation results demonstrating an 

increase in HER3 expression level following cetuximab exposure with greater HER3/HER2 

heterodimerization, which is consistent with previous studies demonstrating increased 
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HER2/HER3 dimerization leading to the activation of both HER2 and HER3 and their 

downstream signaling pathway in cancer (29, 42).

Antibody-dependent cell-mediated cytotoxicity (ADCC) plays an important role in 

antibody-based cancer therapy. ADCC has been reported for cetuximab (43, 44). In our 

study, MM-121 itself cannot trigger ADCC, because of its IgG2 isotype (45). Although the 

influence of MM121 on cetuximab ADCC in nude mice is unknown, it is unlikely that 

ADCC is the main reason for the resensitization of the resistant cancer cell line to 

cetuximab. However, the effect of MM121 on ADCC of cetuximab deserves further 

investigation.

In our xenograft models using the cetuximab-resistant UMSCC1-C cell line, neither 

cetuximab nor MM-121 alone significantly reduced tumor growth compared to PBS. The 

combination group, however, had significantly suppressed tumor growth compared to the 

single agent control. This result further supports the role of HER3 in cetuximab resistance. 

To our knowledge, this is the first time to explore dual inhibition of EGFR and HER3 in 

xenograft tumor models derived from patient-derived tumor tissue (PDTT). At low passage, 

it is believed that PDTT will conserve the original tumor characteristics such as 

heterogeneous histology, clinical biomolecular signature, malignant phenotypes and 

genotypes, tumor architecture and tumor vasculature (46–48). Patient-derived tumor grafts 

are believed to offer relevant predictive insights into clinical outcomes when evaluating the 

efficacy of novel cancer therapies. PDX models are biologically stable in terms of global 

gene expression patterns, mutational status, metastatic potential, drug response and tumor 

structure when passaged in short generations of mice. These characteristics might provide 

significant improvements over established cell-line xenograft models (49). We conducted 

PDX animal studies using tissues derived from 6 patients. Our study demonstrated the 

improved efficacy of the combination compared to single antibodies. Meanwhile 

immunoblotting from the available tumor samples revealed an elevated level of HER3 

following cetuximab treatment, and a reduction in AKT activity following exposure to anti-

HER3 in vivo. This further solidifies our in vitro observations. The lack of significant 

clinical activity using prior dual EGFR and HER inhibitors in HNSCC probably stems from 

the fact that these studies did not focus on a cetuximab-resistant patient population; we 

believe based on our results that future clinical investigations ought to focus on patients with 

prior exposure to EGFR inhibitors and perhaps with a more specific biomarker profile.

Taken together, our results demonstrate for the first time that dual targeting of EGFR and 

HER3 is more effective than EGFR targeting alone in HNSCC using a PDX model. Since 

this model is highly clinically predictive, our results pave the way for further clinical 

investigation focusing on pan-HER inhibition in a carefully selected HNSCC patient 

population, specifically those who have progressed after cetuximab-based therapy.

Supplementary Material

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

The clinical benefit of anti-EGFR therapy using cetuximab in HNSCC is limited by de 
novo or acquired resistance. Novel strategies to overcome this resistance are therefore 

highly justified. Activation of HER3 has previously been reported to negatively correlate 

with response to anti-EGFR therapy. In this study, we demonstrated that dual targeting of 

EGFR and HER3 was superior to EGFR targeting alone in clinically relevant HNSCC 

PDX models; both a cetuximab resistant cell line and PDX models consistently 

demonstrated upregulation of HER3 and HER2/HER3 dimer by cetuximab as one 

mechanism underlying resistance to EGFR inhibition in HNSCC. Our results support 

further clinical investigations using multiple targeting strategies in patients who have 

failed cetuximab-based therapy.
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Fig 1. Cetuximab induces HER3 expression and activation in HNSCC cell lines
Cetuximab sensitive UMSCC1-P cells (A) and counterpart resistant UMSCC1-C cells (B) 

were cultured in medium with 5% FBS. The cells were treated with 2µg/ml cetuximab for 

the indicated times. CNT indicates the control sample. Both HER3 expression and activation 

(pHER3) levels were elevated by cetuximab treatment in a time dependent manner (Figure 

represents 1 of 3 experiments). The average fold increase was determined from 3 individual 

experiments with standard deviations.
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Fig 2. HER2/HER3 dimerization is increased upon cetuximab treatment
UMSCC1-C cells were exposed to 2µg/ml cetuximab for 24 hr. HER3 was 

immunoprecipitated from the cell lysate with anti-HER3 antibody. The immunoprecipitate 

was fractionated on SDS-PAGE followed by immunoblotting with anti-HER2 and HER3 

antibodies. As the image shows, cetuximab treatment increased HER3 expression in 

UMSCC1-C cells, at the same time HER2 and HER3 association was increased as more 

HER2 was detected by immunoblot in cetuximab treated cells compared with control cells 

and IgG control. β-actin was used as loading control (figure represents 1 of 3 experiments).
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Fig 3. Inhibition of HER3 re-sensitizes resistant UMSCC1-C cell line to cetuximab
(A) HER was knocked down in UMSCC1-C/H cells. HER2 and AKT activities were also 

reduced, as demonstrated by a decrease in both pHER2 and pAKT levels. (B) SRB assay 

shows that cetuximab reduces the growth rate of sensitive parental UMSCC1-P cells at the 

indicated concentrations after treatment for 48 h. No growth inhibition was observed in 

UMSCC1-C cells. Knock down of HER3 by shRNA re-sensitized UMSCC1-C cells to 

cetuximab inhibition. (C) Combination of cetuximab (2µg/ml) and MM-121 (25µg/ml)

(combo) more potently inhibited UMSCC1-C growth in SRB assay. (D) In a colony 

formation assay, cetuximab inhibited colony formation of UMSCC1-P cells but not 

UMSCC1-C cells at the indicated concentration. When HER3 was knocked down by 

shRNA, cetuximab inhibition of colony formation was restored. Inhibition of HER3 by its 

antibody MM-121 (25 µg/ml) also resensitized UMSCC1-C to cetuximab treatment. (CTX2: 

cetuximab 2µg/ml, CTX10: cetuximab 10µg/ml, CTX/MM-121(L): combination of 

cetuximab 2µg/ml and MM-121, CTX/MM-121(H): combination of cetuximab 10µg/ml and 

MM-121). Image represents 3 individual experiments.
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Fig 4. Combination of cetuximab and MM-121 inhibits both PI3K/AKT and ERK signaling 
pathways
UMSCC1-P (A) and UMSCC1-C (B) cells were treated with 2µg/mL cetuximab, 125µg/mL 

MM-121, and the combination, respectively. As shown in (A) and (B), after 48 hours of 

treatment, AKT and ERK activation was simultaneously ablated by the combination 

compared to single drugs and the control. The inhibition of pAKT was greater by MM-121 

than cetuximab in both cell lines (figure represents 1 of 3 experiments).

Wang et al. Page 18

Clin Cancer Res. Author manuscript; available in PMC 2018 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig 5. Combination of cetuximab and MM-121 shows strong antitumor activity in HNSCC 
cetuximab resistant tumor xenograft animal model
(A) In xenograft models using cetuximab resistant UMSCC1-C cells, mice were randomly 

assigned to five treatment groups: PBS control, cetuximab (100µg/dose), MM-121 (300ug/

dose), Comb.LD (cetuximab 100µg/dose/MM-121 300ug/dose), and Comb.HD (cetuximab 

100µg/dose/MM-121 600ug/dose) and were treated twice a week through intraperitoneal 

injection. Consistent with our in vitro observations, the CM combination showed the greatest 

tumor growth inhibition in UMSCC1-C xenografts. Neither cetuximab nor MM-121 alone 

significantly reduced the tumor growth compared to PBS control. However, the groups 
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treated with both high and low doses of CM combination showed significantly suppressed 

tumor growth as compared with those treated with PBS control, cetuximab and MM-121 

alone. (p<0.001, n=6). (B) Mice carrying UMSCC1-C/H cell xenografts were randomly 

assigned to two treatment groups: PBS control, cetuximab (100µg/dose), Treatment with 

cetuximab significantly inhibited tumor growth (p<0.001, n=6).
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Fig 6. Combination of anti-HER3 antibody MM-121 and cetuximab more potently inhibits 
tumor growth in HNSCC patient derived tumor xenografts than single treatment with only 
MM-121 or cetuximab alone
(A) In PDXs derived from Patient 1 tumor tissue, both cetuximab (100µg/dose) and the 

combination (cetuximab 100µg/dose and MM-121 300ug/dose) significantly inhibited tumor 

growth in nude mice (p<0.001 for both treatments). There was no significant difference 

between cetuximab alone and the combination. However, tumors treated with cetuximab 

alone grew back while no tumor relapse could be detected in the combination group. (B) In 

PDXs derived from Patient 8, only the combination treatment significantly inhibited tumor 

growth (p<0.004). Combination treatment was also more effective than either single agent 

(p<0.032 respectively). (C) As shown by immunoblotting, HER3 expression was induced in 

cetuximab treated PDX tumor samples, while pAKT was reduced by MM-121 treatment. No 

samples from the combination-treated PDXs were available for testing as the tumors were 

too small to isolate sufficient protein sample. n1–3: PDX tumor samples from 3 different 

PDXs in the control group. c1–3: three different tumor samples from the cetuximab treated 

group. m1–3: three different tumor samples from the MM-121 treated group. Image 

represents 3 repeated experiments.
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