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Abstract

Purpose—Human papillomavirus (HPV) 16 plays an etiologic role in a growing subset of 

HNSCCs, where viral expression of the E6 and E7 oncoproteins are necessary for tumor growth 

and maintenance. Although patients with HPV(+) tumors have a more favorable prognosis, there 

are currently no HPV-selective therapies. Recent studies identified differential receptor tyrosine 

kinase (RTK) profiles in HPV(+) vs. HPV(−) tumors. One such RTK, HER3, is overexpressed and 

interacts with phosphoinositide 3-kinase (PI3K) in HPV(+) tumors. Therefore, we investigated the 

role of HPV oncoproteins in regulating HER3-mediated signaling, and determined whether HER3 

could be a molecular target in HPV(+) HNSCCs.

Experimental Design—HER3 was investigated as a molecular target in HPV(+) HNSCC using 

established cell lines, patient-derived xenografts (PDX), and human tumor specimens. A 

mechanistic link between HPV and HER3 was examined by augmenting E6 and E7 expression 
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levels in HNSCC cell lines. The dependency of HPV(+) and HPV(−) HNSCC models on HER3 

was evaluated with anti-HER3 siRNAs and the clinical stage anti-HER3 monoclonal antibody 

KTN3379.

Results—HER3 was overexpressed in HPV(+) HNSCCs, where it was associated with worse 

overall survival in patients with pharyngeal cancer. Further investigation indicated that E6 and E7 

regulated HER3 protein expression and downstream PI3K pathway signaling. Targeting HER3 

with siRNAs or KTN3379 significantly inhibited the growth of HPV(+) cell lines and PDXs.

Conclusions—This study uncovers a direct relationship between HPV infection and HER3 in 

HNSCC, and provides rationale for the clinical evaluation of targeted HER3 therapy for the 

treatment of HPV(+) patients.

Keywords

Human papillomavirus (HPV); HER3; Head and Neck Squamous Cell Carcinoma (HNSCC)

INTRODUCTION

Human papillomavirus (HPV) is a double stranded DNA virus that infects squamous and 

cutaneous epithelia lining the anogenital and the upper aerodigestive tracts. HPV causes 

virtually all cervical cancers and has now been shown to play an etiologic role in a growing 

subset of head and neck squamous cell carcinomas (HNSCCs) (1). Approximately 75% of 

tumors that arise in the oropharynx are associated with HPV infection (2–4). It is projected 

that the total number of oropharynx cancers will be greater than the number of cervical 

cancers by 2020 in the USA alone, highlighting the epidemic state of this disease (5–7). The 

oncogenic potential of HPV is attributed to the expression of the viral oncoproteins E6 and 

E7, which promote the degradation of the tumor suppressors p53 and retinoblastoma protein 

(pRb), respectively. Viral oncogene expression influences tumor formation, growth, and 

maintenance, mediating the unique biology of HPV-associated cancers (4, 8, 9).

HPV(+) HNSCC patients are typically younger in age, male, non-smokers/drinkers, and 

present with poorly differentiated lymph node positive tumors (3, 10). Although HPV(+) 

patients respond more favorably to chemoradiation and have a better prognosis, 

approximately one quarter of HPV(+) HNSCCs are lethal (3, 11–14). Furthermore, there are 

currently no HPV-selective therapies (15). Thus, innovative approaches targeting viral 

oncogene-driven mechanisms may reduce morbidities associated with standard 

chemoradiation and improve outcomes for this patient population.

The HER family of receptor tyrosine kinases is comprised of four receptors, (EGFR/HER1, 

ErbB2/HER2, ErbB3/HER3, and ErbB4/HER4) and is one of the most well studied receptor 

families in all of oncology. The epidermal growth factor receptor (EGFR) was established as 

a molecular target in HNSCC over a decade ago (16), resulting in approval by the Food and 

Drug Administration (FDA) of the anti-EGFR monoclonal antibody, cetuximab, for the 

treatment of HNSCC (17–19). In an effort to deintensify standard-of-care chemoradiation, 

several clinical studies have evaluated the efficacy of cetuximab in HPV(+) HNSCC 

patients. The results to date have been inconclusive, although some studies indicate that 
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HPV(+) patients experience less benefit from EGFR inhibitors compared with HPV(−) 

disease (20, 21). To better understand these findings, several studies have investigated HER 

family expression signatures in large cohorts of HPV(+) and HPV(−) tumors. The results 

indicate an inverse correlation between EGFR expression and HPV positivity (22–24), while 

the HER family receptors, HER2 and HER3, were more highly expressed in HPV(+) tumors 

(25–27). HER3 is a unique HER family member, as it has limited kinase activity and can 

directly bind and activate phosphoinositol-3-kinase (PI3K) (28, 29). We recently reported 

that HER3 was overexpressed and highly bound to PI3K in HPV(+) tumors using a 

proximity-based immunohistochemical (IHC) assay (25). Collectively, these findings 

suggest that HPV(+) and HPV(−) tumors have distinct HER family expression signatures, 

which may inform future targeted therapies for each patient population.

In the present study, we investigated a possible mechanistic link between HPV and HER3 to 

determine whether HER3 could be a promising molecular target in HPV(+) tumors. Our 

results support previous studies examining HER3 expression in HPV(+) patients, where 

HER3 was overexpressed in HPV(+) cell lines, PDX models, and pharyngeal tumor 

specimens. Moreover, high HER3 expression was a poor prognostic factor in a pharyngeal 

cancer patient cohort. Further analyses indicated that HPV oncoproteins, E6 and E7, 

regulated HER3 protein abundance and downstream PI3K/AKT signaling, uncovering a 

direct relationship between HPV infection and HER3. HPV(+) HNSCC preclinical models 

were dependent on HER3 for cellular proliferation and tumor growth, where targeting HER3 

with an anti-HER3 monoclonal antibody reduced the growth of HPV(+) tumors. 

Collectively, these data indicate that HER3 is a potential molecular target in HPV(+) tumors, 

and provide rationale for the clinical evaluation HER3 targeted therapy in HPV(+) HNSCC 

patients.

MATERIALS AND METHODS

Cell Lines

The HPV(+) HNSCC cell lines, UM-SCC47 (SCC47), 93-VU-147T, UPCI-SCC90 

(SCC90), UD-SCC2 (SCC2), and UM-SCC104 (SCC104) and the HPV(−) cell line UM-

SCC22B were kindly provided from Dr. Randal Kimple (University of Wisconsin-Madison). 

The HPV(+) HNSCC cell line UPCI-SCC152 was purchased from American Type Culture 

Collection (ATCC). All HPV(+) cell lines were maintained in Dulbecco’s Modified Eagle’s 

Medium ((DMEM), Mediatech Inc.) with 10% FBS (Gemini Bio-Products) and 1% 

penicillin and streptomycin (Life Technologies) supplemented with 1% non-essential amino 

acids (Gibco). The HPV(−) cell lines, FaDu, SCC9, and Detroit562 were purchased from 

ATCC. PE/CA-PJ34 and PE/CA-PJ49 cells were purchased from Sigma-Aldrich. CAL33 

was kindly provided from Dr. Gerard Milano (University of Nice, Nice, France). UM-SCC4 

(SCC4), UM-SCC1 (SCC1), and TU138 were kindly provided from Thomas E. Carey 

(University of Michigan). TU146 was kindly provided from Jeffrey Meyers (MD Anderson 

Cancer Center). UT-SCC45 (SCC45) was kindly provided by Reidar Grenman (University 

of Turku, Finland). Normal oral keratinocytes-spontaneously immortalized (NOKSI) were 

kindly provided by Dr. Nevan Krogan (University of California, San Francisco). All cell 

lines were authenticated by the indicated sources or confirmed via short-tandem repeat 
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testing (Genetica DNA Laboratories). All HPV(−) cell lines were maintained in DMEM 

with 10% FBS and 1% penicillin and streptomycin. NOKSI cells were maintained in 

Keratinocyte SFM and supplemented with defined keratinocyte-SFM growth supplement 

(Gibco).

Antibodies and compounds

All antibodies used are indicated below: Cell Signaling Technology: HER3-XP, p-HER3-

Y1197, HER2, p-AKT-S473, AKT, p-rpS6-S235/236, rpS6, PI3K-p110a, p53, p-MAPK-

T202/204, MAPK, p-SFK-Y419, and GAPDH. Millipore: EGFR. Abcam: β-Actin and β-

Tubulin. Euromedex: E6 (2E-3F8). Invitrogen: E7. Santa Cruz Biotechnology Inc: E7, 

horseradish peroxidase (HRP)–conjugated goat–anti-rabbit IgG, and goat–anti-mouse IgG. 

A combination of both E7 antibodies (1:1) was used for immunoblotting. KTN3379 and the 

control IgG1 antibody KTN0062C, were kindly provided by Kolltan Pharmaceuticals under 

a Materials Transfer Agreement.

Plasmids, transfection, and siRNA technology

pLXSN16-E6E7 was a gift from Dr. Denise Galloway (Addgene plasmid # 52394)(30). 

pDONR223-ErbB3 was a kind gift from Drs. William Hahn & David Root (Addgene 

plasmid #23874)(31) and subsequently cloned into pLX302 using the gateway system; 

pLX302 was a gift from David Root (Addgene plasmid # 25896) (32). HER3 shRNA 

(shHER3) or non-targeting shRNA (shNT) was cloned into pSIREN-RetroQ vector 

(Clontech) using the BamHI and EcoRI restriction sites. shHER3: 

GCGATGCTGAGAACCAATA; shNT: AATTGTACTACACAAAAGTAC. Virus was 

generated and used to establish 93-VU-147T-HER3 stable cell lines, where individual clones 

were selected and grown in puromycin (0.5ug/mL). Stable cell lines expressing shHER3, 

shNT, or pLXSN16-E6E7 were established via transfection using FuGENE HD (Promega) 

or Lipofectamine LTX (Life Technology); single cell clones were chosen after selection with 

puromycin (0.5 ug/mL) or neomycin (500 ug/mL).

For siRNA-mediated silencing, cells were transiently transfected with two separate HER3 

siRNAs (siHER3-1, used in Figure 4; ON-TARGETplus, SMARTpool #L-003127; GE 

Dharmacon, or siHER3-2, used in Supplemental Figure 2; Origene HER3 siRNA #6263) or 

non-targeting siRNA (siNT; ON-TARGETplus Non-targeting Pool, #D-001810; 

Dharmacon). siRNAs targeting E6 and E7 were purchased from Santa Cruz Biotechnology, 

sc-156008 and sc-270423. Lipofectamine RNAiMAX was used for all siRNA experiments 

according to the manufacturer’s instructions (Life Technology).

Cell proliferation assays

Exponentially growing cells were seeded in six-well or 96-well plates. Following 72-hour 

treatment with siRNAs or KTN3379, cells were washed with phosphate-buffered saline 

(PBS) and fixed/stained with 0.5% crystal violet diluted in methanol. Plates were air dried 

overnight and dye was eluted with 0.1 M sodium citrate (pH 6.0) diluted in 50% ethanol. 

Eluant from 6-well dishes was transferred to 96-well plates, and the absorbance was 

measured at 595 nm (A595) to determine cellular proliferation. The percentage of 

proliferating cells was calculated by comparison of the A595 reading from drug-treated or 
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siRNA transfected cells versus control cells. The anti-proliferative effect of KTN3379 was 

also demonstrated using MTT assay.

Immunoblot analysis

Whole cell lysates were obtained using lysis buffer containing 1M Tris-HCl, pH 7.6, 0.5M 

EDTA, 5M NaCl, 100mM Na4P2O7, 0.5M NaF, 50mM Na3VO4, and 1% Triton X-100, 

supplemented with protease and phosphatase inhibitors as previously described (25, 33). 

Samples were sonicated and then centrifuged at 14,000 RPM for 10 minutes at 4°C. Protein 

concentrations were determined by Bradford assay (Bio-Rad Laboratories). Equal amounts 

of protein were fractionated by SDS-PAGE, transferred to a PVDF membrane (Bio-Rad 

Laboratories), and incubated with the indicated primary antibodies. Proteins were detected 

via incubation with HRP-conjugated secondary antibodies and ECL Western Blotting 

Substrate (Santa Cruz Biotechnology) or SuperSignal West Femto Maximum Sensitivity 

Chemiluminescent Substrate (Thermo Fisher Scientific).

Immunoprecipitation (IP)

Whole cell lysate were obtained using NP40 lysis buffer (50 mM HEPES, pH 7.4, 150 mM 

NaCl, 1% NP-40, 0.5% deoxycholic acid, 10% glycerol, 2.5 mM EGTA, 1 mM EDTA, 1 

mM DTT supplemented with protease and phosphatase inhibitors). Protein A/G magnetic 

beads were used for IP following the manufacturer’s instructions (Thermo Fisher Scientific). 

The anti-HER3 antibody used for IP was KTN3379.

cDNA synthesis and quantitative PCR

Total RNA was isolated using RNeasy kit purchased from Qiagen. 0.5 μg of total RNA was 

used to make cDNA using the iScript Reverse Transcription Supermix Kit (Bio-Rad 

Laboratories). qRT-PCR was conducted using the CFX96 Touch Real-Time PCR Detection 

System (Bio-Rad). All reactions were performed in triplicate and repeated three times. To 

determine the normalized value, 2ΔΔCt values were compared between E6, E7, HER3, and β-
Actin, 18S, or TBP, where the change in crossing threshold (ΔCt) =Ct Target –Ct Control and 

ΔΔCt = ΔCt (NT or Vector) –ΔCt (siE6E7 or E6E7). The sequences of primer sets used for this 

analysis are as follows: E6-F: 5′-CTGCAATGTTTCAGGACCCA-3′, E6-R: 5′-
TCATGTATAGTTGTTTGCAGCTCTGT-3′; E7-F: 5′-ACCGGACAGAGCCCATTACA-3′, 
E7-R: 5′-GCCCATTAACAGGTCTTCCAAA-3′, HER3-F: 5′-
CAGAGTGATGTCTGGAGCTATG-3′, HER3-R: TCTCTAGCAGGTCTGGTACTT, B-β-

Actin-F: 5′-CAGCCATGTACGTTGCTATCCAGG-3′, β-Actin-R: 5′-AGGTCCAGA 

CGCAGGATGGCATG-3′, 18S-F: AACCCGTTGAACCCCATT, 18S-R: 

CCATCCAATCGGTAGTAGCG, TBP-F: CCCATGACTCCCATGACC, TBP-R: 

TTTACAACCAAGATTCACTGTGG. The NRG1 (Hs00247620_m1) primer set was a 

TaqMan Gene Expression Assay (Thermo Fisher).

Annexin-V Staining

Cells were plated in six-well dishes and transfected with non-targeting siRNA (siNT) or 

siE6/E7. 72 hours after transfection the cells were harvested with 0.5% trypsin, washed with 

phosphate-buffered saline (PBS), and re-suspended in 100 μL of binding buffer (BD 
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Biosciences). Cells were stained with 2 μL of FITC-conjugated annexin-V antibody and 2 

μL of propidium iodide (FITC Annexin-V apoptosis detection kit, BD Biosciences). The 

cells were analyzed by flow cytometry (Calibur DxP8). FlowJo Software was used to 

analyze the data.

Cell line xenografts

Female Hsd:athymic Nude-Foxn1nu mice were injected bilaterally with HPV(+) cell lines 

(1×106 cells) and tumors were allowed grow to 100 mm3. Three mice were randomized to 

KTN3379 treatment (10 mg/kg) and three mice to vehicle control (0.9% normal saline) for 

SCC47 xenografts (n=6 mice, 12 tumors total). Two mice were randomized to KTN3379 

treatment and two mice to vehicle control for SCC90 xenografts (n=4 mice, 8 tumors total). 

Mice were treated by intraperitoneal (IP) injection twice weekly. Tumors were treated for a 

total of 3 weeks or until visual sign of ulceration occurred, at which point tumors were 

harvested 3 hours after the last treatment. Tumor volume measurements were determined by 

digital calipers twice weekly and calculated using the formula (π)/6 × (large diameter) × 

(small diameter)2.

Patient derived xenografts (PDXs)

HNSCC PDXs were established from patients with newly diagnosed or recurrent HNSCC 

upon written consent in accordance with IRB approval as described previously (34). NOD/

SCID gamma (NSG) female mice were established with HPV(+) PDXs bilaterally. Three 

mice were randomized to KTN3379 treatment (10 mg/kg) and three mice to vehicle control 

(0.9% normal saline) (n=6 mice, 12 tumors total).

Pharyngeal cancer patient cohort and tissue microarray

Pharyngeal cancer patients completed written consent in accordance with IRB approval from 

the University of Pittsburgh (protocol number 991206). Three separate cores from each 

tumor were spotted on the tissue microarray (2mm size) as previously described (35). HPV 

in situ hybridization and p16 staining were performed as previously described (3, 25).

Immunohistochemistry and scoring

The pharyngeal cancer patient TMA was stained using the Universal quick kit (Vector 

Laboratories, Inc., PK-8800) with the anti-HER3-XP antibody (Cell Signaling, 1:50) or no 

primary antibody as a control. Antibody binding was revealed by addition of 3,3′-
diaminobenzidine substrate and counterstained with Mayer’s hematoxylin (Vector 

Laboratories). Tissues were examined using a Nikon Eclipse microscope by an expert 

pathologist (R.J). The H-score was calculated by assessing the staining intensity of HER3 

for each core (0 to 3+) and multiplying it by the percentage of cells expressing the highest 

level of HER3 in the tumor section. This categorical scale was used to define low HER3 

expressing tumors, scoring below 200, and high-HER3 expressing tumors, scoring 200–300.

Statistical analysis

Student t-tests were used to evaluate differences in cell proliferation and differences in E6, 

E7, HER3, and NRG1 mRNA expression. Differences were considered statistically 

Brand et al. Page 6

Clin Cancer Res. Author manuscript; available in PMC 2018 June 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



significant if *, P < 0.05. To evaluate the sensitivity of cell line xenografts or PDXs to 

KTN3379, the mean fractional tumor volumes were compared between the vehicle treated 

and KTN3379 treatment arms at the last time point of the study using two-sample t-tests 

with equal standard deviations. For clinical parameters, 2×2 contingency tables were 

analyzed by Fisher’s exact test. Overall survival was determined from date of diagnosis to 

date of death, with censoring at date of last follow-up for surviving patients. The log-rank 

test was used for univariate survival analysis. These statistical analyses were carried out 

using Graphpad Prism v6.0d. Multivariate survival analysis was calculated by Cox 

proportional hazards regression using R v3.2.2. Proportional hazards assumptions were 

verified using Schoenfeld residuals. Differences were considered statistically significant if *, 

P < 0.05.

RESULTS

HER3 is overexpressed in HPV(+) HNSCC preclinical models

We recently reported that HPV(+) HNSCCs express significantly elevated mRNA and 

protein levels of the RTK HER3 (25). Further, HER3:PI3K complexes were significantly 

elevated in HPV(+) tumors (25). To determine if this HER3 expression signature was 

detected in HNSCC preclinical models, HER3 protein expression was evaluated in a panel of 

13 HPV(−) and 6 HPV(+) HNSCC cell lines. All HPV(+) cell lines examined were PIK3CA 
wild-type. HER3 was found to be overexpressed in all HPV(+) cell lines (UM-SCC47, 93-

VU-147T, UPCI-SCC90, UD-SCC2, UM-SCC104, and UPCI-SCC152) compared to the 

HPV(−) cell lines and one normal oral keratinocyte cell line (NOKSI) (Figure 1A). This 

observation was consistent in a longer immunoblot exposure, which depicts varied levels of 

HER3 expression in HPV(−) cell lines (Supplemental Figure 1A). Furthermore, HPV 

positivity was confirmed in the cell lines by immunoblot analysis for E6 and E7 

(Supplemental Figure 1B). To evaluate whether HER3 signals through the PI3K pathway in 

HPV(+) cell lines, HER3 and PI3K complexes were examined by co-immunoprecipitation 

(IP) with an anti-HER3 monoclonal antibody in HPV(−) and HPV(+) cell lines (Figure 1B). 

Similar to our previous findings in HPV(+) tumors (25), HER3:PI3K complexes were 

elevated in HPV(+) cell lines as compared to HPV(−) cell lines. Furthermore, HER3 

expression was evaluated in a panel of 8 HPV(−) and 7 HPV(+) patient derived xenografts 

(PDXs), and found to be expressed at elevated levels in all HPV(+) PDXs relative to HPV(−) 

PDXs (Figure 1C). HPV positivity was confirmed in all PDXs by immunoblot analysis for 

E6 and E7. Collectively, these data indicate that HER3 is overexpressed and highly 

associated with PI3K in HPV(+) HNSCC preclinical models.

HER3 is a poor prognostic factor in pharyngeal cancer patients

Since HER3 was overexpressed in HPV(+) HNSCC cell lines, PDX models, and human 

tumors, we next evaluated the prognostic significance of HER3 in a cohort of pharyngeal 

cancer patients. A tissue microarray (TMA) consisting of 38 pharyngeal tumors was 

immunohistochemically stained for HER3 using a HER3 monoclonal antibody. This cohort 

was representative of previously annotated pharyngeal cancer patient cohorts, which are 

primarily HPV(+), male, and representing a younger demographic (see Supplemental Table 

1 for clinical information of this patient cohort). A blinded pathologist evaluated the TMA 
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for HER3 expression, and each tumor was given a H-score on a categorical scale of 0 to 300. 

Representative tumors expressing low and high HER3 are shown in Figure 2A. While HPV 

in-situ hybridization (ISH) and p16 expression did not correlate with high HER3 in this 

cohort of patients, previous work from our laboratory reported a significant correlation 

between HER3 and p16 using the quantitative VeraTag staining method in a larger cohort of 

HNSCC patients (25). Overall survival (OS) of this cohort was determined by evaluating the 

vital status of patients in the low and high HER3 groups. There was a significant association 

between OS and HER3 score (P=0.006), where median OS was shorter in patients with high 

HER3 (2.9 years) as compared to patients expressing low HER3 (6.5 years) (Figure 2B and 

Table 1). The hazard ratio (HR) for OS among patients with high HER3 versus low HER3 

score was 2.20 (95% CI, 0.72–6.73), indicating a higher probability of death in patients with 

high HER3 expression. To further analyze this cohort, overall survival was evaluated using a 

multivariate Cox proportional hazard model that adjusts for HPV status and high versus low 

HER3. When controlling for HPV status, high HER3 increased the risk of death by a factor 

of 1.47 (P = 0.0324). Taken together, these data suggest that HER3 is overexpressed in more 

aggressive pharyngeal cancers, and is predictive of worse overall survival irrespective of 

HPV status.

HPV oncoproteins, E6 and E7, regulate HER3 protein expression and downstream 
PI3K/AKT signaling

Previous in vitro studies using human primary keratinocytes and human mammary epithelial 

cells suggest that HPV oncoproteins regulate the expression of several different RTKs, 

including EGFR, HER2, insulin receptor (IR), and insulin-like growth factor receptor 

(IGF1R) (36–39). To investigate a functional link between HPV and HER3 in HNSCC, the 

bicistronic E6/E7 mRNA was targeted in several HPV(+) cell lines using pooled siRNAs 

targeting both coding sequences. The knockdown of E6/E7 in three HPV(+) cell lines 

(SCC47, 93-VU-147T, and SCC90) robustly diminished the phosphorylation and total 

protein expression of HER3 (Figure 3A). Furthermore, the phosphorylation of the HER3 

downstream effector AKT and ribosomal protein S6 (rpS6) were decreased following E6/E7 

knockdown in all HPV(+) cell lines tested. The knockdown of E6 and E7 was validated by 

examining mRNA, and by immunoblotting for p53 and E7, respectively (Figure 3A). HER3 

mRNA levels were unchanged in cells depleted of E6 and E7, suggesting that these 

oncoproteins may regulate HER3 via a posttranscriptional mechanism. To verify that the loss 

of HER3/AKT signaling was not due to a massive apoptotic response induced by ablating 

E6/E7 expression, annexin-V analysis was conducted in HPV(+) cell lines 72 hours after 

E6/E7 knockdown (Supplemental Figure 2A). These results indicated that there was only a 

minor increase (5–11%) in apoptosis in cells depleted of E6/E7 as compared to cells 

transfected with non-targeting control. Moreover, E6/E7 knockdown had no effect on the 

phosphorylation of MAPK or Src Family Kinases, demonstrating specificity for the loss in 

HER3/AKT signaling we observed (Supplemental Figure 2B).

To confirm a role for E6/E7 in the regulation of HER3, E6 and E7 were stably overexpressed 

in two HPV(−) cell lines, SCC1 and SCC22B. As compared to vector controls, two 

independent clones overexpressing E6 and E7 from each cell line had dramatically increased 

total and phosphorylated HER3 protein levels (Figure 3B). Furthermore, phospho-AKT and 

Brand et al. Page 8

Clin Cancer Res. Author manuscript; available in PMC 2018 June 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



phospho-rpS6 expression levels were markedly increased in E6/E7 stable clones, indicating 

a direct role for E6 and E7 in mediating the activation of the PI3K pathway. While increases 

in HER3 protein levels were detected in each E6/E7 overexpressing clone, HER3 mRNA 

levels remained unchanged as compared to vector controls (expression is depicted for 

E6/E7-C1 for each cell line). These findings further support a role for E6 and E7 in the 

posttranscriptional regulation of HER3.

HPV(+) HNSCC cell lines are dependent on HER3 for cellular proliferation and tumor 
growth

Since E6 and E7 regulated HER3 protein expression and PI3K/AKT signaling, we 

hypothesized that HPV(+) cell lines would be dependent on HER3 for cellular proliferation. 

To test this hypothesis, proliferation assays were performed 72 hours after transfecting five 

HPV(−) and four HPV(+) HNSCC cell lines with a pooled siRNA targeting HER3 or a non-

targeting siRNA control. Genetic ablation of HER3 resulted in statistically significant 

inhibition of cellular proliferation (21–55%) in all HPV(+) cell lines tested, whereas the 

HPV(−) cell lines were relatively unaffected (Figure 4A). Analysis of HPV(−) and HPV(+) 

cell lines after HER3 knockdown demonstrated that AKT and rpS6 phosphorylation were 

reduced only in HPV(+) cell lines, indicating that HER3 signals to the PI3K/AKT signaling 

pathway more prominently in HPV(+) cells. These results were further validated with a 

second independent siRNA targeting HER3 (Supplemental Figure 3). To evaluate the role of 

HER3 on tumor growth, HER3 was stably knocked down with shRNA (shHER3) in the 

HPV(+) cell line, SCC47. An equal number of cells expressing shHER3 were inoculated 

into the right dorsal flank of athymic nude mice, while cells expressing a non-targeting 

control (shNT) were inoculated into the left dorsal flank (n=4 tumor pairs, 8 tumors total). 

After three weeks, shHER3 tumors were significantly smaller compared to shNT tumors 

(Figure 4B). Tumors were harvested and analyzed for HER3 expression and downstream 

PI3K signaling by immunoblot analysis. As compared to shNT control tumors, all shHER3 

tumors expressed reduced levels of phospho-AKT and phoshpo-rpS6 (Figure 4B). 

Collectively, these observations indicate that HPV(+) preclinical models are dependent on 

HER3 for cellular proliferation, tumor growth, and activation of the PI3K/AKT signaling 

pathway.

To further evaluate the role of HER3 in HPV-mediated cellular proliferation, HER3 was 

ectopically overexpressed in the HPV(+) cell line, 93-VU-147T. Two clones overexpressing 

HER3 (clone 1 and clone 2) or a vector control were subsequently transfected with siRNA 

targeting E6 and E7 (siE6E7) or a non-targeting control (siNT) (Figure 4C). Consistent with 

previous reports (40), knockdown of E6 and E7 inhibited the proliferation of 93-VU-147T-

Vector (93-VU-147T-V) cells by approximately 60%, while cells ectopically overexpressing 

HER3 displayed a more modest reduction in proliferation (19–25%) compared to siNT cells. 

Immunoblot analysis of each cell line indicated that more HER3 was retained in the clones 

as compared to vector control cells post E6 and E7 knockdown. Further, while E6 and E7 

knockdown reduced PI3K/AKT signaling in all cell lines, there was more AKT and rpS6 

phosphorylation retained in the clones overexpressing HER3. These findings suggest that 

HER3 contributes to the oncogenic effects of E6 and E7 in HPV(+) cells by activating the 

PI3K/AKT signaling pathway.
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HER3 is a promising molecular target in HPV(+) HNSCC preclinical models

Monoclonal antibodies that inhibit HER3 activation are now in clinical development, 

however, predictive biomarkers to identify patients who may respond to these agents are 

lacking. Since HER3 is overexpressed in HPV(+) cell lines, PDXs, and human tumors, we 

hypothesized that HPV(+) preclinical models would be highly sensitive to anti-HER3 

therapy. KTN3379 is a clinically advanced monoclonal antibody that effectively inhibits 

both ligand dependent and independent activation of HER3 (41, 42). To investigate the 

efficacy of KTN3379 in vitro, five HPV(−) and four HPV(+) cell lines were treated with 100 

nM of KTN3379 for 72 hours prior to performing proliferation assays (Figure 5A). While all 

four HPV(+) cell lines were significantly growth inhibited upon treatment with KTN3379, 

only a subset (2 of 5) of the HPV(−) cell lines tested were responsive. Consistent with 

previous studies (42), KTN3379 prevented the phosphorylation of HER3 in all cell lines 

tested over a time course of 72 hours. However, evaluation of downstream PI3K/AKT 

signaling indicated that phospho-AKT and phospho-rpS6 were more substantially inhibited 

in three HPV(+) cell lines (SCC47, 93-VU-147T, and SCC90) as compared to three HPV(−) 

cell lines (TU138, PECAPJ49, and SCC1) (Figure 5A). Furthermore, siRNA-mediated 

knockdown of EGFR and HER2 only moderately prevented the phosphorylation of HER3 in 

HPV(+) cell lines (Supplemental Figure 4), supporting the necessity of targeting HER3 

directly with agents like KTN3379.

To further evaluate the efficacy of KTN3379, the HPV(+) cell lines SCC47 and SCC90, and 

the HPV(+) PDX-10 were established as xenografts in athymic nude or NSG mice (Figure 

5B). Once tumors reached approximately 100 mm3, mice were randomized and treated with 

either KTN3379 (10 mg/kg twice weekly by intraperitoneal injection) or vehicle control. All 

HPV(+) xenografts treated with KTN3379 demonstrated statistically significant reductions 

in tumor volumes over several weeks of treatment (Figure 5B). Evaluation of tumor whole 

cell lysates indicated that KTN3379 treated tumors expressed reduced levels of both 

phospho- and total HER3, suggesting that KTN3379 may induce the degradation of HER3 

in vivo (two representative tumors per treatment group are shown). Consistent with in vitro 
data, the HPV(+) tumors treated with KTN3379 expressed reduced levels of phospho-AKT 

and phospho-rpS6. Taken together, these observations indicate that HPV(+) HNSCC 

preclinical models are highly sensitive to anti-HER3 therapy, and suggest that HER3 may be 

a promising therapeutic target in HPV-associated HNSCCs.

DISCUSSION

HER3 is emerging as a molecular target in several different cancers, however, biomarkers 

that predict patient response to HER3 targeted therapy are lacking (43). Several reports 

examining large cohorts of HNSCC patients have found HER3 expression to be associated 

with decreased survival, however, these early studies did not include HPV status in their 

evaluations (44). More recently, one group reported that HER3 and neuregulin 1 (NRG1), 

the cognate ligand for HER3, are independently associated with decreased overall survival in 

oropharyngeal cancer patients (45). In the current study, HER3 was overexpressed in 

HPV(+) HNSCC cell lines, PDX models, and pharyngeal tumors, where high levels of 

HER3 protein expression was associated with reduced survival of pharyngeal cancer 
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patients. However, examination of a larger cohort of HPV(+) patients with a matched control 

group is needed to better determine the prognostic value of HER3 in HPV(+) HNSCC.

We found that HPV oncoproteins, E6 and E7, regulated HER3 protein expression in HNSCC 

cell lines. These data are consistent with previous studies suggesting a role for HPV 

oncoproteins in the regulation of RTKs. In a study by Spangle et al., overexpression of 

HPV16-E6 in primary human foreskin keratinocytes resulted in increased EGFR and insulin 

receptor internalization and prolonged activation upon ligand withdrawal (46). A study in 

mammary epithelial cells indicated that E6 and E7 cooperate with HER2 by increasing its 

expression and promoting HER2 dependent growth (36). While two groups have reported 

that E6 and E7 transcriptionally activate EGFR expression (38, 39), others have observed 

contrary findings (46). Our data support the posttranscriptional regulation of HER3 by HPV. 

These data suggest that HER3 mRNA or protein stability are regulated by HPV oncoproteins 

in HPV(+) HNSCC. A potential mechanism may involve E6/E7 acting to prevent 

proteasomal degradation of HER3. In preliminary studies we have found that proteasome 

inhibition abrogates the loss of HER3 abundance upon knockdown of E6/E7 in HPV(+) cells 

(unpublished data). E6 or E7 may sequester the E3 ubiquitin ligases Nrdp1 or NEDD4, 

which have been shown to promote ubiquitination and negative regulation of HER3 (47, 48). 

Furthermore, we suspect that increased HER3 levels leads to increased HER3 dimerization 

with other HER family members or RTKs resulting in HER3 phosphorylation and 

downstream signaling.

Interestingly, a recent study in a cervical cancer cell line found a posttranscriptional role for 

E2 in the regulation of HER3 via sequestration of Nrdp1 (49). This study found that viral 

episomal forms were necessary for HER3 expression, as viral genome integration has been 

reported to disrupt the E2 open reading frame (50, 51). The HPV(+) HNSCC cell lines used 

in our study have integrated viral genomes, where portions of the E2 gene have been 

reported to be lost in SCC47 cells (52, 53). Thus, whether E2 is fully expressed and 

functional in HNSCC is unclear. Finally, some reports have suggested a role for the HPV 

oncoprotein E5 in the regulation of EGFR-containing endosomes. However, the relevance of 

this observation in HNSCC and the impact on HER receptor expression and/or signaling has 

not been fully addressed (54, 55).

Previous studies have indicated that phospho-HER3 levels can be predictive of response to 

anti-HER3 therapy in preclinical models (42, 56). IHC for phosphorylated HER3 is often 

unreliable in clinical samples, and thus may not be an accurate way to predict response (43). 

In the current study, HER3 was overexpressed in HPV(+) models, which correlated with 

response to anti-HER3 therapy in vivo. Unlike other studies in breast and lung cancer 

models (42, 56), NRG1 mRNA and protein expression did not correlate with response to 

anti-HER3 therapy in the current HNSCC cell lines tested (Supplemental Figure 5). This 

may reflect the fact that HPV E6/E7 maintain high levels of HER3 protein expression, and 

thus HER3 can readily dimerize with other RTKs without an over abundance of ligand 

present. Collectively, our data suggest that HPV infection may be a biomarker for HER3 

activity and response to HER3 targeted therapy in HNSCC, however, examination of tumor 

lysates from larger clinical cohorts and HPV-selective clinical trials will be necessary to 

support this hypothesis.
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In prior studies we have shown that HER2, HER3, HER2:HER3, and HER3:PI3K protein 

complexes are elevated in HPV(+) versus HPV(−) HNSCC tumors (25). Furthermore, 

HPV(+) cell lines were found to be moderately sensitive to the dual EGFR/HER2 tyrosine 

kinase inhibitor, afatinib (25). Recently, data from the afatinib versus methotrexate LUX-

Head and Neck 1 trial indicated that HPV(+) patients exhibited minimal response to afatinib 

(57), highlighting a discrepancy between preclinical response and patient response to this 

agent. This discrepancy may be due to several factors, including increased potency of 

afatinib under in vitro conditions and the lack of patient selection based on the activation 

status of HER family receptors. While the LUX-Head and Neck 1 trial found that HPV(+) 

patients exhibited minimal responses to afatinib, the ability of afatinib to effectively inhibit 

HER3 was not examined. The rational design of future clinical trials will benefit from 

further preclinical modeling comparing the efficacies of different HER family targeting 

agents in HPV(+) models.

There are currently several anti-HER3 targeted therapies in clinical trials (clinicaltrials.gov), 

all of which are monoclonal antibodies. Here, KTN3379 reduced HER3 phosphorylation and 

total HER3 protein levels in all xenograft models examined. However, KTN3379 only 

reduced total levels of HER3 in SCC90 cells in vitro. The differential effects of KTN3379 

on total HER3 protein levels in vitro is difficult to explain, but it suggests a greater potency 

of KTN3379 in vivo, which has also been observed in other studies (58). While KTN3379 

effectively blocked the phosphorylation of HER3 in both HPV(+) and HPV(−) models in the 

current study, HPV(+) models appeared to be more responsive to this agent. However, it is 

noted that KTN3379 has demonstrated antitumor responses in other HPV(−) HNSCC 

models (58, 59), and thus additional biomarkers will be needed to select for responsive 

HPV(+) and HPV(−) tumors. Taken together, our findings suggest that HER3 is a promising 

molecular target in HPV(+) tumors, and provide rationale for the clinical evaluation of anti-

HER3 therapies for the treatment of HPV(+) patients.
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STATEMENT OF TRANSLATIONAL RELEVANCE

Human papillomavirus (HPV) 16 plays an etiologic role in a growing number of head and 

neck squamous cell carcinomas (HNSCCs) that arise in the oropharynx, where viral 

expression of the E6 and E7 oncoproteins are necessary for tumor growth and 

maintenance. While the molecular pathogenesis of HPV-driven HNSCC is distinct from 

HPV(−) tumors, there are no HPV-selective therapies and standard treatment approaches 

result in debilitating lifelong toxicities. Thus, understanding viral oncogene driven 

mechanisms may uncover new molecular targets in HPV(+) tumors. In the current study, 

the receptor tyrosine kinase HER3 was found to be overexpressed in HPV(+) HNSCC 

models, and significantly associated with worse overall survival in pharyngeal cancer 

patients. HPV oncoproteins, E6 and E7, mediated HER3 protein expression and 

downstream PI3K signaling, uncovering a direct relationship between HPV infection and 

HER3. Furthermore, HPV(+) preclinical HNSCC models were sensitive to HER3 

targeting with siRNAs and the clinical stage anti-HER3 monoclonal antibody, KTN3379. 

Collectively, these studies provide a rationale for the clinical evaluation of anti-HER3 

therapeutics for the treatment of HPV(+) HNSCCs.
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Figure 1. HER3 is overexpressed in HPV(+) HNSCC preclinical models
(A) Whole cell lysates were harvested from 12 HPV(−) and 6 HPV(+) HNSCC cell lines, 

and one normal oral epithelial cell line (NOKSI) and evaluated for HER3 expression by 

immunoblot analysis. β-Tubulin was used as a loading control. (B) 500 μg of whole cell 

lysates harvested from cell lines in (A) were subjected to immunoprecipitation with anti-

HER3 antibody followed by immunoblotting for total HER3 protein and the p110α subunit 

of PI3K. IgG heavy chain staining was used as a loading control. (C) Whole cell lysates 

were harvested from 8 HPV(−) PDXs and 7 HPV(+) PDXs and evaluated for HER3, E6, and 

E7 protein expression by immunoblot analysis. β-Tubulin was used as a loading control. 

ImageJ software was used to quantitate p110α:HER3 association, and HER3 expression 

levels in HPV(−) and HPV(+) models. Experiments were performed in triplicate with similar 

results.
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Figure 2. High HER3 expression is associated with worse overall survival in pharyngeal cancer 
patients
(A) HER3 is differentially expressed in a cohort of 38 pharyngeal cancer patients. 

Pathologic IHC quantitation was determined via calculation of a Histo-Score. Representative 

images of low and high HER3 expressing tumors are shown (10×). (B) High HER3 

expression was significantly associated with shorter overall survival (OS) in pharyngeal 

cancer patients as analyzed by the log-rank test. **, P < 0.01.
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Figure 3. HPV regulates HER3 protein expression and downstream PI3K/AKT signaling
(A) Whole cell lysates and mRNA were harvested from three HPV(+) HNSCC cell lines 72 

hours after transfection with E6/E7 siRNA or a non-targeting (siNT) control. (B) Whole cell 

lysates and mRNA were harvested from SCC1 and SCC22B clones (E6/E7-C1 and E6/E7-

C2) stably overexpressing pLXSN-E6E7 or pLXSN-vector control. β-Tubulin was used as a 

loading control for immunoblotting in (A) and (B). E6, E7, and HER3 mRNA expression 

was detected by quantitative RT-PCR and normalized to the expression of each target in 

siNT-transfected cells or vector controls (n=3 in three independent experiments). The 

expression of each target gene is shown for only one clone per cell line. 18S expression was 

used as an endogenous control. Data points are represented as mean ± s.e.m. **, P <0.01.
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Figure 4. HPV(+) HNSCC cell lines are dependent on HER3 for cellular proliferation and tumor 
growth
(A) HPV(−) and HPV(+) HNSCC cell lines were transfected with siHER3 (30 nM) or non-

targeting siRNA (siNT) for 72 hours before performing proliferation assays. Proliferation is 

plotted as a percentage of growth relative to siNT transfected cells (n= 3–6 replicates in 

three independent experiments). Whole cell lysates were harvested at the same time point to 

confirm HER3 knockdown and investigate changes in phospho-AKT and phospho-rpS6 

expression. β-actin was used as a loading control. Data points are represented as mean ± 

s.e.m. **, P <0.01. (B) SCC47 cells stably expressing an shRNA targeting HER3 (shHER3) 

or a non-targeting control (shNT) were inoculated into the left or right dorsal flank in 4 

athymic nude mice (n=4 tumor pairs, 8 tumors total). Tumor volume was monitored for 

three weeks and plotted at the last time point. Data points are represented as mean ± s.e.m. 

**, P < 0.01. Whole cell lysates were harvested from each tumor and evaluated for the 

indicated proteins by immunoblot analysis. (C) pLX302-HER3 was stably overexpressed in 

the HPV(+) cell line, 93-VU-147T. Two HER3 stable clones (HER3-C1 and HER3-C2) and 

a vector control were transfected with siE6E7 (30 nM) or siNT for 72 hours before 

performing proliferation assays (n=3 replicates in three independent experiments). Whole 

cell lysates were harvested at the same time point to analyze HER3 expression and 

downstream PI3K pathway signaling. β-actin was used as a loading control. Data points are 

represented as mean ± s.e.m. **, P<0.01.
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Figure 5. HPV(+) HNSCC models are sensitive to therapeutic blockade of HER3 with the anti-
HER3 monoclonal antibody, KTN3379
(A) HPV(−) and HPV(+) HNSCC cell lines were treated with 100 nM KTN3379 for 72 

hours before performing proliferation assays. Proliferation is plotted as a percentage of 

growth relative to vehicle treated cells (n=6 in three-five independent experiments). Data 

points are represented as mean ± s.e.m. *, P <0.05, **, P <0.01. Whole cell lysates were 

harvested from three HPV(−) cell lines (PECAPJ49, TU138, and SCC1), and three HPV(+) 

cell lines (SCC47, 93-VU-147T, and SCC90) over a time course of 72 hours of KTN3379 

treatment (100 nM) followed by immunoblotting for the indicated proteins. β-actin was used 

as a loading control. (B) HPV(+) cell lines (SCC47 and SCC90) were grown as xenografts in 

athymic nude mice (n=6 tumors per treatment group for SCC47, and n=4 tumors per 

treatment group for SCC90). The HPV(+) PDX-10 was implanted into the dorsal flanks of 

NOD/SCIDγ mice (n=6 tumors per treatment group). All xenografts were treated with 

KTN3379 (10 mg/kg) or vehicle twice weekly for the indicated time period by IP injection. 

Tumor volumes for all xenograft experiments were calculated as fractions of the average 

starting volume for each group, and the mean tumor volume ± s.e.m is shown. **, P<0.01.
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