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Abstract

Importance—HERZ2is an important drug target in breast cancer, where anti-HERZ2therapy has
been shown to lead to improvements in disease recurrence and overall survival. HERZ status in
head and neck squamous cell carcinoma (HNSCC) has not been well studied. Identification of
HERZ positive tumors and characterization of response to HER2 therapy could lead to targeted
treatment options in HNSCC.

Objective—To identify HERZ aberrations in HNSCCs and investigate potential for HER2
targeted therapy in HNSCCs.

Design, Setting, and Participants—Retrospective case series of patients with laryngeal and
oral cavity SCC enrolled in the University of MichiganSPORE. Publically available sequencing
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data(TCGA) was reviewed to identify additional mutations and overexpression in HERZ2in
HNSCC. Established HNSCC cell lines were used for follow-up /n vitro analysis.

Interventions—Using targeted, amplicon-based sequencing with the Oncomine Cancer Panel,
we assessed the copy number and mutation status of commonly altered genes in HNSCC:s.
Immunohistochemical staining was performed on tissue microarrays of HNSCCs to assess
expression of HER2. Western blotting for HNSCC cell line HER2 expression, and cell survival
assays after treatment with HER2 inhibitors were performed.

Main Outcomes and Measures—Prevalence of HERZ genetic aberrations and HER2
overexpression in laryngeal and oral cavity squamous cell carcinomas (SCCs). Prevalence of
HERZ2 aberrations in HNSCC in TCGA. HER2 protein expression in HNSCC cell lines. Response
of HNSCC cell lines to targeted HER2 inhibitors.

Results—Forty-two laryngeal SCC samples were screened by targeted sequencing, of which 4
were positive for HER2 amplification. Two samples identified with sequencing showed HER2
overexpression on immunohistochemistry. Two of 94 oral cavity SCC samples were positive for
HER2 on immunohistochemistry. Analysis of 288 patients from publicly available HNSCC
sequencing data revealed 9 amplifications in HERZ. Protein expression was variable across
HNSCC cell lines, and a subset of these cell lines show responsiveness to anti-HER2 therapy.

Conclusions and Relevance—HER?2 aberrations are identified in a subset of HNSCCs. These
tumors may be responsive to targeted therapy against HERZ2. Screening for HERZ aberrations and
applying targeted therapy in HERZ positive patients may provide a useful tool for personalized
therapy trials, particularly in patients that are refractory to current treatment paradigms.

Keywords

HNSCC; HER2; ERBB2; neu; amplification; mutant

BACKGROUND

Prognosis and cure rates for advanced head and neck squamous cell carcinomas (HNSCC)
remains poor, and survival remains unchanged, particularly in laryngeal squamous cell
carcinoma (LSCC)1-2. Current treatment options for advanced HNSCC include combination
therapies (surgery, radiation, and/or chemotherapy), and have not changed for years.
Moreover, limited treatment options exist for recurrent or metastatic disease. New targeted
tumor therapy options, while widely employed in other cancer treatments, are limited in
HNSCC.

Human epidermal growth factor receptor 2 (HERZ2, or ERBB?2) is a member of the EGFR
family of transmembrane receptor tyrosine kinases intricately involved in cell proliferation
and growth. HERZand other receptors in this family (EGFR, ERBBS3, and ERBB4) initiate
signaling via homo- and heterodimerization, resulting in activation of downstream MAPK,
PIK3CAIAKT, and STAT pathways3. Overexpression of HER2 leads to an increased rate of
dimerization, particularly with EGFR, and increased downstream signaling for cell growth
and proliferation. HER2 has been shown to be amplified in approximately 15-30% of breast
cancers and 10-30% of gastric and esophageal cancers?®. Additionally, amplifications in
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HERZ have been identified in bladder, ovarian, endometrial, pancreatic, and non-small cell
lung cancers®.

Historically, HER2 amplification portended a worse prognosis in breast cancer patients, with
worse overall and recurrence-free survival®. Prognosis in these patients has subsequently
improved largely due to the advent of targeted therapy against HER27-8, Currently, small
molecule inhibitors or antibodies targeting HER?2 are approved for treatment in HERZ2
positive breast, gastroesophageal, and non-small cell lung cancers®9-11, To date, there have
been few studies fully characterizing HERZ amplifications and HER2 overexpression in
HNSCC2-16, Aberrations in HERZ are a potentially attractive targeted therapy for HNSCC
given its important interactions with EGFR via heterodimerization, and their common
downstream pathways. Thus, identification and characterization of HERZ positive HNSCCs
could lead to potential targetable treatment options for subsets of patients with HERZ2
positive HNSCCs refractory to current standard of care.

METHODS

Tissue Collection

This study was approved by the University of Michigan Institutional Review Board. Forty-
two LSCC and 94 oral cavity squamous cell carcinoma (OSCC) tumor specimens were
identified from patients enrolled in the University of Michigan Head and Neck Specialized
Program of Research Excellence (SPORE). Patients gave written consent and tumor tissue
was collected in the SPORE tissue repository. Patient information, including demographic
information, treatments rendered, and patient outcomes were recorded. Specific tissue
microarrays (TMASs) comprised of LSCC and OSCC specimens were constructed.

Sequencing of Laryngeal Samples

Using targeted, amplicon-based sequencing with the Oncomine Cancer Panell’, we assessed
the copy number and mutation status of several common therapeutic targets in our LSCC
samples, including HERZ, and EGFR. Amplicon based DNA sequencing and data analysis
was performed using 40 ng of isolated DNA using the RNA/DNA formalin-fixed paraffin-
embedded isolation kit (Qiagen, Valenica, CA) on the lon Torrent Personal Genome
Machine, utilizing the AmpliSeq Comprehensive Cancer Panel as previously described?8.
Nucleotide variants and indels were identified using the Torrent Variant Caller plugin,
annotated using Annovar,1? and filtered to include candidate somatic mutations by removing
germline variants and sequencing artifacts using in-house validated pipelines'8. Briefly,
called variants were first filtered to remove synonymous variants, as well as those without
adequate read support. The variants were filtered such that flow-corrected read depths <20,
flow-corrected variant allele-containing reads <6, variant allele frequencies <0.10, and
skewed variant read support (i.e. the difference in the number of forward vs. reverse reads
containing the variant allele) >5-fold were removed from the variant set, as previously
described!8. Copy number alterations were identified clinically relevant at >|2| copies, as
previously described820, using normalized, GC content corrected, total read counts per
amplicon from each sample divided by those from a composite “normal” sample consisting
of multiple single and pooled normal male DNA samples. Gene-level (e.g. HER2) copy
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number estimates were determined by taking the coverage-weighted mean of the per-probe
ratios, with expected error determined by the probe-to-probe variance, as previously
described??.

Immunohistochemistry of Laryngeal and Oral Cavity Tissue Microarray Samples

Immunohistochemical staining for HER2 overexpression was performed on LSCC and
OSCC TMA samples. Briefly, the formalin-fixed paraffin-embedded sections from the
TMAS were heated, and underwent peroxidase blocking. A HER2 rabbit monoclonal
antibody (SP3; Cell Marque, Rocklin, CA) was applied at a 1:150 dilution. A FLEX +
Rabbit EnVision System (Dako, Carpinteria, CA) was used for staining. The TMAs were
then counterstained with Harris Hematoxylin. Protein expression was scored by a board-
certified pathologist in a blinded fashion, and samples with 3+ or 4+ scoring were counted
as positive samples, in accordance with current national guidelines?l. Additionally, staining
and scoring for EGFR overexpression was performed in a similar fashion on the TMA
samples.

Analysis of Publically Available HNSCC Sequencing Data

The Cancer Genome Atlas (TCGA) has collected mutation and copy number variation data
on 288 HNSCC tumors?2, Additionally, we evaluated HNSCC exome sequencing data from
Stansky et al (74 patients) and Agrawal et al (32 patients)2324, We screened for prevalence

of amplifications and mutations in HERZ, EGFR, ERBB3, and ERBB4in HNSCC patients,
and mRNA levels of HERZand EGFR.

Western Blotting

The University of Michigan has created multiple cell lines from primary HNSCC tumors.
Head and neck cancer cell lines from this repository (UM-SCC) were analyzed for HER2
protein expression. We selected 11 cell lines: UM-SCC-1,-2, -14A, -23, -49, -59, -92, -97,
-103, -108, and -110. UM-SCC-23 is derived from LSCC, with the remaining cell lines
derived from OSCCs. Briefly, cells were harvested and lysed in RIPA buffer. Ten
micrograms of each cell harvest were used and standard western blot protocols were
followed. Primary antibodies against B-actin (1:1000, Cat. #4970, Cell Signaling
Technology, Danvers, MA), EGFR (1:1000, Cat. #TA312545, Origene, Rockville, MD), and
HER2 (1:500, Cat. #4290, Cell Signaling) were incubated overnight at 4 C, followed by a
goat anti-rabbit HRP (Cat. #111-035-045, Jackson ImmunoResearch, West Grove, PA)
secondary antibody at room temperature for one hour. The blots were then visualized with
chemilumiescence and imaged.

HERZ2 Inhibition and Cell Survival Assays

The UM-SCC cell lines listed above were seeded at 2,000 cells per well in a 384-well plate
format in DMEM containing 10% FBS using an automated cell sorter. Cells were allowed to
attach and return to growth phase for 20-24 hours prior to dosing. HER2 tyrosine kinase
inhibitors (AEE788, BMS599626, CP724714, and TAK285) were prepared from a stock
concentration of 10 mM in sterile DMSO, and diluted in cell growth media to working
concentrations. Each dose was performed in quadruplicate. At the 60-hour time point, 10 uL
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of 100 pg/mL resazurin in PBS was added to the plates. Plates were read for cell viability at
72 hours after dosing at 540nm/612nm using a BioTek Cytation 3 plate reader. DMSO-only
wells were used as the treatment control, and camptothecin was used as a positive control for
cell death. Cell proliferation plots were then constructed using Prism software (GraphPad
Software, Inc., La Jolla, CA).

RESULTS

HER2 Amplification in Laryngeal Cancer Specimens

Of the 42 samples collected on the laryngeal TMA, 4 (9.5%) were positive for HER2
amplification on sequencing, with log2 estimated copy humber amplification ranging from
2.4 10 9.0 (Supplemental Table I; Figure 1). We also screened for other commonly amplified
receptor tyrosine kinases in these patients via copy number analysis (Supplemental Table I).
One sample had significant amplification of £EGFR in addition to HERZ. The remaining
three samples also had copy number gains in EGFR, but to a lesser degree (<2.0 copy
number amplification ratio). Additional highly amplified or deleted genes were identified
and recorded (Figure 1). Overall, we identified similar copy number variations in targetable
receptor tyrosine kinases (EGFR, HERZ, and FGFRI; Supplemental Table II) in our larynx
cohort (n = 42) as has been reported in TCGA LSCC specimens (n = 72). We also collected
data on mutations in genes frequently mutated in HNSCC or associated with carcinogenesis
in the four HER2 amplified LSCC specimens (Supplemental Table I11). Notably, missense
mutations in NOTCHI were identified in all four patients with HER2 amplifications. This
finding is in concordance with the high frequency of NOTCHI mutations in HNSCC that
has been previously reported?3.24,

HERZ2 Immunohistochemistry of Laryngeal and Oral Cavity Specimens

Two of the 4 LSCC samples identified with sequencing to have amplifications of HERZ
were scored to be positive for HER2 overexpression (3+) on immunohistochemistry
(Patients 1 and 2; Figure 2A). The remaining 2 samples that showed amplification on
sequencing did not show overexpression of HER2 on immunohistochemistry. Two of the
OSCC samples demonstrated HER2 overexpression on immunohistochemistry (Patients 3
and 4; Figure 2B). Additionally, we confirmed that the HER2-positive samples stained
strongly for EGFR overexpression (3+), as was previously assessed in this cohort2:25,

HER?2 Positive Patient Characteristics

Demographic and treatment information was obtained from the patients whose samples were
used for the TMAs (Supplemental Table IV). Clinical information on the four HER2 positive
patients on immunohistochemistry was recorded. Patient 1 was a smoker who developed a
T2NOMO SCC of the glottis at age 41, initially treated with radiation. He developed a
recurrence 6 years later, but delayed treatment. He eventually underwent salvage total
laryngectomy 4 years later, and ultimately died. Patient 2 was a smoker who developed a
TANOMO SCC of the glottis at age 57, initially treated with a right hemilaryngectomy. He
developed a recurrence, and was treated with salvage total laryngectomy and
chemoradiation. He is deceased. Patient 3 developed a T2NOMO SCC of the floor of mouth
at age 49, treated with local resection and bilateral selective neck dissections. He is alive and
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disease-free as of his last office visit 8 years postoperatively. Patient 4 developed a
TAN2bMO SCC of the oral tongue at age 26. She underwent subtotal glossectomy, bilateral
selective neck dissections, and free tissue reconstruction. She was unable to complete
postoperative chemoradiation due to social issues, and developed a recurrence 7 months
later, and eventually underwent chemoradiation, before passing away.

HER2 Amplifications and Mutations in The Cancer Genome Atlas

We next analyzed publicly available HNSCC sequencing data for HERZ alterations?2-24, In
this data set, 288 samples with documented copy number variations and 385 samples with
mutational data were analyzed. We identified 9 (3.1%) HERZ2 amplifications in HNSCC
from these patients, with estimated copy number ranging from 4.1 to 14 (Supplemental
Table I, Figure 3A). Additionally, we searched for other HERZ2 mutations in HNSCC. We
identified 11 missense mutations, and 1 nonsense mutation (Figure 3B, D). Seven of the
missense mutations were predicted to be possibly or probably damaging to H/ERZ2 function
based on analysis with the PolyPhen-2 bioinformatic tool?” (Supplemental Table V). We
next screened for mutations and amplifications in other EGFR family members (EGFR,
ERBBS3, ERBB4). Amplifications were identified in EGFR, more frequently than in HERZ.
No amplifications were seen in ERBB3or ERBB4. Mutations were identified in EGFR,
ERBB3, and ERBB4 (Figure 3B). RNA expression analysis of HERZ2and EGFR
demonstrated elevated levels of EGFR RNA in a subset of patients with elevated HER2
RNA levels, as well as a subset of patients with elevated £EGFR RNA levels in these HNSCC
samples (Figure 3C). We identified a HERZ2amplified fusion gene product with STARDS3,
with the first 3 exons from HERZ (noncoding exons), and the remaining exons from
STARD3. STARDS3 s primarily reported as a cholesterol transport gene in the same
chromosomal amplicon as HERZ, but it has been implicated in growth and survival of HERZ2
positive cancersZ8,

HER2 Expression Levels in Head and Neck Squamous Cell Carcinoma Lines

We next assessed for HER2 expression in UM-SCC cell lines. HER2 expression levels were
variable across the cell lines. EGFR expression levels were assessed in these cell lines as
well, and demonstrated significant variability in expression levels. Notably, UM-SCC-1 had
higher HER2 levels in comparison to the other cell lines (Figure 4).

Head and Neck Squamous Cell Carcinoma Line Response to HER2 Inhibitors

We next tested these UM-SCC cell lines for sensitivity to HER2 tyrosine kinase inhibitors
currently being assessed in clinical trials. We identified a subset of these cell lines with
sensitivity to HER2 inhibition. UM-SCC-1 and UM-SCC-110, and to a lesser extent UM-
SCC-23, demonstrated sensitivity to HER2 inhibitors in vitro (AEE788, BMS599626,
CP724714, and TAK285; Figure 5A-D; Supplemental Table V1). Notably, CP724714 is a
HER2-specific inhibitor, while the other inhibitors do confer some inhibition to EGFR in
combination with HER2 inhibition.

JAMA Otolaryngol Head Neck Surg. Author manuscript; available in PMC 2016 June 16.
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DISCUSSION

We are entering into an era with rapid advancements in personalized tumor treatments.
Tumor genomes are increasingly being screened, and personalized targeted therapy is
actively being investigated for use in clinical care. Currently in HNSCC, targeted therapy
has been limited to cetuximab, with early clinical trials testing additional potential drug
targets2®. In breast and gastro-esophageal cancers, targeted therapy against HER2-amplified
tumors has been demonstrated to be successful. The role of HER2aberrations in HNSCC
has not been well investigated. Here we describe amplifications in HERZ2and overexpression
of HER2 in a subset of LSCC and OSCC specimens. Furthermore, we show in vitro
response of some HNSCC cell lines to HER?2 inhibitors. Notably, one cell line with
significantly increased HER2 expression (UM-SCC-1) demonstrates increased sensitivity to
HER2 inhibitors relative to the other UM-SCC lines. Interestingly, another cell line with
lower expression levels of HER2 and EGFR (UM-SCC-110) demonstrated some response to
HER?2 inhibitors in vitro, suggesting targeted inhibitors of HER2 may have broader
implications than just HER2-overexpressing tumors.

Targeted next generation sequencing of laryngeal tumor specimens in this study was
successful in identifying amplifications in #ER2. Multiple proto-oncogenes may be
screened simultaneously with this technique, potentially making sequencing a useful high-
throughput tool when compared to standard screening assays (in situ hybridization and
immunohistochemistry). Of note, we identified four samples positive for HERZ gene
amplification on sequencing whereas only two were identified by immunohistochemistry.
This can potentially be ascribed to tumor heterogeneity for HERZ expression, which has
been well described in literature30-31, It remains unclear whether these HERZ heterogeneous
tumors are responsive to anti-HER?2 therapy3!. Additionally, gene amplification from
sequencing studies does not always correlate with RNA and protein expression?2.
Nevertheless, next-generation sequencing offers a potentially highly sensitive and high-
throughput tool for detecting HERZ2amplifications in combination with other potentially
targetable genes. Confirmation should be performed with established immunohistochemistry
protocols.

It is important to clarify the amplification and expression status of additional receptor
tyrosine kinases, such as EGFR, in patients with HERZ amplifications. HER2
overexpression is known to cause increased activation of EGFR. Additionally, tumors with
EGFRand HERZ amplifications express a more aggressive phenotype and have a worse
prognosis32. The two proteins closely interact, forming receptor heterodimers to activate
common downstream signaling pathways, and each gene may be integrally involved in
development of resistance to targeted treatment against the other. For instance, HER2?
amplification has been implicated in acquired resistance to targeted EGFR therapy33:34,
Moreover, amplified £GFR status has been shown to lead to decrease response in HERZ2
positive tumors treated with Herceptin (an anti-HER2 antibody)3°. Thus, targeting these
patients with dual inhibitor therapy against both EGFR and HER2 may be more effective
than with inhibition against either gene alone. In our /n7 vitro data, we confirm that dual
inhibitors of EGFR and HER2 are modestly effective in a subset of HNSCC cell lines.

JAMA Otolaryngol Head Neck Surg. Author manuscript; available in PMC 2016 June 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Birkeland et al. Page 8

Further investigation into combination therapies may provide a means to identify
increasingly effective targeted therapy paradigms in HNSCC.

Characterization of point mutations in HER2 may be of interest in HNSCC samples. Patients
with nonsense mutations in HER2 will likely be unresponsive to anti-HER?2 therapy given
the truncated gene product. The response of patients with missense mutations in HERZ is
more difficult to predict, as they can be silent, inhibiting or activating mutations3.
Additionally, these point mutations could lead to altered interaction and signaling between
HER2 and its co-receptors, particularly EGFR. Such mutations would only be identified by
sequencing, and would not be picked up by standard immunohistochemistry staining
techniques for HER?2, thus providing additional benefit for sequencing as a screening tool.

Notably, we have identified a living patient from our cohort who is HERZ positive. This
patient is currently free of disease, but should he develop recurrent disease, he could
potentially benefit from targeted HER2 therapy as clinical trials are being established to
provide targeted therapeutics to recurrent and advanced cancers3’. Interestingly, a recent
cancer exome sequencing/targeted therapy trial identified a HER2 amplification in a
metastatic urothelial carcinoma (another cancer not known to harbor HERZ2
amplifications)38. Treatment with trastuzumab (an anti-HER2 antibody) in this patient
resulted in complete clinical response and regression of liver and lung metastases, providing
added rationale for the potential for anti-HER2 therapy in HNSCCs with HERZ2 aberrations.

Identification of HERZ2 aberrations in HNSCC is of importance, as these tumors have the
potential to be responsive to targeted therapy against HER2. The use of targeted anti-HER?2
therapies in HNSCC has not been established, and only recently have agents against HER?2
and related targets been expanded to include HNSCC3%40, The potential addition of anti-
HER2 drugs may be particularly beneficial for organ preservation protocols for HNSCC, or
in patients with advanced, metastatic, or refractory disease. Establishing the role of HERZ2
amplifications and HER2 overexpression in HNSCC patient response to anti-EGFR therapy
will also be important, as resistant patients with HERZ2 aberrations may be treated
successfully with combination therapy. There is potential in the future of HERZin HNSCC,
particularly in personalized medicine trials: screening for H#ERZ aberrations and targeting
HER?2 in these patients either as monotherapies or in combination regimens may provide a
useful and successful clinical tool for personalized therapy, particularly in patients refractory
to current treatment paradigms.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Copy number analysis of HER2 positive laryngeal cancer samples demonstrates unique
profiles

Genes from the oncomine comprehensive cancer panel were assessed for relative copy
number by lon Torrent sequencing. Genes are plotted along the x-axis beginning with
chromosome 1 and ending with the X chromosome. Each color represents probe sets for an
individual gene and each point represents an individual probe. Only statistically differential
genes are highlighted with amplified genes in green text and depleted genes in red text. Log
change in copy number is shown on the y-axis.
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Figure 2. HER2 immunohistochemistry demonstrates protein overexpression in HNSCC
HER?2 overexpression is demonstrated in laryngeal SCC (A), and oral cavity SCC (C)

samples. Corresponding H & E stains were performed (B, D). Representative images of
positive cases were used to demonstrate staining.
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Figure 3. HER2 expression in The Cancer Genome Atlas HNSCC data sets
HERZ amplifications are identified in specific HNSCC samples. (A) Using the TCGA data,

copy number was plotted along the x-axis on a log scale such that points (which each
represent individual patients) to the right of the dotted red line have statistically significant
increases in HER2 copy number. RNA overexpression of HERZis also identified in these
HNSCC samples and plotted along the y-axis. (B) Using the TCGA data, we stratified
patients along the x-axis by disruptive genomic events in each of the 4 ERBB genes. Color
represents the type of genomic aberration as indicated. (C) Comparison of RNA expression
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of HER2 and EGFR across Breast, Cervical Squamous Cell and Head and Neck Squamous
Cell Carcinomas. (D) Mutations in HERZ2 and other members of the £EGFR family are also
identified (B, D) and the distribution of mutations in HERZ2 is shown in the schematic.
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Figure 4. HER2 protein expression in HNSCC cell lines
HER2, EGFR levels across multiple OSCC (UM-SCC-1,-2, -14A, -23, -49, -59, -92, -97,

-103, -108, -110) and LSCC (UM-SCC-23) cell lines. Overexpression of HER2 is seen in
UM-SCC-1 in comparison to the remaining cell lines. B-actin is used to demonstrate overall
protein level normalization.
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Figure 5. Response of HNSCC cell lines to HER2 inhibitors
Percent relative viability is plotted on the y-axis, with log10 scales of inhibitor (in uM) on

the x-axis. A subset of UM-SCC cell lines demonstrate sensitivity to tyrosine HER2 tyrosine
kinase inhibitors. In our panel of cell lines, UM-SCC-1 and -110, and to a lesser extent UM-
SCC-23, demonstrate sensitivity to HER2 inhibitors currently in clinical trials (A-D).
CP-724714 (C) is a HER2-specific inhibitor, while the remaining inhibitors do have some
combination inhibition of EGFR as well. Notably, UM-SCC-1 has significantly higher
HER2 expression, and appears to be the most responsive of the UM-SCC cell lines.
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