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Abstract The role of molecular methods in the diagnosis
of head and neck cancer is rapidly evolving and holds great
potential for improving outcomes for all patients who
suffer from this diverse group of malignancies. However,
there is considerable debate as to the best clinical
approaches, particularly for Next Generation Sequencing
(NGS). The choices of NGS methods such as whole exome,
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whole genome, whole transcriptomes (RNA-Seq) or mul-
tiple gene resequencing panels, each have strengths and
weakness based on data quality, the size of the data, the
turnaround time for data analysis, and clinical actionability.
There have also been a variety of gene expression signa-
tures established from microarray studies that correlate
with relapse and response to treatment, but none of these
methods have been implemented as standard of care for
oropharyngeal squamous cell carcinoma (OPSCC).
Because many genomic methodologies are still far from the
capabilities of most clinical laboratories, we chose to
explore the use of a combination of off the shelf targeted
mutation analysis and gene expression analysis methods to
complement standard anatomical pathology methods.
Specifically, we have used the Ion Torrent AmpliSeq
cancer panel in combination with the NanoString nCounter
Human Cancer Reference Kit on 8 formalin-fixed paraffin
embedded (FFPE) OPSCC tumor specimens, (4) HPV-
positive and (4) HPV-negative. Differential expression
analysis between HPV-positive and negative groups
showed that expression of several genes was highly likely
to correlate with HPV status. For example, WNT1, PDGFA
and OGG1 were all over-expressed in the positive group.
Our results show the utility of these methods with routine
FFPE clinical specimens to identify potential therapeutic
targets which could be readily applied in a clinical trial
setting for clinical laboratories lacking the instrumentation
or bioinformatics infrastructure to support comprehensive
genomics workflows. To the best of our knowledge, these
preliminary experiments are among the earliest to combine
both mutational and gene expression profiles using Ion
Torrent and NanoString technologies. This reports serves
as a proof of principle methodology in OPSCC.
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Introduction

Over the last decade there has been a noted increased
incidence of oropharyngeal carcinoma OPSCC, a subtype
of squamous cell carcinoma of the head and neck
(SCCHN). Part of the reasons behind this phenomenon is
the increased incidence of high risk human papillomavirus
(HPV) related OPSCC [1-3]. Interestingly, multiple ret-
rospective studies have shown that patients with HPV-
positive OPSCC have a better prognosis compared to
patients with HPV-negative tumors [4, 5]. OPSCC
accounts for the majority of patients enrolled in therapeutic
trials for SCCHN and a growing subgroup of these patients
have HPV-related carcinoma. This subgroup is defined by
the presence of high-risk types of HPV in tumor cells,
predominantly HPV type 16 (HPV-16). The HPV-negative
OPSCCs on the other hand are most closely linked to
smoking and are reported to have a significantly worse
prognosis compared to HPV-positive OPSCC [7].

Expression of viral E6 and E7 encoded by the HPV
genome respectively inactivate the tumor-suppressors
TP53 and RB, and are necessary for malignant behavior of
HPV-positive tumors [6].

Epidemiologic studies suggest little interaction between
the two sets of risk factors, suggesting that HPV-positive
cancer and HPV-negative cancer may each have a distinct
pathogenesis. However, recent data suggest that smoking
has an adverse effect on prognosis in both diseases [7].

It is well known that for patients with OPSCC, the
overall survival is substantially better among patients with
HPV-positive cancer compared to HPV-negative disease
[5, 7-10]. In one highly cited clinical trial [7], high risk
HPV infection status was demonstrated as an independent
prognostic variable. Patients with HPV-positive OPSCC
had a 3-year overall survival rate of 82.4 %, compared to
57.1 % among patients with HPV-negative tumors
(P < 0.001 by the log-rank test) [7]. After adjustment for
age, race, tumor and nodal stage and tobacco exposure,
there was a 58 % reduction in the risk of death. It is of note
however, that the risk of death significantly increased for
the HPV positive patients with each additional pack-year of
tobacco smoking, and that tobacco use was an independent
prognostic factor for survival. These findings indicate that
both HPV status and tobacco use exert significant effects
on the outcome of OPSCC. Our goal when performing
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mutation and transcriptional profiling is to define mutations
in patients with HPV-positive or negative OPSCC that will
allow development of effective therapeutic interventions.

The type of data generated by performing these muta-
tional and transcriptional profiles may also have implica-
tions on better diagnosing or confirming the HPV status in
these malignancies. Recent reports have shown that HPV
testing by PCR alone is not sufficient for diagnosis of
OPSCC [11, 12]. Numerous gene expression studies have
been previously used to categorize HPV-positive versus
negative OPSCC, and despite numerous reports of the
potential clinical benefit of such testing, none of these
signatures have been adopted as a routine diagnostic for
OPSCC [13].

Recent evidence suggests that targeted next-generation
sequencing can offer very useful information that could
influence the care of patients with cancer [14]. Molecular
alterations are starting to directly affect the approach to
patient care and are currently the subject of investigation in
numerous clinical trials [15, 16]. We wanted to explore the
potential efficacy of implementing higher throughput
strategies that combine targeted differential gene expres-
sion mutation profiling to help improve stratification of
SCCHN by risk categories for both HPV-positive and
negative disease.

Materials and Methods
pl16 ink4a Immunohistochemical Staining

pl6 ink4a (p16) immunohistochemical staining was per-
formed in a standard manner per supplier’s instructions
(CINtec 9517, MTM Laboratories, Westborough, MA) on
formalin-fixed paraffin embedded (FFPE) tissue sections
using the automated, open system immunostainer (Dako
Autostainer Link 48). The slides were processed using the
3,3’-diaminobenzidine reagent to visualize the antibody—
antigen complex, then counterstained with hematoxylin
and subsequently washed and cover-slipped. Both positive
and negative control slides were prepared. The proportion
of tumor cells demonstrating nuclear and cytoplasmic p16
staining were categorized dichotomously as either pl6
positive (>70 % tumor cells exhibiting strong and diffuse
nuclear and cytoplasmic staining) or pl16 negative (<70 %
tumor cells exhibiting strong and diffuse nuclear and
cytoplasmic staining) [17].

HPV-16/18 In Situ Hybridization

In situ hybridization (ISH) was performed on five micron
sections of FFPE tissue sections and demonstrated using a
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biotin-labeled HPV-16/18 DNA probe (ENZO Life Sci-
ences, Farmingdale, NY) and GenPoint Tyramide Signal
Amplification System and developing the final signal using
DAB, and counterstaining with hematoxylin, all in accor-
dance with supplier’s instructions. All steps were per-
formed on the Leica Bond III automated system. Any
punctate, dot-like intranuclear staining was interpreted as
evidence of DNA integration. A negative control and a
positive DNA control were run with each case.

Tissue Acquisition and Processing

A total of 8 FFPE OPSCC tumor specimens, (4) HPV-
positive and (4) HPV-negative, were available for this
proof of concept study. As part of the routine pathology
diagnosis of OPSCC the tumors were evaluated for pl6
immunoreactivity and if positive then assessed for high risk
HPV by in situ hybridization using the protocols outlined
above. The FFPE tumor blocks were de-identified accord-
ing to IRB approved protocol. 5 uM serial sections were
obtained from each block for DNA and RNA isolation.

DNA and RNA Extraction and QC

Genomic DNA and total RNA were isolated from (2) 5 uM
sections for each tumor specimen using Omega BioTek
chemistries according to the manufacturer’s protocol. DNA
was quantitated using NanoDrop and Qubit, and RNA was
quantitated using NanoDrop and Agilent BioAnalyzer.

Ion Torrent AmpliSeq Cancer Panel

The Ion Torrent AmpliSeq Cancer Panel (v1) was used to
assess mutation frequency and to identify potentially
actionable mutations for this study. The AmpliSeq Cancer
Panel queries 739 known mutations in 46 well character-
ized cancer genes listed in the COSMIC database [18].
200 ng of genomic DNA from each specimen was used to
generate uniquely barcoded sequencing libraries. Briefly,
libraries were prepared using the Ion DNA Barcoding and
Ton Xpress Template kits (Life Technologies, Grand Island,
NY, USA) according to the manufacturer’s protocols.
Fragment sizes were assessed on an Agilent Bioanalyzer
2100 using the High Sensitivity kit (Agilent, Santa Clara,
CA, USA). All eight uniquely barcoded specimen libraries
were run on a single 318 chip and sequenced using an Ion
PGM 200 sequencing Kkit.

On-board Torrent Suite v2.0 and Variant Caller v2.0
software were used for data analysis. Barcoded fastq files
were aligned to the human genome reference (hgl9) fol-
lowed by coverage analysis and read quality filtering as
described elsewhere [19]. Variant calls were performed

using a minimum read depth of 500 and variant frequency
above 5 %.

NanoString Gene Expression Cancer Panel

Total RNA from two 5 uM sections from each patient
sample were isolated and quality assessed as described
above. NanoString nCounter data generation was per-
formed by the Oncogenomics Core Facility at the Uni-
versity of Miami. Briefly, two 50 ng aliquots of total RNA
from each FFPE OPSCC specimen were run in technical
duplicate using the 235-plex Human Cancer Reference kit.
Hybridization, sample processing and data acquisition were
all performed using vendor protocols. Raw data was
delivered as RCC files that were normalized with Nano-
String controls using nSolver analysis software (v1.1). Data
was outputted as text file for PartekExpress software for
data analysis. Partek’s pattern discovery tool was used to
perform principal component analysis and hierarchical
clustering (Fig. 4). One sample (HPV-3) of the eight was
removed for further study because six reference control
genes were not expressed in both technical replicates.
Pearson correlations was calculated for all pairs, and fol-
lowed by one way ANOVA with no batch affect correction.
An unadjusted P value cut-off of 0.05 with fold change cut-
off of >10 was used to generate a HPV-negative gene list
with subpopulation clustering. Due to the highly quantita-
tive and independent nature of the data, false positives
were not a concern, and therefore no multiple test correc-
tion was applied.

cBioPortal

Bioinformatics queries of mutational frequencies and dif-
ferential gene expression were conducted using Head and
Neck Squamous Cell Carcinoma (TCGA, in revision July
2014) dataset. This dataset contained sequencing, copy
number and RNA-Seq data from 279 Head and Neck
Squamous Cell Carcinoma (HNSCC) tumors with known
HPV status and clinical outcomes. The cBioPortal can be
accessed via: http://www.cbioportal.org/.

Results

We selected 4 HPV-positive and 4 HPV-negative OPSCC
specimens in which to assess a combined targeted mutation
detection and differential gene expression approach to
detect clinically-relevant changes from standard FFPE
clinical tumor specimens. These tumors had previously
undergone routine pathological diagnosis involving H&E
staining, immunohistochemistry for pl6 and in situ
hybridization for high-risk status (Fig. 1).
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Fig. 1 Representative tissue section of an OPSCC specimen used for this analysis. a H&E stain of HPV-positive tumor. b IHC staining using

and anti-p16 antibody. ¢ HPV by ISH in an OPSCC
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Fig. 2 Mutation burden of HPV-positive and negative OPSCC tumor
specimens. a Prevalence of SNVs in HPV-positive (blue bars) and
negative (red bars) versus total (green bars) number of SNVs queried.
b Mutation spectra showing a high prevalence of C to T transitions

Mutation Profiling

Using The Ion Torrent AmpliSeq Cancer Panel (v1) kit, we
queried 739 genomic loci within 46 genes known to harbor
hotspot mutations across various cancer types. As shown in
Fig. 2, the mutation burden of HPV-negative OPSCC
tumor specimens, is much higher than HPV-positive
specimens as evidenced by the number of single nucleotide
variants (SNVs). Although C to A transversions are con-
sidered the hallmark of smoking related cancers [20], 3 out
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(purple bars) in the HPV-negative specimens. ¢ Gene specific SNVs
in HPV-negative OPSCC. d Gene specific SNVs in HPV-positive
OPSCC. All SNVs had a variant frequency greater than 5 % and
depth of coverage greater than 500 reads

of the 4 HPV-positive tumors show a strong bias of C to T
transitions (Fig. 2b). A portion of these variants may be
due to sequencing artifacts of FFPE tumor specimens [21],
but it is unlikely that a high percentage of these variants
would be attributed to formalin fixation exclusively in the
HPV-negative tumors.

All SNVs were assessed for likelihood of clinical rele-
vance based on published literature and public databases
including dbSNP, 1000 genome, TCGA and COSMIC
[22-24]. There were a combined 170 variants (162 HPV—,
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Table 1 Clinically informative mutations in HPV-positive and negative disease

Sample Position Mutation Ref Var (%) # COSMIC ID TCGA_HNSCC  Provisional
Var Reads data®
HPV—_1 chr3:178936091 PIK3CA c.1633G>A, G A 18.99 4255 COSM763 (21) specimens
p.E545K

HPV—_1 chr7:116411990 MET ¢.3029C>T, p.T1010I C T 4333 4,133 COSM707 (0) likely SNP

HPV—_3 chrl7:7,577,106 TP53 c.832C>A, p.P278T G T 40.66 2,688 COSM368635 (0), but (3) p.T278S

HPV+_1  chr4:1803568 FGFR3 ¢.746C>G, p.S249C C G 1798 1,424 COSMT715 (1) TCGA-CR-6481 (OPSCC,
HPV+)

HPV+_3  chr4:1803564 FGFR3 c.742C>T, p.R248C C T 1698 2,091 COSM714 (0) specimens

HPV+_3 ¢hrl13:49027168 RBI ¢.1735C>T, p.R579* C T 18.78 1,347 COSM892 (0), but (8) inactivating
mutations

HPV+_4  chr3:178916876  PIK3CA c.263G>A, p.R88Q G A 4492 2,560 COSM746 (1) TCGA-CR-6471

Using the AmpliSeq Cancer Panel (v1), we identified clinically informative mutations in 50 % (2/4) of the HPV-negative tumors and (3/4) 75 %
of the HPV-positive tumors. Specific mutations were compared to the HNSCC TCGA dataset queried using cBioPortal. The numbers of specific
mutations which were also found in the TCGA dataset are shown in brackets, and the TCGA case number is shown for tumors where only one

tumor shared the same mutation

4 Provisional TCGA HNSCC dataset (516 tumors) viewed using cBioPortal July 2014

7 HPV+) called using the initial criteria of 500 x coverage
and 5 % or greater variant frequency. These calls were
refined to a list of high confidence variants with greater
than 1,000 x coverage and 10 % variant frequency that
had published evidence for being a somatic mutation. As
shown in Table 1, 4 out of 7 SNVs called by the lower
confidence threshold in the HPV-positive samples met the
higher confidence threshold, whereas less than 3 % of the
HPV-negative tumors met the higher confidence threshold.
These mutations were then queried in a provisional TCGA
HNSCC dataset with sequencing information from 273
tumors using cBioPortal [25, 26].

Potentially clinically informative mutations were iden-
tified in five genes (PIK3CA, TP53, FGFR3, RBI and
MET). These genes account for mutations in 84 % (234
tumors) of the total 279 samples in the TCGA HNSCC
dataset, with PIK3CA and TP53 accounting for mutations
in 21 and 73 % of the tumors, respectively (data not
shown). Mutations in the PIK3CA gene were identified in
one HPV-negative (HPV-1) and one HPV-positive
(HPV+_4) sample. The p.E545K mutation identified in
HPV—_1 is one of the most common mutations in HNSCC
and together with the p.E542K mutation accounted for
92 % (12/13) of HPV-positive (n = 36) and 44 % (20/45)
of the HPV-negative (n = 270) PIK3CA mutations in
TCGA HNSCC tumors. Interestingly, the p.R88Q mutation
identified in one of our HPV-positive samples (HPV+_4)
was found in one tumor in the TCGA dataset, a HPV-
positive sample (ID# TCGA-CR-6471) that also had a
p-M1043V  mutation. The p.R88Q (COSM746) and
p-M1043V (COSM12591) have been reported in other
cancers [27, 28], but to the best of our knowledge, not as
co-occurring in a HNSCC tumor. There was no evidence of

the p.M1043V mutation in our HPV+_4 specimen, and
therefore the p.R88Q may be recurrent in a minor popu-
lation of HPV-positive tumors.

Our dataset also appeared to be enriched for FGFR3
mutations in the HPV-positive samples which may also be
true for the TCGA dataset (11 % HPV-positive vs. 1 %
HPV-negative). The p.S249C (15121913483, COSM715)
variant, which was also observed in an HPV-positive
OPSCC tumor (TCGA-CR-6481) in the TCGA dataset, and
the p.R248C (rs121913482, COSM714) variant occur in
the C-terminus of the FGFR3 protein, outside of the protein
tyrosine kinase domain, making their significance uncer-
tain. Likewise a missense change, p.T1010I (rs56391007,
COSM707), in the MET gene was identified in one of our
HPV-negative tumors. Although this change has been
reported as a somatic mutation previously in other cancers
[29, 30], it has not been reported in the TCGA HNSCC
dataset and is suspected to be a constitutional polymor-
phism in the individual from which this tumor was derived
based on the variant frequency being within the range of
40-60 %. We were unable to acquire additional material
(i.e. adjacent normal or blood) from our de-identified
cohort to confirm constitutional changes.

Amplicons covering portions of exons 1,4,7,9,13 and 20
of the PIK3CA gene with recurrent mutations in various
cancer types are shown in Fig. 3. Only exon 7 performed
very poorly (<200 x coverage) across all samples, and
potential mutations (e.g. p.C420R, COSM267862) in this
region would not have been found using this assay. The
PIK3CA p.M1043V mutation occurs in exon 20 and had a
minimal depth of coverage of 1,000x across all samples.
As for TP53, exons 2—-8 and 10 were covered at a minimum
depth of 1,000x for all eight samples. At least 11
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Fig. 3 Coverage of the PIK3CA gene sequencing using the Amp-
liSeqCancer Panel (v1) kit for 8 FFPE OPSCC tumor specimens.
a Aligned (hg19) reads of 4 HPV(+) and 4 HPV(—) tumor specimens
are shown in relation to the PIK3CA locus and AmpliSeq Cancer

mutations were identified in exon 9 of TP53 in the TCGA
HNSCC dataset, and absence of this exon in this assay may
account for one TP53 mutation being identified in our 4
HPV-negative samples.

Gene Expression

We obtained total RNA and genomic DNA from serial
sections from our 4 HPV-positive and 4 HPV-negative
FFPE tumor samples. The genomic DNA was used for
mutation profiling described above and the total RNA was
analyzed for differential gene expression using the Nano-
String Cancer Reference kit. NanoString gene expression
assays have been reported to be reproducible and infor-
mative, particularly in FFPE tumor samples with compro-
mised nucleic acid quality [31, 32]. The Cancer Reference
kit was chosen for this study based on its broad range of
230 cancer related genes and cancer relevant processes (i.e.
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(versions 1 and 2) and TruSight tumor library designs (below reads).
b Coverage of exon 9 of the PIK3CA gene using the AmpliSeq (v1)
kit shows the c.1633G>A (p.E5S45K) mutation in the HPV—_1
sample

cell cycle, proliferation, apoptosis and immune response),
as well as being a low cost alternative to RNA-Seq or gene
expression arrays.

Normalized expression values for 230 cancer-relevant
genes and five housekeeping genes on the cancer panel
were established for our eight samples run in technical
duplicate. Unsupervised hierarchical clustering (Fig. 4) and
Pierson correlation (Table 2) showed that our replicates for
each sample were highly similar and that the HPV-negative
tumors were generally more similar to one another than
they were to HPV-positive tumors. Clustering also allowed
us to stratify samples by gene as well as by HPV status and
six groups (C1-6) of differentially expressed genes were
identified using this dataset. Clearly HPV+-_1 appears to be
an outlier compared to the other 3 HPV-positive tumors,
and low levels of gene expression in the C3-C5 groups
may account for this tumor clustering more closely to the
HPV-negative tumors (Fig. 4). It should also be noted that
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Fig. 4 Unsupervised clustering of a 230 gene expression panel
distinguishes HPV-positive from HPV-negative OPSCC. Total RNA
from formalin-fixed paraffin embedded tumor specimens were run in
duplicate using the NanoString Human Cancer Reference kit. One
HPV-negative (HPV—_3) sample was removed from the clustering

technical replicates of gene expression clearly show that
each tumor has a distinct and reproducible pattern of gene
expression, which underlies the biology of that tumor and
has the potential to be exploited for treatment. A full table
of these data is provided in Table 1.

Differential expression analysis between HPV-positive
and negative groups showed that expression of several
genes was highly likely to correlate with HPV status
(Table 3). With this in mind, we chose to see if we could
use these genes to identify HPV-positive and HPV-nega-
tive subtypes. Our NanoString gene list was sorted by
P value and then queried against the TCGA HNSCC RNA-
Seq data set using cBioportal [25, 26]. Using the RNA-Seq
data from the full HNSCC dataset (n = 279) we were able
to filter the list of HPV classifier genes from 30 down to 11.
Excluded from the list of 30 genes were: BCL2A1, CSF3,
CSF3R, ILIA, NRAS, PLG, PTGS2, TFE3 and TNF, which
were not expressed in the total 36 HPV-positive tumors in
the 279 sample TGCA dataset; and WNTI, IL4, E2F3,
GATAI, RBI, BLM, IRFI, CEBPA, FGR and CSFIR,
which appeared to have very similar frequencies of mRNA
over expression between the HPV-positive and HPV-neg-
ative tumors.

due to poor performance of housekeeping genes. Clustering clearly
shows the reproducibility of technical replicates as well individual
expression pattern of each tumor. Distinct subsets of differentially
expressed genes are labeled C1-6 on the y-axis. A full list of these
genes and normalized are available in the Supplemental Table (S1)

Combined Gene Expression with Mutation Profiling

The 11 genes chosen (CDKN2C, SYK, WNT10B, CEBPA,
MAP3KS, FGR, GATAI, IL4, CDKN2A, E2F211 and
PDGFA) were then queried against the RNA-Seq data from
the 33 sample oropharyngeal (OPSCC) subset of the full
TCGA HNSCC dataset (n = 279). Using a HPV classifier
that required over expression of one or more of ten genes
(CDKN2C, SYK, WNTI0B, CEBPA, MAP3KS8, FGR,
GATAI, 114, CDKN2A and E2F211) for HPV-positive
status and over expression of PDGFA or no evidence of
over expression of the 10 HPV-positive genes, we correctly
identified HPV status in 97 % (32/33) of the OPSCC
samples. One HPV-positive specimen, TCGA-CR-6472,
was misclassified as HPV-negative did not appear to over
express any of the 11 genes in the classifier by RNA-Seq
(Fig. 5).

Combining our HPV classifier gene expression list with
our clinically relevant mutated gene list (PIK3CA, TP53,
FGFR3, RBI and MET) we then queried the OPSCC
TCGA dataset for the full spectrum of mutations, copy
number and differential gene expression by RNA-Seq. As
expected, homozygous deletion of CDKN2A and mutations
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Table 3 Differentially expressed genes predicting for HPV-positive
versus HPV-negative samples

Gene This study TCGA HPV+ TCGA HPV—
NanoString (n = 36) % Diff (n = 243) % diff
P value exp” exp”
0GG! 3.89E-05 11.1 1.4
CSF3R 0.0002 0 32
WNTI0B  0.0006 19.4 5.0
WNT1 0.0009 2.8 0.7
PDGFA  0.0020 2.8 9.0
114 0.0035 5.6 43
E2F3 0.0057 11.1 9.3
SIAH1 0.0072 2.8 7.2
GATAI 0.0086 5.6 4.7
RBI 0.0091 13.9 8.6
PTGS2 0.0097 0 25
BLM 0.0112 11.1 6.5
CDKN2A 0.0113 5.6 1.1
IRFI 0.0147 5.6 32
TFE3 0.0155 0 6.8
BCL2AI  0.0221 0 1.8
TNF 0.0223 0 1.8
REL 0.0225 139 6.1
CEBPA 0.0241 8.3 5.7
FGR 0.0270 5.6 4.7
SYK 0.0275 333 6.5
ILIA 0.0278 0 5.7
PLG 0.0357 0 2.9
CDKN2C 0.0360 472 6.5
NRAS 0.0366 0 3.6
MAP3K8 0.0409 16.7 5.0
CSF3 0.0418 0 1.8
CSFIR 0.0443 2.8 1.8
MSTIR  0.0469 11.1 3.9
XPC 0.0493 8.3 3.2

One way ANOVA with no batch affect correction was performed on
the NanoString gene expression dataset for the eight samples used in
this study as described in the Methods section. An unadjusted P value
cut-off of 0.05 with fold change cut-off of >10 was used to generate
this HPV classifier gene list. Frequency of differential expression by
RNA-Seq in the TCGA HNSCC dataset (in revision July 2014) was
assessed as separate HPV-positive and HPV-negative cohorts using
cBioPortal. This gene list was parsed based on NanoString P values
and frequency in HPV-positive and HPV-negative TCGA cohorts to
arrive at the 11 gene classifier

# HNSCC RNA-Seq (TCGA, in revision, July 2014)

of TP53 are present exclusively in the HPV-negative
tumors. Mutations, amplifications and over expression of
PIK3CA were observed in both HPV-positive and HPV-
negative OPSCC tumors and may be more frequent in this
histological subtype than for HNSCC tumors grouped by all
histological sites. MET over expression was seen in 2 HPV-

negative specimens and mutually exclusive of PDGFA over
expression or amplification. Likewise CDKN2C and SYK
gene expression appeared to be informative in stratifying
major subtypes of HPV-positive OPSCC tumors.

Discussion

As evidenced by lung adenocarcinoma, genomics tech-
nologies have the potential to inform treatment decision
making and improve patient outcomes [33, 34]. However,
these technologies have had little impact on standard
methods for diagnosis and treatment of HNSCC and many
other types of cancer with one or more known mutational
or copy number drivers. Despite extensive literature of
differential gene expression profiles, mutations and copy
number abnormalities in head and neck tumors that could
potentially impact future clinical applications, little other
than HPV status is done routinely upon diagnosis [7, 10,
11, 13, 15, 24, 32, 35-47]. A main factor contributing to
this lack of progress is that no clear directives or actionable
guidelines have been adopted for molecularly profiling
HNSCCs.

With several highly cited genomic studies in head and
neck tumors and a soon to be released TCGA study, it is
clear that there is an opportunity to identify mutation, copy
number and differential gene expression in these tumors to
better inform treatment and prognosis than by HPV status
alone [27-29, 48-51]. The mutational spectrum shown in
the HPV-negative tumors of this small study demonstrated
a high mutational burden in these tumors and a source of
potential difficulty in interpreting and reporting using ex-
ome or many (>100) gene diagnostic panels which could
yield hundreds or thousands of variant calls. Because
identifying sequencing artifacts and low level mutations
can be more challenging in HPV-negative FFPE speci-
mens, this could be a rate limiting step for implementation
by clinical laboratories and oncologists with modest bio-
informatics resources. Despite these challenges, we are
confident that our data show that routine head and neck
tumor clinical samples are amenable to characterization
using benchtop Next Generation Sequencing (NGS) tech-
nology with simple interpretative software. We should
stress that despite finding several mutations, we do think
current commercially available somatic mutation library
preps are appropriate for HNSCC specimens. We use these
data to argue that standardization of minimal criteria for
testing eligibility, gene content and reporting of HNSCC
mutation assays are required, particularly for patients who
fail standard therapy and are appropriate for clinical trials.
Several studies have already reported on the results of
exome sequencing in SCCHN OPSCC [48]. These studies
have identified several genes that have not been previously
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Oropharyngeal squamous cell carcinoma (OPSCC) subset (n=33) of TCGA
(in revision July 2014) Head and Neck Squamous Cell Carcinoma dataset (n=279)

HPV() HPV(+) . TCGAID Survival _HPV_ 11 gene Classifier

12 33 1| TCGA-BA-6871 Living (=) Classified as HPV(-), PDGFRA over expressed
11— 11 | 2| TCGA-HD-7753 Living (<) Classified as HPV(-)
( ] 3| TCGA-CR-7383 | Living (=) Classified as HPV(-)
LR L L L a[ Tooaon5365 | Decessed | () | Classied as HPVE)

CDKN2C 42% 5| TCGA-IQ-7630 Living (=) Classified as HPV(-), PDGFRA over expressed
6| TCGA-CR-6478 Living (=) Classified as HPV(-)
SYK 27% fi 7| TCGA-CR-6477 Living (=) Classified as HPV(-)
8| TCGA-CV-6943 Deceased () Classified as HPV(-)
WNT10B 21% 9| TCGA-CR-5247 Living (=) Classified as HPV(-)
10| TCGA-CV-6950 Deceased (<) Classified as HPV(-)
CEBPA 12% I 11| TCGA-CV-5439 D (=) Classified as HPV(-)
12| TCGA-BA-5559 Living (+) Classified as HPV(+)
MAP3K8 12% u 13| _TCGA-BB-4223 | Living (+) | Classified as HPV(+)
14| TCGA-CR-5243 Living (+) Classified as HPV(+)
FGR 6% 15| TCGA-BB-4228 Living (+) Classified as HPV(+)
GATA1 9% I 16| TCGA-CR-5248 Living (+) Classified as HPV(+)
° 17| TCGA-CR-7385 Living (+) Classified as HPV(+)
L4 6% 18| TCGA-CR-6467 Living (+) Classified as HPV(+)
19| TCGA-BA-5153 D (+) Classified as HPV(+)
PDGFA 9% I 20| TCGA-BB-4225 Living (+) Classified as HPV(+)
21| TCGA-CR-7404 Living (+) Classified as HPV(+)
CDKN2A 2 7%' I II I Il [} 22| TCGA-CN-5374 Living (+) Classified as HPV(+)
23| TCGA-CR-6470 Living (+) Classified as HPV(+)
E2F2 12% 24| TCGA-CR-5249 Living (+) Classified as HPV(+)
25| TCGA-CR-6482 Living (+) Classified as HPV(+)
TP53 52% NNEEEEE EN 26| TCGA-CR-5250 | Living (+) Classified as HPV(+)
27| TCGA-BA-4077 Deceased | (+) Classified as HPV(+)
PIK3CA 52%' I I 1] I I h I I s I n I 28] TCGA-DQ.7591 | Living (+) | Classified as HPV(+)
FGFR3 39 H 29| TCGA-HD-7754 Living (+) Classified as HPV(+)
° 30| TCGA-CR-6481 | Living (+) Classified as HPV(+)
RB1 6% I B 31| TCGA-CR-6487 Living (+) Classified as HPV(+)
32| TCGA-CV-7406 Living (+) Classified as HPV(+)

MET 6% 33| TCGA-CR-6472 Living (+) Misclassified as HPV(-)

I Amplification I Homozygous Deletion ¥ Mutation = mRNA Upregulation

Fig. 5 Eleven gene HPV classifier correctly identifies 97 % (32/33)
OPSCC samples in the TCGA HNSCC dataset. OncoPrint output of
the TCGA OPSCC subset using our 11 gene expression HPV
classifier and clinically relevant mutated gene list (PIK3CA, TP53,
FGFR3, RBI and MET). Over expressed genes used to predict HPV
status in our training set shown in Table 3 were parsed to 11 genes
and applied to the 33 sample OPSCC subset of the full 279 specimen
TCGA HNSCC dataset using cBioPortal. The 11 gene classifier
required overexpression of one or more of ten genes (CDKN2C, SYK,
WNTI10B, CEBPA, MAP3KS, FGR, GATAI, IL4, CDKN2A and E2F2)

identified in SCCHN and have started to better identify the
genetic landscape of SCCHN [45, 52]. Some of these
mutations appear to be more commonly observed in HPV-
positive OPSCC [53]. In addition, some of these bio-
markers have been shown to be possible predictors of
certain therapeutic options in SCCHN [42]. Despite the
multiple gene expression signatures noted in OPSCC,
namely the NOTCHI1 gene [48] HRAS and PTEN [52] as
well as PIK3CA which are commonly observed in HPV-
positive OPSCC [42], the clinical applications of these
have been rather limited. Even though actionable mutations
(where clinical intervention is possible) are currently rare
in SCCHN, clinical trials that are targeting such mutations,
for example PI3K pathway and cMET, have started to
accrue patients (NCT01816984; NCT01737450;
NCT01696955).

In addition to mutation data, however, we acknowledge
that somatic copy number change is a crucial disease
mechanism in HNSCC [28, 43]. In our experience,
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for HPV-positive status and PDGFA overexpression or absence of
overexpression of the 10 HPV-positive genes for HPV-negative
status. Only one specimen, TCGA-CR-6472, which was misclassified
as HPV-negative, did not over express any of the 11 genes in the
classifier by RNA-Seq. Homozygous deletion of CDKN2A and
mutations of TP53 are present, as expected, exclusively in the
HPV-negative specimens. Mutations, amplifications and over expres-
sion of PIK3CA were observed in both HPV-positive and HPV-
negative OPSCC tumors

commercially available library kits and vendor supplied
data analysis software for benchtop NGS instruments have
been inadequate in providing content or analyses that
adequately addresses copy number and structural abnor-
malities that may predict therapeutic response or clinical
outcomes. Copy number abnormalities should also be taken
into account in standardizing minimal criteria for HNSCC
testing.

The goal of molecular medicine is to provide accurate
and reproducible information that informs treatment deci-
sion making and improves outcomes. This requires an
approach to diagnosis and treatment that acknowledges that
every tumor has an underlying biology that defines how it
will respond or resist standard treatment. This is especially
critical for patients with locally advanced disease or distant
metastasis. With this in mind, it is clear that gene expres-
sion data adds crucial information about biological path-
ways in individual tumors. In this study, we show that
using a multiple gene expression panel provides
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reproducible gene expression data from total RNA derived
from FFPE samples and that information can be used to
characterize and to inform distinct biological processes in
HPV-positive and HPV-negative OPSCC.

The TCGA OPSCC is limited and requires a much lar-
ger sample size with equal numbers of HPV-positive and
HPV-negative tumors, but our preliminary findings are
provocative in suggesting that the oropharyngeal site may
have a much higher frequency of PIK3CA mutations
compared to all histological HNSCC sites (52 vs. 21 %).
Moreover, the ten exclusive HPV-positive over expressed
genes (CDKN2C, SYK, WNT10B, CEBPA, MAP3KS8, FGR,
GATAI, 114, PDGFA, CDKN2A, E2F2 and REL) may help
to characterize HPV-positive biology in OPSCC. Of par-
ticular interest are CDKN2C and SYK co-occurring and
mutually exclusive HPV-positive OPSCC and PIK3CA and
MET in HPV-negative OPSCC.

CDKN?2C is the cyclin-dependent kinase inhibitor 2C,
also known as p18, and a member of the INK4 family of
cyclin-dependent kinase inhibitors. The CDKN2C protein
regulates G1 progression into the cell cycle by binding
CDK4 or CDK®6, and is upregulated by HPV E6 via TP53
pathway [54]. Overexpression of this gene has been asso-
ciated with resistance to cisplatin [34] and may be a
druggable target in HNSCC using metformin [55]. The
SYK (spleen tyrosine kinase) gene is a member of the
family of non-receptor type tyrosine protein kinases and
high SYK expression is believed to play a role in cell
migration and invasion and is significantly correlated with
worse survival in HNSCC [56, 57]. This target may be
selectively targeted using GS-9973 [58]. PDGFA is a
member of the platelet-derived growth factor family and is
a mitogenic factor for cells of mesenchymal origin. Over-
expression of PDGFA may be targeted via MEK inhibition
[59]. Finally, coding mutations are rare in HNSCC, but the
OPSCC TCGA dataset suggests that there may be a subset
of HPV-negative MET over expressed OPSCC that are
mutually exclusive of PIK3CA mutations and PDGFA over
expression. MET is a recognized drug target in head and
neck cancer [60].

Combining mutation profiling with gene expression is
clearly informative in OPSCC tumors, and we are
encouraged to test if our HPV-positive classifier will hold
up with a larger OPSCC dataset. Furthermore, we have
demonstrated the benchtop NGS combined with Nano-
String gene expression analysis is reproducible and com-
parable to more comprehensive genomic approaches like
whole exome sequencing and RNA-Seq. We are confident
that this combined approach has utility in a routine OPSCC
diagnostics and can readily be performed in molecular
pathology laboratories. We are confident that this infor-
mation will be particularly meaningful in the context of
risk assessment of the individual OPSCC patient and may

help us to define treatment modalities within the context of
treatment refractory or advanced local disease.
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