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Abstract

Objective/Hypothesis—Gene expression analyses of head and neck cancer have revealed four
molecular subtypes: basal (BA), mesenchymal (MS), atypical (AT), and classical (CL). We
evaluate whether gene expression subtypes in oral cavity (OCSCC) and laryngeal (LSCC) can be
used to predict nodal metastasis and prognosticate survival.

Level of Evidence—2b
Study Design—Retrospective cohort study and genomic analysis

Methods—OCSCC and LSCC cases were identified from the TCGA head and neck cancer
cohort. RNA-Seq by Expected Maximization (RSEM) was used to quantify gene expression levels
from TCGA RNA-seq data and to assign each case to one of four subtypes. Descriptive statistics
were used to describe patient, disease and treatment characteristics in each subtype. Cox
regression and Kaplan Meier analyses were used to determine associations with survival.

Results—OCSCC cases were comprised primarily of the MS and BA subtypes, while LSCC was
comprised primarily of CL and AT subtypes. In OCSCC, the MS subtype was significantly
associated with higher risk of nodal metastasis. In a subset analysis of clinically T1-2NOMO
OCSCC, we demonstrate that the MS subtype was predictive of occult nodal metastasis (RR=3.38,
95% CI 1.08-10.69). In LSCC, the CL subtype was associated with significantly worse overall
survival (HR=4.32, 95% CI 1.77-10.54, p=0.001).

Conclusions—Gene expression analysis reveals potential novel markers of nodal metastasis and
survival in HPV (=) head and neck cancer. Future studies will continue to refine and validate these
markers, with the goal of providing molecular risk assessments that guide therapy and improve
patient outcomes.
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Introduction

Head and neck squamous cell carcinoma (HNSCC) - including cancers of the oral cavity,
oropharynx, nasopharynx, hypopharynx, and larynx - is one of the six most common cancers
worldwide.® In the United States, it was estimated that there were approximately 60,000 new
cases and 12,000 deaths in 2017.2 The majority of HNSCC are associated with heavy
tobacco and alcohol use, although over the last thirty years there has been an increase in the
incidence of human papillomavirus (HPV)-related cancer, primarily in the oropharynx.3
While the treatment of HNSCC depends on multiple tumor and patient-related factors, the
three main modalities used in the management of HNSCC are surgical resection, radiation
therapy, and chemotherapy. Patients with early stage tumors are generally treated with a
single modality therapy while those with advanced stage tumors often require multiple
modalities. Oncologic outcomes in HNSCC are driven largely by stage at presentation: The
5-year overall survival for Stage I-1l and I1I-1VV HNSCC is approximately 70-90% and 40—
60%, respectively.#>

HPV-negative, tobacco-associated cases continue to comprise the vast majority of head and
neck cancer cases. Oncologic outcomes in HPV-negative head and neck cancer remain poor
and have not improved significantly in 60 years.# Oral cavity squamous cell carcinoma
(OCSCC) is the most common head and neck cancer, comprising 1/3 of all cases. Dependent
on clinical staging, OCSCC treatment involves surgical excision of the primary tumor with
or without neck dissection, followed by radiation with or without chemotherapy.5-8
Laryngeal squamous cell carcinoma (LSCC) is the second most common HPV-negative
cancer of the head and neck and is almost exclusively tobacco-associated. Primary radiation-
based treatments are common for early and intermediate stage cancers of the larynx in order
to preserve function, with surgical resection often reserved for locally advanced tumors or
salvage after failed radiation therapy.

The advent of next generation sequencing and modern bioinformatics has allowed
investigators to more clearly understand tumor heterogeneity and its impact on clinical
outcomes. Gene expression studies have identified previously unrecognized variation in
squamous cell carcinoma, specifically of the lung and head and neck. Four mMRNA
expression patterns (primitive, classical, secretory and basal) demonstrating unique genomic
features and prognostic significance were discovered in lung cancer.® This line of research
was extended into head and neck squamous cell carcinoma with remarkably similar
observations.

Pioneering work by Chung et al.10 and Walter et al.1 demonstrated four distinct molecular
classes in HNSCC based on gene expression patterns: basal, mesenchymal, atypical, and
classical. HNSCC subtypes based on gene expression show varied mutational profiles and
may complement risk stratification in head and neck cancer based on HPV status, stage,
anatomic site, and other characteristics (Figure 1).10:11 The basal subtype in head and neck
squamous cell carcinoma is similar to the basal subtype in lung cancer, and is characterized
by over-expression of genes functioning in cell adhesion including COL17A1, and growth
factor and receptor 7GFA and EGFR. The basal subtype is also associated with the highest
expression of transcription factor 7P63.11 The mesenchymal subtype displays over-

Laryngoscope. Author manuscript; available in PMC 2020 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zevallos et al.

Methods

Page 3

expression of genes involved in immune response,1213 and is characterized by expression of
genes associated with epithelial to mesenchymal transition including vimentin, desmin,
TWIST1, and HGF11 It has been suggested previously that epithelial to mesenchymal
transition pathways are important in the initiation of nodal metastasis.®! The classical
subtype is characterized by over-expression of genes related to oxidative stress response and
xenobiotic metabolism, and is most strongly associated with tobacco exposure. Deregulation
of the KEAP1/NRF2 oxidative stress pathway appears to be a critical element of
carcinogenesis in the classical subtype, and there is growing evidence to suggest that the
KEAP1-NRF2 mediated oxidative stress response plays a role in resistance to radiation in
several human cancers [21-24]. The atypical subtype is characterized by elevated
expression of CDKNZ2A, LIG1, and RPAZ, and has also been associated with low EGFR
expression.9:11.12

The discovery of four distinct gene expression subtypes in head and neck cancer provides
important insight into the biologic heterogeneity of this disease. What remains unknown is
whether these molecular signatures have prognostic or predictive significance in head and
neck squamous cell carcinoma. In this study, we undertake a gene expression subtyping
analysis of oral cavity and laryngeal squamous cell carcinoma within The Cancer Genome
Atlas (TCGA) head and neck cancer cohort.12 We focus deliberately on HPV-negative head
and neck cancer in an attempt to establish novel molecular markers of treatment response
and survival for a subset of tumors with persistently poor oncologic outcomes. The aims of
this study are 1) to compare the distribution and prognostic significance of gene expression
subtypes in oral cavity (OCSCC) and laryngeal (LSCC) squamous cell carcinoma, and 2) to
determine the association between gene expression subtype, nodal metastasis, and survival
in these groups. We hypothesize that the distribution of gene expression subtypes will differ
between laryngeal and oral cavity squamous cell carcinoma, reflecting different drivers of
carcinogenesis in HPV-negative head and neck cancer across anatomic sites. Furthermore,
we hypothesize that gene expression subtypes can be used to predict nodal metastasis and
prognosticate survival in head and neck cancer.

OCSCC and LSCC cases were identified within the TCGA head and neck cancer dataset.
The TCGA!? is a comprehensive cancer genomic data repository sponsored by The Cancer
Genome Atlas Research Network of the National Cancer Institute, and includes DNA
sequencing, RNA sequencing, and protein expression data on 33 cancer types. The TCGA
head and neck cancer dataset includes 517 cases across all anatomic sites. Clinical, tumor,
and treatment data are also available for each case.12 For this analysis, we chose to focus
only on HPV-negative head and neck cancer. In order to avoid the potential of including
HPV-positive cases, we chose to exclude oropharyngeal cancers and limit the analysis to
LSCC and OCSCC.

RNA Sequencing Analysis

RNA-Seq by Expected Maximization (RSEM)* was used to quantify gene expression levels
from TCGA RNA-seq data. The RSEM gene expression measurements for n = 517 head and
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neck cancer cases were transformed using log2 (RSEM + 1) and subsequently median
centered by gene, and LSCC (n=125) and OCSCC (n=309) cases were selected for further
analysis. The centroids in the gene expression subtype classifier originally presented by
Walter et al.1! (2013) were reduced from 838 genes to 728 genes, as described in the TCGA
genomic characterization of head and neck cancer cohort.12 Each subject was then assigned
to one of the four subtypes (basal, mesenchymal, atypical, or classical) by identifying the
nearest centroid using a correlation-based similarity metric. A total of 267 of the 279
subjects (95.7%) profiled in the original TCGA head and neck cancer cohort!? received the
same subtype classification in both analyses.

Gene expression heat maps including the reduced 728 gene set as well as including 14 genes
relevant to head and neck squamous cell carcinoma were generated using ConsensusCluster-
Plus as described previously.111% In order to facilitate comparisons between OCSCC and
LSCC expression, the 728-gene list was ordered by combining expression data for the
OCSCC and LSCC samples, clustering the rows and genes, then retaining the ordering for
separate OCSCC and LSCC heat maps. The 14 gene lists were also ordered identically.

Statistical Analysis

Results

Descriptive statistics were used to describe patient, disease, and treatment characteristics
between each gene expression subtype. P-values were calculated with a chi-square test.
Overall survival (OS) was measured from baseline diagnosis to death obtained from the
National Death Index. Cases were censored at 3 years. Kaplan-Meier curves and log-rank
values were calculated. Unadjusted hazard ratios were calculated with Cox proportional
hazards model. Proportional hazards assumption was tested and satisfied. Statistical analysis
was performed using R version 3.1.4.

Descriptive Statistics

We first describe the distribution and gene expression characteristics of each subtype in the
OCSCC and LSCC cohorts. Of the 309 OCSCC cases, 128 (41.4%) demonstrated a basal
subtype, 103 (33.3%) mesenchymal, 43 (14%) classical, and 35 (11.3%) atypical. Of the 125
LSCC cases, 43 (34.4%) expressed an atypical subtype, 38 (30.4%) classical, 27 (21.6%)
mesenchymal, and 12 (9.6%) basal. The demographic, tumor, and treatment characteristics
of the OCSCC and LSCC cases by subtype are found in Table I. There was no significant
difference with respect to clinical TNM stage between OCSCC subtypes. Overall,
mesenchymal tumors were significantly more likely to be pathologically node positive
(65.4% node positive) compared to the other groups. While the classical OCSCC cases were
more likely to be smokers, no statistically significant difference is duration or pack year
history of tobacco use was noted between the groups. Among LSCC cases, there was no
significant difference with respect to race, gender, smoking status, clinical TNM stage,
pathologic TNM stage, or adjuvant radiation therapy by gene expression subtypes.
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Gene expression profiles

OCSCC and LSCC gene expression heat maps for the 728-gene set are found in Figure 1A
and 1B, respectively. The 14 gene expression heat-maps for OCSCC and LSCC are found in
Figure 2A and 2B, respectively. We demonstrate clustering of cases into the four subtypes
based on gene expression signatures among both OCSCC and LSCC cases, with differences
in subtype distribution by anatomic site.

Survival Analysis

Kaplan Meier survival curves by subtype for OCSCC and LSCC are found in Figure 3A and
3B, respectively. Among OCSCC cases, the basal subtype had the best 3-year survival
(62.5%, 95% CI: 54.0%-72.4%) followed by the atypical (51.5%, 95% CI: 35.2% — 75.2%)
and mesenchymal (47.3%, 95% CI: 37.5% — 59.8%) subtypes. The classical subtype
demonstrated the worst 3-year survival (38.7%, 95% CI: 24.1% — 62.1%). Among LSCC
cases, the classical subtype was also associated with the worst 3-year overall survival
(43.7%, 95% CI: 30.0 — 63.7%) while the atypical subtype had the best overall survival
(78.05%, 95% CI: 65.2% — 93.2%). The basal and mesenchymal subtypes had similar 3-year
survival (55.6%, 95% CI: 31.0% — 99.7% and 58.3%, 95% CI: 41.1 — 82.5%, respectively).

The results of a multivariate regression analysis for factors associated with risk of death in
OCSCC and LSCC are found in Table I1. In OCSCC, gene expression subtype was not
statistically associated with an increased risk of death. In LSCC, the classical subtype was
associated with an increased risk of death (HR=4.32, 95% CI 1.77-010.54, p=0.001).
Female gender was associated with significantly worse survival compared to male (HR=4.2,
95% CI 1.99-8.90, p<0.001).

Occult Nodal Metastasis in OCSCC

Given the association demonstrated between the OCSCC mesenchymal subtype and nodal
metastasis, we conducted a subset analysis of T1/T2, clinically node-negative OCSCC cases
in order to test the predictive value of gene expression subtypes in detecting occult nodal
metastasis. Of the 67 cases identified that fit criteria for inclusion, 24 (35.8%) expressed a
basal subtype, 26 (38.8%) a mesenchymal subtype, 8 (12%) a classical subtype, and 9
(13.4%) an atypical subtype. No significant difference in gender, clinical T-stage, or
adjuvant therapy use was noted between the groups. Non-Hispanic Whites were significantly
more likely to express a mesenchymal subtype compared to African-Americans and Asians.
When risk of occult nodal metastasis was considered, mesenchymal subtype tumors were
significantly more likely to have pathologically positive lymph nodes at the time of neck
dissection (RR=3.38, 95% CI 1.08-10.69) compared to the other subtypes.

Discussion

In this study, we examine the distribution and prognostic significance of gene expression
subtypes in TCGA OCSCC and LSCC cases. We demonstrate substantive differences in
subtype distribution by site; OCSCC cases were comprised primarily of mesenchymal and
basal tumors, while LCSCC of classical and atypical tumors. We also demonstrate an
association between the OCSCC mesenchymal subtype and lymph node metastasis. Finally,
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our findings suggest a significant survival disadvantage associated with the LSCC classical
subtype. This analysis provides important insight into tumor heterogeneity in HPV-negative
head and neck cancer. If further validated in prospective studies or clinical trials, gene
expression subtyping may have a role in prognostication and therapeutic decision-making
for HPV-negative head and neck cancer.

In concordance with previous observations by Walter et al1, the vast majority of OCSCC
tumors in this series have a basal or mesenchymal gene expression signature. Similar
findings were also reported in an integrative genomic analysis of OCSCC by Pickering et al.
18 in which unsupervised clustering revealed two gene clusters similar in composition to the
basal and mesenchymal groups. In the present study, the basal and mesenchymal subtype
comprised over 70% of the OCSCC cohort. We demonstrate that the mesenchymal subtype,
characterized by epithelial to mesenchymal transition, is associated with nodal metastasis in
OCSCC. Epithelial to Mesenchymal transition is a complex multistep process by which
epithelial malignancies undergo loss of cell adhesion, loss of polarity and cohesion,
increased motility, and acquire a mesenchymal phenotype.1’ Previous studies have explored
the role of epithelial to mesenchymal transition in tumor invasiveness and lymph node
metastasis in head and neck cancer. EI Naggar et al.1” examined several mesenchymal
biomarkers in 11 head and neck cancer cell lines and 50 primary tumors. They demonstrated
a strong association between decreased E-cadherin expression, increased p-Src, Vimentin
expression and lymph node metastasis. Another recent analysis of epithelial to mesenchymal
transition markers found that high expression of Vimentin was associated with poor disease-
specific survival in oral tongue squamous cell carcinoma.18

Several transcription factors have been identified that act as inducers of epithelial to
mesenchymal transition in head and neck squamous cell carcinoma, including Slug, Snail,
and Twist1.19 As demonstrated in the present study, Twistl overexpression is characteristic
of the OCSCC mesenchymal subtype. Previous studies have examined Twistl expression as
a potential prognostic and predictive indicator in OCSCC.1%-22 In a microarray RNA
expression analysis of 74 OCSCC cases, da Silva et al.23 noted that Twist1 upregulation was
associated with advanced stage tumors, lymph node and distant metastasis, and poor
survival. Immunohistochemical studies of Twistl expression have also been conducted in
OCSCC, confirming the potential role of Twistl expression as a possible marker of lymph
node metastasis and the importance of epithelial to mesenchymal transition in OCSCC,20:21
A recently published meta-analysis of 15 studies in head and neck cancer further supports
the importance of Twistl as a potential prognosticator in head and neck cancer; overall,
Twistl overexpression was associated with a nearly two-fold increased risk of death
compared to those without overexpression. (HR= 1.92, 95% CI 1.13-3.25).19

In contrast to OCSCC, LSCC cases were comprised primarily of the classical and atypical
subtypes. Furthermore, the LSCC classical subtype was significantly associated with worse
overall survival. As demonstrated in this study, a hallmark of the classical subtype is
overexpression of KEAP1 and NRF2. The KEAP1/NRF2 pathway, an essential regulator of
oxidative stress from reactive oxygen species and xenobiotics, has been identified as a
possible mechanism of chemoradiation resistance in multiple cancers including head and
neck squamous cell carcinoma.25-28 Loss of function mutations in the KEAPI tumor
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suppressor gene and activating mutations in the KEAP1 binding domain of NFEZL 2 have
been described in multiple cancers, and result in the constitutive activation of NRF2.25.29.30
Constitutive activation of NRF2 in turn has pro-tumorigenic effects, including inhibition of
apoptosis, promotion of cell proliferation, and chemoresistance.2’-28:31 Kawasaki et al
demonstrated that NRF2 immunohistochemical expression was an independent predictor of
response to chemotherapy and radiation in a cohort of esophageal squamous cell carcinoma
patients.32 The same group and others have demonstrated a similar association between
NRF2 expression and chemoresistance in gastric cancer,33:34 while Bao et al demonstrated
an association between NRF2 expression and cisplatin resistance in ovarian cancer.3 In
head and neck squamous cell carcinoma, a recent analysis of The Cancer Genome Atlas
(TCGA) data by Martinez et al. noted that 64% of head and neck cancer cases had disruption
of the NRF2 pathway, and that NRF2 activation was associated with worse survival.31 We
build on these previous findings by demonstrating a specific phenotype in LSCC,
characterized by KEAP/NRF2 over-expression as well as other genetic alterations in
oxidative stress pathways, is associated with poor outcomes.

The identification of distinct molecular signatures associated with OCSCC nodal metastasis
and LSCC survival has potential therapeutic and prognostic implications. In OCSCC,
previous investigators have sought to establish predictive gene expression markers of lymph
node metastasis.36-37 We expand on this work by demonstrating the potential use of the
mesenchymal gene expression signature to predict occult nodal metastasis in early stage,
clinically NO OCSCC. If further validated, this signature could be used alongside clinical
and pathologic characteristics to determine novel criteria for neck dissection. In LSCC, this
subtyping analysis has the potential to guide decision-making between primary surgery and
radiation therapy for early to intermediate stage cancers. KEAP1/NRF2 pathway alterations
have been associated with radiation resistance, and may be contributing to the poor survival
noted in classical subtype tumors. If further validated, LSCC gene expression subtype could
be used to identify patients at higher risk for radiation therapy failure. This would allow
clinicians to suggest alternate therapeutic approaches, including surgical resection as the
primary treatment modality or the addition of adjuvant therapy.

Recently, single-cell RNA sequencing technology has provided the potential to refine our
understanding of intratumoral heterogeneity in head and neck cancer beyond the limitations
of bulk RNA sequencing techniques. By independently sequencing malignant, stromal, and
immune cells derived from tumors, Puram et al?4 demonstrated that the mesenchymal
OCSCC subtype may represent a subset of the basal subtype. They propose that the
mesenchymal subtype may actually represent high stromal representation in bulk RNA
samples rather than a distinct malignant phenotype. Based on this analysis, they also
describe a partial EMT signature that predicts nodal metastasis and other adverse tumor
features.24 Through broad application across cancer sites and in larger samples sets, single
cell sequencing other novel techniques will continue to provide new insight into intratumoral
heterogeneity.

This study has several strengths and limitations that should be considered. An important
strength is the use of data from the TCGA head and neck cancer cohort, a large multi-
institutional cancer sequencing effort with well-annotated and comprehensive RNA
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sequencing data. These data are publicly available, allowing other investigators to validate
the results presented herein as well as further refine or expand on our findings.12 This study
also has several limitations. While TCGA includes a breadth of genomic data, no data are
available on recurrence or disease-specific survival. Detailed pathologic characteristics,
including depth of invasion, perineural invasion, or lymphovascular invasion were also
unavailable through TCGA. Finally, while the TCGA data include a large head and neck
cancer cohort drawn from multiple institutions throughout the United States, it may not be
reflective of the population as a whole.

This analysis of gene expression subtypes in OCSCC and LCSCC demonstrates potential
novel markers of nodal metastasis and survival in HPV-negative head and neck cancer, and
highlights the biologic heterogeneity of this disease across anatomic sites. Future studies
will continue to refine and validate these gene expression subtypes, with the goal of
providing molecular risk assessments that improve treatment response and patient outcomes.
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Figure 1.
Gene expression heat maps including 728 reduced gene set for A) OCSCC and B) LSCC.
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Figure 2.
Gene expression heat maps including 14 reduced gene set for A) OCSCC and B) LSCC.
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Table Il

Adjusted hazard ratios for oral cavity and laryngeal cancers

Oral Cavity Laryngeal
HR (95% CI) p-value HR (95% CI) p-value

Subtype

Atypical 1.00 1.00

Basal 0.70 (0.37, 1.32) 0.265 0.93 (0.18, 4.83) 0.935

Classical 0.91 (0.44, 1.86) 0.793 4.32(1.77,10.54) 0.001

Mesenchymal ~ 1.05(0.56,1.96)  0.888 2.51(0.91, 6.91) 0.076
Stage

v 1.00 1.00

-1l 0.83 (0.53,1.3) 0.415 0.89 (0.25, 3.17) 0.864

11 1.03 (0.64, 1.68) 0.893 0.98 (0.41, 2.38) 0.973
Gender

Male 1.00 1.00

Female 1.13(0.75,1.69) 0558  4.2(1.99,8.90)  <0.001
Race

White 1.00 1.00

Non-White 1.36 (0.73, 2.52) 0.328 1.87 (0.82, 4.25) 0.135
Smoking

Current 1.00 1.00

Never/Former  0.74 (0.50, 1.11) 0.148 0.52 (0.26, 1.04) 0.064

Cl: Confidence interval; HR: Hazards ratio
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