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Synopsis
In spite of a rapidly expanding understanding of head and neck tumor biology as well as
optimization of radiation, chemotherapy, and surgical treatment modalities, head and neck
squamous cell carcinoma (HNSCC) remains a major cause of cancer related morbidity and
mortality. Although our biologic understanding of these tumors had largely been limited to
pathways driving proliferation, survival, and differentiation, the identification of HPV as a major
driver of HNSCC, specifically oropharyngeal SCC, as well as recent genomic sequencing analyses
of HNSCC has dramatically influenced our understanding of the underlying biology behind
carcinogenesis, and in part, our approach to therapy. In particular, we are at a major molecular and
clinical crossroads with an explosion of promising diagnostic and therapeutic agents that hold
great promise. Here, we summarize our current understanding of HNSCC biology, including a
review of recent sequencing analyses, and identify promising areas for potential diagnostic and
therapeutic agents.
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Introduction

Despite advances in our understanding of tumor biology including its evolutionary
refinements as well as radiation, chemotherapy, and surgical treatments, head and neck
squamous cell carcinoma (HNSCC) remains the sixth leading cause of cancer related
morbidity and mortality, with 600,000 new cases diagnosed each year (1, 2). These tumors

Correspondence: James W. Rocco, MD PhD, The Ohio State University Wexner Medical Center, James Cancer Hospital/Solove
Research Institute, 320 West 10t Avenue, Columbus, OH 43210, james.rocco@osumc.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Disclosures/Conflict of Interest: The authors have nothing to disclose.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Puram et al.

Page 2

arise from mucosal epithelium in the oral cavity, oropharynx, larynx, and hypopharynx,
which together represent 75% of diagnosed cancers (3).

HNSCC tumors can be broadly divided into those that are HPV— and associated with
alcohol and tobacco consumption (4) and those that are HPV+ and due to HPV infection
primarily with serotype 16 (5,6). While HPV- cancers arise via field cancerization and
clonal progression in the setting of repetitive carcinogen application, HPV+ tumors harbor
few mutations and are driven by a fundamentally distinct pathophysiologic mechanisms that
rely on E6 and E7 viral proteins to inactivate or bypass cellular tumor suppressive responses
(7). Although recent vaccines against HPV (Gardasil, Cervarix) will influence the
prevalence of HPVV+ HNSCC in the decades to follow, for now, the incidence of HPV+
HNSCC continues to rise. Current estimates suggest that 45-90% of OPSCC are HPV+ with
90% associated with HPV serotype 16 (8, 9). The division of HNSCC into two
fundamentally distinct tumor cohorts with widely disparate survival rates based on HPV
status represents one of the most significant developments of the past decade in head and
neck cancer research and treatment.

Treatment for HNSCC is most often chosen based on the primary tumor subsite, TNM
staging, and predicted functional outcomes following different treatment modalities. In
general, early stage (I or I1) HNSCC is treated with local therapy, taking advantage of the
ability of surgical removal or radiation to offer a curative modality. Advanced disease (stage
I11 or IV) requires multimodality treatment with surgery, radiation, and/or chemotherapy
(10). Although the influence of treatment-related medical complications on mortality has
declined (11) and some improvements in head and neck survival have been documented,
these are largely related to the increasing incidence of HPV+ cancers rather than substantive
gain in the clinical management of HNSCC. Treatment failure in HNSCC relates to
resistance of tumor cells to primary or adjuvant chemoradiation therapy as well as residual
undetectable microscopic disease that remains after surgical resection.

Recent whole exome sequencing of HNSCC offers several lessons into how these tumors
will need to be treated to improve upon traditional therapeutic modalities. First, the
sequencing of such a large number of tumors from numerous institutions demonstrates the
successful endeavor of a multi-institutional collaborative effort to molecularly characterize
the biology of head and neck tumors. Second, these analyses have validated that p53
inactivating mutations remain the predominant genetic defect identified, substantiating prior
studies and emphasizing the observation that the majority of tumors harbor loss of function
mutations. Third, sequencing data separates HPV+ and HPV- tumors into distinct groups
with completely different mutational profiles. Fourth, we have learned that HNSCC will be
challenging to treat — there is no singular target for these tumors. Intratumor heterogeneity
will also remain a challenge as we attempt to advance our therapeutic approaches.

In this review, we will briefly discuss the molecular pathways driving HNSCC as identified
using traditional genetics and biochemistry, but focus primarily on the new and interesting

scientific advances in the field. In particular, we will emphasize insights from recent whole
exome sequencing analyses of HNSCC, discuss lesson learned from analyses of intratumor
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heterogeneity, and explore the implications of recent studies on future therapeutic
approaches.

Tumor suppressors frequently drive HNSCC but are difficult to target

p53 is a ubiquitous tumor suppressor which is critically altered in a number of human
cancers (12), with up to two-thirds of HNSCC harboring mutations in exons 5-8 (13, 14).
Mutations in p53 dysregulate the cell cycle and monitoring of genomic integrity, thereby
leading to aberrant proliferation, disrupted apoptosis, and defective DNA repair, while the
HPV viral oncogene EG6 targets p53 for degradation (Figure 1). Clinically, alterations in p53
function are associated with resistance to radiation and cisplatin-based chemotherapeutics
(15), emphasizing the importance of this master regulator in HNSCC pathogenesis.

Recent whole exome sequencing analyses have validated these observations in cell lines and
in vitro models, confirming that p53 mutations are common in HNSCC with loss of function
mutations predominating. Stransky and collegues analyzed 74 tumor-normal pairs with their
analysis suggesting 63% contained mutations or deletions in p53 (16). Analyses from the
Cancer Genome Atlas of 279 HNSCCs identified mutations in p53 in 84% of HPV- tumors,
with only 3% (one of 36) of HPV+ tumors containing a p53 mutation (Figure 2) (17).
Similarly, inactivating mutations in the cell cycle regulator CDKN2A were found in 58% of
HPV- tumors (17). Thus, a major conclusion of these whole exome sequencing analyses has
been validating the near universal loss-of-function of p53 and CDKN2A inactivation in
smoking/alcohol-related HNSCC. The challenge with p53and CDKN2A loss-of-function
mutations is reactivation and/or replacing these critical cell cycle regulators. Adenoviral
gene therapy, chemical activators of mutated genes, and antagonists of endogenous p53
inhibitors are all possibilities, but pre-clinical and clinical trials hold variable promise (18)
and these strategies suffer the inherent limitations of targeting tumor suppressor genes
including efficient delivery, tumor cell target specificity, and public resistance to gene
therapy.

Alteration of differentiation pathways through the loss of TGFBR/SMAD signaling may also
promote the transformation of aerodigestive mucosa to invasive SCC by critically altering
tumor suppressor pathways (Figure 2 and 3). Loss of function mutations in TGFBR2 as well
as in SMAD2 and SMADA4 have been identified (19, 20). Interestingly, data from cutaneous
SCC suggests that TGFB may play a dual role in oncogenesis, initially acting as a tumor
suppressor to prevent the transformation to invasive SCC, but subsequently promoting the
epithelial-mesenchymal transition and supporting metastasis (21). Animal data from mice
confirm this complex signaling dichotomy: Conditional deletion of SMADA4 triggers
genomic instability through activation of TGFS1 and other SMADs (22), while deletion of
TGFBR2 acts cooperatively with KRAS to promote metastases (23). In whole exome
sequencing, comparison of mutations by subset analyses of anatomical site revealed unique
mutations in TGFBR2 in oral cavity tumors, consistent with previous described functions in
animal models (17). Given that TGF inhibitors are readily available and already being used
in clinical trials for non-small cell lung cancer, colorectal cancer, and prostate cancer (24),
inhibition of these differentiation pathways in HNSCC may be an accessible and exciting
avenue for novel therapeutics.
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Sequencing data has also provided a rich array of data implicating loss of function mutations
in additional pathways of differentiation in HNSCC, defining major new potential
therapeutic targets. NOTCH1 loss-of-function mutations, for example, were noted in
11-19% of tumors, with another 11-14% containing NOTCH2 or NOTCH3 mutations
(Figure 2A) (16, 17). Interestingly, these same tumors had mutations in gene sets associated
with differentiation such as IRF6 and TP63, implying that these genes may act together with
NOTCH1 to ultimately trigger the development of immature, dedifferentiated, highly
proliferative basaloid cells. Additional mutations were identified in less well-characterized
genes such as SYNE1 and 2, which control nuclear polarity, and RIMS2 and PCLO, which
regulate calcium sensing during terminal squamous cell differentiation. Thus, dysregulation
of programs involving cellular differentiation appears to be a critical component of HNSCC
tumor biology. In addition, inhibition of NOTCH activation has been associated with an
increased risk of cutaneous SCC, with a recent phase 111 trial with the gamma-secretase
inhibitor semagacestat halted due to an increased rate of cutaneous SCC in the treatment arm
compared to placebo (25). Together, these data suggest that differentiation pathways may be
a major regulator of HNSCC tumorigenesis, raising the possibility that dysregulation of
differentiation identified in other SCC of the lung, esophagus, and cervix may be relevant to
head and neck biology.

Other tumor suppressor pathways have also been identified using unbiased approaches:
FATL, which has well described roles in aberrant Wnt signaling, was mutated in 12-23% of
tumors (Figure 2A) (16, 17). Prior studies have shown that FAT1 encodes a cadherin-related
protein which suppresses the nuclear localization of -catenin and thereby inhibits
proliferation (26). In addition, FAT1 appears to regulate cell migration and invasiveness
(Figure 3) (27), suggesting that there may be multiple effects of FAT1 mutations on HNSCC
tumorigenesis. Additional mutations and deletions were identified in apopotosis-related
genes (CASP8, DDX3X), histone methyltransferases (PRDM9, EZH2, NSD1) as well as
Ajuba, a centrosomal protein that regulates cell division and vertebrate ciliogenesis in an
EGFR-RAS-MAPK-dependent manner (Figure 2A and C) (16, 17); however, further work is
required to biologically characterize the mechanism and impact of these mutations on
tumorigenesis. Nevertheless, identification of these mutations emphasizes the major role
tumor suppressor pathways play in HNSCC pathogenesis.

Targeting tumor suppressor pathways is significantly more challenging than inhibiting
oncogenic signaling, as it requires reactivation of tumor suppressor genes or their
downstream effectors rather than simple chemical or biological inhibition. In this setting, the
concept of synthetic lethality may prove useful for making therapeutic advances. Loss of a
tumor suppressor gene may evoke unique susceptibilities to inhibition of a second gene or
pathway that is normally not observed. Synthetic lethality leverages this principle that
inhibition of two genes is lethal, while in contrast, inhibition of either gene alone is not.

There is now great interest in identifying the synthetic lethal partners of inactive genes such
as tumor suppressors to help identify novel therapeutic targets (28). A recent data-driven
computational approach for genome wide identification of synthetic lethal interactions has
been developed (28), with the ability to identify synthetic lethal partners of both oncogenes
and tumor suppressors. This approach has been utilized to develop a network analysis of
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synthetic lethal interactions which predicts which genes are essential and likely to be
efficient pharmaceutical targets. Although this analysis has not been completed in HNSCC,
it will be critical to move forward swiftly with such an approach, taking advantage of
genome wide short hairpin RNA and small interfering RNA-mediated drug sensitization and
small molecular inhibitor screens (29). By characterizing the synthetic lethal genes across a
broad array of head and neck tumors, one could identify the gene targets worthy of
aggressive drug targeting. Such an approach leverages the bioinformatics power of network
analyses, rather than trying to simply inhibit or activate a single gene target, an effect which
may ultimately be escaped through evolution of the cancer cells themselves.

In more practical terms, McLornan and colleagues have broadly characterized the pathways
that may be non-overlapping and unique to cancer cells; thus, targeting these aspects of cell
biology may allow for selective targeting of cancer cells through synthetic lethality (Table 1)
(29). For example, although DNA damage response pathways generally provide a “unified
guard” against genomic instability, many malignancies have defects in aspects of DNA
repair mechanisms. For example, mutations in the DNA repair gene MSH2 or MLH1
become synthetically lethal when combined with inhibitors of DNA polymerase due to the
accumulation of double strand breaks (30). Indeed, methotrexate has been shown to induce
DNA damage in MSH2-mutant cells compared to wildtype, which has been the basis for
methotrexate trials in MSH2-deficient colorectal cancer (31).

Targeting cells with p53 loss of function, which is mutated in 72% of HNSCC (17), may be
one especially important context where synthetic lethality approaches may prove valuable.
In the context of p53 loss-of-function, cancer cells lose the normal mechanisms of p53-
dependent G1-S cell cycle arrest and become dependent on G2-M checkpoint arrest for
DNA repair and survival. Thus, targeting G2-M checkpoint proteins can induce mitotic
catastrophe and synthetic lethality in p53 loss-of-function cells. For example, inhibition of
stress-activated p38 mitogen-activated protein kinase MAPKAP kinase 2 (MK2), ATM, and
SGK2 or PAK3 may sensitize tumor cells to chemotherapy (MK2, ATM) or induce
autophagy (SGK2) or apopotosis (PAK3) (32-34). Recent computational analyses have
identified multiple candidate kinase genes which serve as synthetic lethal partners of p53
mutants including polo-like kinase 1, cyclin-dependent kinase 1, and aurora kinase A (35).
Within head and neck oncology, this approach has been put into practice with an RNAI
kinome viability screen in p53 mutant HNSCC cells to identify oncogenes that may be
targeted in this mutational context (36). Using this method to screen primary human
HNSCC tumors as well as tissue from murine models, several “critical survival kinases”
were identified, including the kinase WEE1. Small molecule inhibition of WEEL1 using the
compound MK-1775 revealed durable effects on HNSCC viability and apoptosis, while also
potentiating the efficacy of cisplatin in a mouse xenograft model. This inhibitor is now part
of a phase | clinical trial to determine whether it may be useful in combination with
neoadjuvant weekly docetaxel and cisplatin prior to surgery in p53 mutant HNSCC.
Exploring these approaches further is likely to yield additional novel therapeutics for loss of
function mutations that have remained difficult to target.
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Oncogene mutations are uncommon in HNSCC with limited potential for targeted therapy
in specific contexts

Unlike other malignancies such as breast cancer or chronic myelogenous leukemia (CML),
which stand as examples of cancers driven by oncogenes (Epidermal Growth Factor
Receptor (EGFR) and BCR-AbI, respectively) which can be inhibited with profound effects
on clinical outcomes, HNSCC does not appear to demonstrate significant oncogene
addiction. In vitro studies have identified a role for EGFR signaling in HNSCC, but
sequencing analyses suggest only 6% of HPV- and 15% of HPV+ contain mutations or
amplification of EGFR (Figure 2B) (17). EGFR is a transmembrane tyrosine kinase receptor
in the HER/erbB family of proteins that triggers Ras and PI3K signaling (Figure 2C). In
HNSCC, candidate sequencing studies have shown that EGFR is overexpressed most
commonly through gene amplification and increased copy number (37), rather than
activating mutations or truncation mutants such as EGFRvIII.

Based on the limited dependence of HNSCC on EGFR signaling, it is not surprising that
inhibitors of EGFR have had variable success. EGFR overexpression appears predictive of
poor clinical prognosis and resistance to radiation (38-40), with data suggesting improved
overall survival when cetuximab, a monocolonal antibody against EGFR, is combined with
radiation or chemotherapy (41, 42). However, response to cetuximab does not correlate with
the degree of overexpression and as a monotherapy, the benefits of cetuximab are limited to
a 6-13% response rate (3, 41). Similarly, the Radiation Therapy Oncology Group recently
completed a Phase Il trial exploring the effects of cetuximab in patients with Stage 1l or IV
HNSCC who were undergoing concurrent accelerated fractionated radiotherapy and
cisplatin treatment (43). This group found no differences in patient outcomes (mortality,
progression free survival, overall survival, locoregional failure, or distant metastasis) with
the addition of cetuximab. These findings suggest that other mechanisms may be activated
upon EGFR inhibition or redundant activators of cell survival may limit treatment efficacy,
consistent with whole exome studies suggesting oncogenes have low mutant allele
frequencies and rarely drive HNSCC (Figure 2C) (16, 17). Thus, while there has been
substantial interest in kinase inhibitors of EGFR in treating HNSCC, these agents have
limited clinical impact in a significant portion of HNSCC tumors.

One exception for targeted therapy may be activating Ras or PI3K mutations which occur at
higher frequency in HPV+ cancers, offering a specific context in which targeted therapy
may facilitate de-intensification of chemoradiation. PI3K signaling is frequently altered in
HNSCC through several mechanisms including: loss of function mutations in PTEN which
negatively regulate PI3K (40% of HNSCC) and activating mutations in PI3KCA (6-11% of
HNSCC) (44-47). Recent data suggests that the PTEN gene may exhibit a gene dosage
effect (48), with loss of a single allele promoting tumor growth. Interestingly, in the case
PI3KCA, mutations may be associated with HP\VV+ OPSCC (49), raising the possibility that
PI13K acts synergistically with HPV E6 and E7 proteins in this HNSCC subset.

Ras signaling may work in collaboration with PI3K activation or independently to promote
HNSCC (Figure 2C). While KRAS is frequently mutated in other cancers, HNSCC is
associated primarily with HRAS mutations especially in patients with extensive tobacco
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exposure (50, 51). Like PI3K, HRAS mutations are also associated with HPV+ tumors (52).
However, Ras family members have proven recalcitrant to inhibition with therapeutic
strategies primarily aimed at targeting downstream effectors.

Recent sequencing analyses have validated these in vitro observations identifying
amplifications or mutations (specifically the exon 9 helical domain) of PI3K in 56% of HPV
+ HNSCC and 34% of HPV- tumors (Figure 2B) (17). Activating mutations in HRAS were
also described in 5-8% of HNSCC tumors (Figure 2A) (16, 17). There are numerous
ongoing trials evaluating small molecule inhibitors of PI3K (53). Such molecular inhibitors
may be one exception in HNSCC where oncogene targeting may prove valuable.

HPV infection and integration alters tumor biology and triggers carcinogenesis by
divergent biologic mechanisms than smoking and alcohol-related HNSCC

Over a decade of research has made it clear that HPV+ and HPV— HNSCC are distinct
entities, with unique etiology, patient demographics, pathophysiology, and clinical outcomes
(7). We now know that HPV— cancers are those that are driven by traditional risk factors
such as smoking and alcohol, with carcinogenesis dependent on the acquisition of multiple
epigenetic and genetic alterations yielding a premalignant progenitor which then undergoes
additional alterations to become an invasive malignancy. This concept, known as field
cancerization, posits that exposure of aerodigestive mucosa to alcohol and tobacco develops
genetically distinct fields where additional mutations may cause transformation. Consistent
with this, Slaughter and Southwick made the early observation that 11.2% of HNSCC
primaries present with a second primary (54). Similarly, Sidransky and colleagues examined
87 HNSCC including analysis of pre-invasive lesions using microsatellite analyses for loss
of heterozygosity (LOH) at 10 distinct loci. These analyses revealed progressive
chromosomal loss when comparing benign hyperplasia to dysplasia to carcinoma in situ to
invasive cancer, suggesting a common clonal progenitor and clonal expansion (55).

In contrast, HPV+ tumors are driven by HPV infection, usually by serotypel6, with the
integration of viral DNA into the host genome and the activation of specific and consistent
molecular regulators including p16 (INK4A) and viral proteins E6 and E7 (Figure 1). Cell
lines transfected with p16 and the alternate transcript pl4arf displayed markedly inhibited
growth (56), arresting in G1consistent with a role for p16 in blocking the G1-S transition.
Indeed, transfection of p16-INK4A adenovirus demonstrated a 96% reduction in
proliferation of HNSCC cell lines and in vivo studies in nude mice showed a significant
decline in xenograft tumor growth (57). More recent studies have linked p16 positive IHC
(best defined as = 70% cytoplasmic and nuclear staining) with HPV+ tumors (58) and
suggested that p16 overexpression be utilized as an independent factor to risk stratify
OPSCC (59). Interestingly, epigenetic regulation of p16 through hypermethylation may also
play an important role in predicting clinical prognosis and outcomes (60, 61).

The biologic mechanisms explaining differences in clinical outcomes with HPV status are
likely multifactorial. The absence of field cancerization certainly reduces the incidence of
locoregional recurrence and second primaries, while the persistence of functional p53 may
explain the improved response to chemotherapy and radiation (62, 63). There is also
growing evidence that tumor-immune interactions may explain the improved response of
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HPV+ tumors: HPV positivity is associated with a more substantial lymphocyte response
(64-66) and animal models suggest that immunocompetence is essential for complete tumor
eradication (67).

More recent genome wide studies of HPV+ and HPV- tumors reveal a clear divergence of
these tumors at the genomic level. Compared to HPV- tumors, HPV+ HNSCC has lower
rates of mutations and less frequent copy number alterations, indicating that there is less
genomic instability in this cohort (16, 17). In a recent study, Akagi and colleagues have
subsequently demonstrated that HPV integrants flank extensive regions of the host genome
resulting in amplifications and rearrangement (68). In addition, looping of HPV integrant-
mediated replication leads to viral-host concatemers, thereby triggering oncogenesis.
However, by DNA analysis there is no consistency in the site of HPV integration:
Interrogation of RNA transcripts demonstrated transcription across the viral-human
integration locus with no recurrent genes identified, suggesting there are diverse
mechanisms related to HPV integration, adding another potential source of intra- and inter-
tumor heterogeneity (17).

At the level of individual genes, recent whole exome sequencing studies suggest that HPV+
tumors have infrequent mutations in p53 and CDKN2A in stark contrast to HPV- tumors
where these genes are commonly altered (16, 17). Interestingly, HPV+ are distinguished by
recurrent deletions and truncation mutations in TNF receptor-associated factor 3 (TRAF3)
(17), which has been implicated in innate and acquired viral response to EBV, HPV, and
HIV. Loss of TRAF3 promotes aberrant NFxB signaling with diverse downstream effects on
cytokine signaling and cell death (69). Thus, there is now unequivocal evidence that
mechanistically separates HPV+ and HPV—- HNSCC, clarifying the biological basis for the
distinct clinical behavior of these distinct head and neck tumors.

Intratumor heterogeneity poses unique therapeutic challenges and opportunities in
HNSCC

Although many tumors are fairly homogeneous, HNSCC is characterized by tremendous
intratumor diversity and heterogeneity. Early studies characterizing intratumor heterogeneity
utilized microsatellite marker testing of distinct areas of tumor to demonstrate intratumor
heterogeneity at the molecular level (70). These findings were validated with dual-
fluorescence in situ hybridization studies (FISH) which demonstrated changes in DNA
ploidy and intra-sample heterogeneity in 68 out of 89 tumors (71). Interestingly,
heterogeneity was more substantial in primary tumors compared to metastatic samples.
These early efforts established the presence of intratumor heterogeneity at the genetic level.

To determine the impact of intratumor genetic heterogeneity on clinical outcomes, more
recent studies have introduced novel measures of genetic heterogeneity and correlated these
findings with primary patient data. For example, we have defined a mutant allele tumor
heterogeneity (MATH) score which is defined as the ratio of the width to the center of the
distribution of mutant-allele fractions at tumor-specific mutated loci (Figure 4A) (72).
MATH scores were calculated for 74 HNSCC with publicly available next-generation
sequencing data, revealing higher scores in three well-established patient cohorts with poor
outcomes, namely tumors with inactivating mutations in TP53 (compared to wildtype or
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non-disruptive mutations), HPV- tumors (compared to HPV+ tumors), and HPV- tumors
from smokers with higher pack-years of smoking. Additional analyses demonstrated that
higher MATH scores corresponded with shorter overall survival as well as adverse treatment
outcomes in clinically high-risk patients (Figure 4B) (73). Together, these findings serve as
the first clinical correlation of genetic intratumor heterogeneity to poor patient outcomes,
providing an ideal biomarker that could be used to quantify intratumor genetic
heterogeneity.

More recently, we have applied this analysis of intratumor heterogeneity to the Cancer
Genome Atlas database of 305 patients with HNSCC (74). Tumor MATH scores were
calculated based on whole-exome sequencing data, revealing a substantiating association
between high MATH scores and decreased overall survival (hazard ratio of 2.2 for high vs.
low heterogeneity). This difference was independent of other clinical or biologic differences
such as patient age, HPV status, tumor grade, TP53 mutations, and nodal disease. Based on
analyses using MATH, a substantial improvement in overall prognostication compared to
traditional staging analyses was demonstrated using multivariate analyses, establishing
MATH as a useful predictor of tumor behavior and patient outcomes. Collectively, these
studies emphasize the importance of intratumor heterogeneity as a major influence on tumor
progression, treatment resistance, and metastatic potential, with implications for patient care
and prognosis.

Unfortunately, our prior studies do not pinpoint a biological explanation as to why
intratumor heterogeneity and higher MATH scores correlate with poorer clinical outcomes.
Detailing the genetic and biochemical basis of intratumor heterogeneity in HNSCC remains
one of the major challenges and opportunities within head and neck oncology. New
sequencing technology may enable high-fidelity studies of HNSCC and allow the
identification of distinct cellular subpopulation and cancer cell subcohorts. For example, a
recent study has demonstrated that single cell RNA sequencing of human tumors can be
leveraged to identify distinct intratumor subpopulations and characterize the gene expression
profile of these differing cohorts (75).

A similar analysis in head and neck squamous cell carcinoma would informative: Not only
would it allow a detailed characterization of the subpopulations present and their gene
expression profiles, it would provide insight into the distinct contributions of each of these
populations to tumor pathogenesis. For example, a uniquely expressed gene among the
tumor stroma might be predictive of patient outcomes or serve as a novel therapeutic target
following tumor resection. Similarly, if matched lymph nodes could also be sequenced, then
theoretically one might identify differences in cellular subpopulations as well as unique
genetic programs upregulated within the context of regional metastases. Clearly, single cell
analyses of HNSCC hold great promise in improving diagnosis, prognosis, and treatment
approaches — this work should proceed expeditiously as it will have important implications
for clinical management of HNSCC.

Additional frontiers in HNSCC diagnostics and therapeutics

Despite advances in our understanding of HNSCC, the challenges discussed above have
restricted the management of HNSCC to the same tools utilized decades ago, namely
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surgery, radiation therapy, and chemotherapy. However, there is growing interest into
several areas of promise with ongoing clinical trials that may yield new biologic agents and
therapeutics.

Biomarkers remain elusive but are worthy of pursuit—The difficulty of HNSCC
surveillance due to limited recurrent tumor size, occult growth and progression, and
localization in a variety of anatomical subsites emphasizes the need for reliable biomarkers
in order to improve clinical management. This is especially critical considering the
importance of early detection prior to the development of locoregional or distant metastases.
To date, there is no usable serum or tissue biomarker that can be utilized for diagnosis of
HNSCC. Hypermethylated circulating tumor DNA has been proposed as one potential
candidate: A recent study examined serum from 100 HNSCC and 50 healthy controls to
evaluate methylation status of EDNRB, p16, and DCC using quantitative methylation
specific PCR methods (76). EDNRB hypermethylation was found in 10% of HNSCC
patients (compared to 0% in controls), while DCC hypermethylation and p16
hypermethylation were rarely detected. Thus, EDNRB hypermethylation may be a highly
specific albeit insensitive biomarker for HNSCC. Nevertheless, this approach may be used
to identify a methylation profile for multiple genes, which could improve the sensitivity of
testing and aid in the diagnosis and early detection of HNSCC (77).

To date, HPV is the only example of a biomarker in HNSCC that is utilized to predict
prognosis. However, there is a still a real need to further stratify HPV+ patients given that a
portion of these patients still have locoregional recurrences. Kumar and colleagues have
suggested that HPV status be combined with measures of EGFR, p16, p53, and Bcl-XL
expression to predict prognosis (78). Based on their analyses, patients with low EGFR, high
HPV/p16, or low p53 with low Bcl-XL have improved overall survival and disease-free
survival. Similar work has shown that increased Bcl-2 expression is an independent
predictor of overall and disease free survival in oropharyngeal SCC (79). Interestingly,
Bcl-2 expression was specifically associated with distant metastases rather than locoregional
recurrences.

Genetic intratumor heterogeneity based on next generation sequencing may also serve as a
potential biomarker. In the validating the TCGA HNSCC data set, both MATH and HPV
status were significantly related to overall survival in bivariate Cox proportional hazards
analysis, and a substantial portion of the relationship of MATH with outcome was
independent of its relationship with HPV status (80). Importantly, MATH analysis improved
HNSCC patient outcome prognostication beyond what was provided by HPV status alone.
Ongoing prospective analysis in an oropharyngeal cohort will ultimately determine the role
of MATH as a biomarker. Thus, additional biomarkers may help to further stratify HPV+
patients and provide insight into prognosis, thereby guiding the aggressiveness of clinical
therapy a priori and facilitating deintensification of chemoradiation therapy.

MicroRNAs in HNSCC offer an additional, poorly understood layer of
regulation in tumor biology—While microRNAs (miRNASs) have been well studied
within the context of developmental biology and other tumor sites, within head and neck
oncology, a role for microRNAS has been poorly characterized. MiRNAs are short 18-25 bp
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non-coding RNAs which modulate gene expression by binding to messenger RNA (MRNA)
after transcription. miRNAs bind to the 3" untranslated region (UTR), coding sequences, or
the 5 UTR of mRNA to inhibit translation or silence target transcripts by binding to the
RNA-induced silencing complex (Figure 5). There is now growing evidence that
dysregulation of miRNAs through direct genetic mutation, epigenetic changes,
modifications in biogenesis, altered transcription factor expression, or changes in target sites
may contribute to tumor progression (81). Several studies have cataloged the miRNAs
present in HNSCC, identifying both oncogenic and tumor suppressor transcripts (81). For
example miR-130b is upregulated in HNSCC, with a presumed role in regulating the
epithelial-mesenchymal transition (82, 83). In contrast, miR-99 dysregulation and
downregulation promotes OSCC survival through likely regulation of mTOR signaling,
consistent with a tumor suppressor function (84). The Let-7 family of miRNAS, which is the
largest family of miRNAs, is also downregulated in HNSCC (85-88).

Recent genome wide analyses of HNSCC have focused attention on miRNAs and convey
the importance of MIRNA-mRNA networks in HNSCC (17). These analyses identified
decreased expression of Let-7¢-5p and miR-100-5p in tumors compared to normal tissue,
with a corresponding association with increased target gene expression of the cell cycle
protein CDKS, transcription elongation factor E2F1, mitosis protein PLK1, and transcription
factor HMGAZ (17). These critical observations raise the possibility of potentially novel
therapeutics for HNSCC. Because miRNAs can be easily expressed through genetic
constructs, an understanding of the role of miRNAs may allow for unique treatments or
serum/tissue biomarkers. In addition, because many miRNAs have a more global regulatory
role whereby they influence the activity of a multiple signaling cascades, modulation of
miRNAs offers the possibility of more extensive inhibition or activation of relevant
pathways than may be possible with small molecule agents.

Networking analyses can identify transcriptional and regulatory cassettes—
Based on recent whole exome sequencing analyses, there are cohorts of tumor with
characteristic signaling pathways, beginning the difficult task of capturing signaling
networks within HNSCC. The Cancer Genome Atlas has utilized their whole exome
sequencing data to define four molecular subtypes of HNSCC (atypical, mesenchymal,
basal, and classical). These subtypes are defined by characteristic signaling cassettes and
mutations. For example, p53 mutations, CDKN2A loss-of-function mutations, chr 3q
amplification, changes in oxidative stress genes, and heavy smoking were associated with
the classical subtype, while NOTCH1 mutations and HRAS-CASP8 co-mutations were
associated with the basal subtype, suggesting that disrupted cell death is a common findings
in this latter subtype (17). The atypical subtype lacked chr 7 amplifications, and the
mesenchymal subtype had mutations in genes involved in innate immunity such as CD56
@an.

In addition, TCGA has also leveraged unsupervised clustering analysis of copy number
alterations (CNAS) to delineate additional HNSCC cohorts. For example, this group
describes an “M” class of tumors, which is driven primarily by mutations rather than CNAs
(17). This cohort consists of a subset of oral cavity tumors with a characteristic three gene
pattern of HRAS activating mutations, inactivating CASP8 mutations, and wild type p53.
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This cohort had a more favorable clinical outcome with what appears to be an alternative
tumorigenesis pathway involving Ras and alterations in cell death/NFkB.

Recent work has focused on the biologic importance of NFkB in HNSCC by exploring the
utility of bortezomib, a proteasome inhibitor which inactivates NFkB, in patients receiving
concurrent chemoradiation therapy for recurrent or metastatic HNSCC (89). Preliminary
data reveals a reduction of > 50% tumor size in two of six treated patients. NFxB regulated
cytokines were decreased in patients with clinical responses, and bortezomib was show to
induce apoptotic effects based on TUNEL analyses. This same group is now completing a
phase I clinical trial investigating the safety profile of bortezomib when combined with
cetuximab with or without cisplatin in patients with Stage IV head and neck cancer
undergoing radiation therapy (90).

In the future, further bioinformatic analyses of existing larger tumor data sets (e.g. TCGA)
will allow additional transcriptional and regulatory cassettes to be identified, perhaps setting
up additional opportunities for translational therapeutics. Single cell analyses of HNSCC
will be of great help in this regard, allowing similar analyses to be completed for tumor
subpopulations and enabling a comprehensive characterization of tumor-stroma interactions
and the signaling pathways governing cellular cross-talk.

Epigenetic changes and histone modification may enable tumor resistance—
There has been recent interest in epigenetic changes, including histone modification, as a
driver of tumorigenesis. Epigenetic changes have been touted as a major method for tumor
resistance to chemotherapy, with cancer stem cells serving as a depot of self-renewing and
self-propagating cells that may underlie treatment resistance. Epigenetic modifications may
allow these cells to adapt to treatment regimens without requiring the acquisition of new
mutations (91). For example, NFxB has been shown to localize to the nucleus in HNSCC
where it modifies chromatin organization by influencing histone 3 acetylation and thereby
condenses chromatin and desensitizes tumor cells to chemotherapy (92). Accordingly,
treatment of cells with a histone deacetylase (HDAC) inhibitor mimics the effect of NFxB
inhibition, providing a potential avenue for sensitizing tumor cells to chemotherapy (91).
Interestingly, the same HDAC inhibitors appear to be required for the maintenance of cancer
stem cells based on tumor sphere assays (93), suggesting that HNSCC progression and
growth may critically depend on dynamic changes in chromatic organization through histone
acetylation. Unfortunately, early trials with HDAC inhibitors have been disappointing: A
phase Il trial with romdepsin, a potent HDAC inhibitor derived from Chromobacterium
vioaceum, effectively inhibited HDAC in vivo but yielded no objective clinical response
(94). However, there are additional ongoing trials exploring other promising HDAC
inhibitors. For example, Ohio State University has an ongoing clinical trial exploring the
role of the HDAC inhibitor vorinostat in combination with chemoradiation for the treatment
of stage Il and IVA oropharyngeal SCC (95) based on promising preclinical data in cell line
and animal models of HNSCC (96, 97). These additional studies should help clarify if
HDAC inhibitors hold therapeutic promise.

Tumor-immune interactions and immunotherapy offer novel methods for
cancer surveillance—There has been substantial interest in the interaction between
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immune infiltrates and tumor cells (see Head and Neck immuno-oncology section). Briefly,
these immune cells, known as tumor infiltrating lymphocytes (TILs), have been
characterized in several solid malignancies including HNSCC (98). The majority of studies
in HNSCC have focused on the prognostic impact of TILs. For example, Rajjoub et al. used
tissue microarrays to catalog 48 oropharyngeal SCC and determined the CD3+ T cells that
were present (99). They found that tumors with more CD3 cells tended to have decreased
rates of metastasis; however, multivariate analyses suggested that the difference was only
statistically significant for HPV+ tumors. Similar analyses of CD8+ T cells have yielded
mixed conclusions (98). Unfortunately, a detailed study of the biologic characteristics of
HNSCC TILs has been lacking. Single cell sequencing of HNSCC including the CD45+
immune infiltrate may be one method of accomplishing this goal.

If these cells can be better characterized, then it may be possible to develop
immunomodulatory therapies that can harness a patient's own immune surveillance
mechanisms to target HNSCC. In addition, it may be possible to manipulate patient immune
responses through ex vivo alterations in immune cells followed by re-implantation. Although
there is significant progress to be made, biologic agents leveraging TILs may be a useful
adjunct to current therapies, providing a method for cellular surveillance of cancer cells that
escape traditional treatment modalities.

There are several ongoing clinical trials related to immunotherapy in HNSCC. For example,
Merck has sponsored an open Phase Il trial investigating the role of MK-3475
(Pembrolizumab), a potent inhibitor of PD-1 receptor, in recurrent or metastatic HNSCC
after treatment with platinum-based and cetuximab therapy (100). It would be informative to
biologically characterize these tumors before and after treatment with pembrolizumab to
better understand how molecular signaling is altered with immunotherapy.

A Darwinian view of head and neck oncology offers creative perspectives into
cancer biology and treatment—The past decade of research has seen an explosion of
interest in the in situ evolution of tumorigenesis and the adaptation of cancer cells to their
environment, not unlike Darwin's theory of evolution as it applies to species fitness (101). In
the case of HNSCC, a Darwinian perspective emphasizes new angles of basic research that
remain poorly characterized: What is the role of the “environment” (i.e. tumor niche) in
carcinogenesis? What are the environmental “perturbations” (i.e. therapeutic silver bullets),
if any, that might yield clonal extinction and eliminate the cancer so swiftly that none of its
constituent members (individual cells) may adapt and survive? Is there a role for
metronomic therapy in yielding better long-term control on HNSCC? (102). How can we
slow clonal evolution to advance the efficacy of therapy? While abstract, this new
understanding and perspective has begun to trickle down and influence how HNSCC may
ultimately be successfully targeted. Certainly, collaboration with developmental and systems
biologists is likely to maximize strides in HNSCC, providing new insight ranging from
phylogenetic analysis of tumor clones to novel methods of targeting tumor resistance.
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Summary

Our molecular understanding of HNSCC has undergone tremendous growth and evolution
over the past several decades. We now know there are two clear cohorts of HNSCC, HPV+
which is caused by HPV infection and viral integration and HPV- which is driven by
acquired mutations and alterations from environmental exposures such as tobacco and
alcohol. Recent whole exome sequencing studies of HNSCC have provided dramatic
insights into HNSCC tumor biology, demonstrating that tumor suppressors are the primary
regulators of HNSCC with oncogenes rarely driving tumorigenesis.

In parallel a host of new observations have demonstrated the challenge and complexity of
developing targeted therapies for HNSCC. Intratumor heterogeneity poses a major challenge
to a “silver bullet” for HNSCC, providing genetic diversity that may allow clonal escape and
tumor resistance. In addition, new insights from epigenetic studies, the identification of
novel miRNA regulators, and tumor-immune system interactions suggest additional layers
of regulation and control. Future work should leverage single cell sequencing and
transcriptional network analyses to better characterized molecular cross-talk and cellular
interactions, thereby providing a more complete and comprehensive view of HNSCC
signaling.

While we have much to learn about HNSCC, we must not limit the lesson learned to those
obtained directly from studying this tumor. Sequencing analyses have conveyed the point,
more than ever, that dysregulation of differentiation is a major contribution to head and neck
oncology. It is not gone unnoticed that similar pathways are aberrantly regulated in other
squamous cell carcinomas of the cervix, skin, lung, and esophagus. In the end, we may find
that the biology of these tumors is more of a reflection of their underlying tissue of origin
than their anatomical subsite. By combining findings from HNSCC with these other tumors,
we may be able to identify more dramatic insights that synergistically improve the treatment
of other SCCs as well.

Although numerous clinical trials are ongoing, there is a necessity for greater translation
research into areas of promise such as synthetic lethality and immunotherapy. While the
mainstays of head and neck cancer treatment including surgery, radiation, and chemotherapy
are likely to persist, the development of useful biological adjuncts could dramatically
influence the way conventional therapy is utilized, offering the possibility of descalation and
de-intensification of treatment, while simultaneously improving patient outcomes and
quality of life.

Abbreviations/Acronyms

ATM ataxia telangiectasia mutated
BCR-AbI breakpoint cluster region-Abelson
Bcl-2 B-cell lymphoma-2

Bcel-XL B-cell lymphoma-extra long
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CASP8 caspase 8

CDKG6 cell division protein kinase 6

CDKN2A cyclin-dependent kinase inhibitor 2A

chr chromosome

CML chronic myelogenous leukemia

CNA copy number alterations

DCC deleted in colorectal carcinoma

DDX3X DEAD/H box 3, X-linked

DNA deoxyribonucleic acid

E2F1 E2F transcription factor 1

EDNRB endothelin receptor type B

EGFR epidermal growth factor receptor

EZH2 enhancer of zeste 2 polycomb repressive complex 2
FAT1 FAT atypical cadherin 1

HDAC histone deacetylase

HMGA2 high mobility group AT-hook 2

HNSCC head and neck squamous cell carcinoma

HPV human papilloma virus

HRAS Harvey rat sarcoma viral oncogene homolog
INK4A inhibitor of cyclin-dependent kinase type 4
IRF6 interferon regulatory factor 6

KRAS V-Ki-ras2 Kirsten rat sarcoma viral oncogene homolog
LOH loss of heterozygosity

MATH mutant allele tumor heterogeneity

mMiRNA microRNA

MK2 stress-activated p38 mitogen-activated protein kinase MAPKAP kinase 2
MRNA messenger RNA

NF«xB nuclear factor kappa B

NSD1 nuclear receptor binding SET domain protein 1
PAK3 serine/threonine protein kinase 3

PCLO piccolo presynaptic cytomatrix protein

PD-1 programmed cell death 1
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PI3K phosphoinositide 3-kinase
PLK1 polo-like kinase 1
PRDM9 PR domain zinc finger protein 9
RIMS2 regulating synaptic membrane exocytosis 2
RNA ribonucleic acid
SCC squamous cell carcinoma
SGK2 serum/glucocorticoid regulated kinase 2
SMAD Sma and Mad related family
SYNE1/2 spectrin-repeat nuclear envelope %2
TCGA The Cancer Genome Atlas
TGBB transforming growth factor
TIL tumor infiltrating lymphocytes
TNF tumor necrosis factor
TRAF3 TNF receptor-associated factor 3
TNM tumor, node, metastasis
TUNEL terminal deoxynucleotidyl transferase dUTP nick end labeling
UTR untranslated region
WEE1 Weel -like protein kinase
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Key Points

Head and neck squamous cell carcinoma (HNSCC) is driven by numerous
mutations, with HPV/— cancers caused by more traditional risks factors (tobacco
use/alcohol) tending to harbor more mutations, greater intratumor heterogeneity,
and extensive copy number variation.

Recent genomic insights suggest that targeted therapy of HNSCC will remain a
significant challenge. Most mutations identified based on sequencing analyses
are loss of function mutations in known and putative tumor suppressor genes
that may require novel approaches such as synthetic lethality.

Oncogenic drivers are few and far between and often are present at low mutant
allele frequencies, suggesting they may be poor choices for targeted therapy.

One exception for targeted therapy may be activating Ras or PI3K mutations
which occur at high frequency in HPV+ cancers, offering a potential avenue for
therapy that may facilitate deintensification of chemoradiation therapy.

Identification of genes implicated in tumor-immune interactions as well as loss
of function mutations suggest that immunotherapy and modulation of immune
surveillance may be a valuable therapeutic approach, supporting ongoing
immunotherapy clinical trials.
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Figure 1.
Cell cycle signaling is interrupted in HPVV+ HNSCC through disruption of multiple cell

cycle checkpoints.

From Machiels JP, Lambrecht M, Hanin FX et al. Advances in the management of
squamous cell carcinoma of the head and neck. F1000 Prime Rep. 2014; 6(44): eCollection;
with permission.
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Figure 2.

Whole exome sequencing of HNSCC reveals novel insights into tumor pathogenesis and
mutational profile. (A) Significantly mutated genes in HNSCC. (B) Candidate therapeutic

targets and driver oncogenic events. (C) Deregulation of signaling pathways and

transcription factors.

From Cancer Genome Atlas. Comprehensive genomic characterization of head and neck

squamous cell carcinomas. Nature 2015; 517: 576-582; with permission.
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Figure 3.
Key cellular and molecular pathways implicated in HNSCC tumorigenesis.

From Rothenberg SM and Ellisen LW. The molecular pathogenesis of head and neck
squamous cell carcinoma. Jnl of Clin Invest 2012; 122(6): 1951-1957; with permission.
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Figure 4.

(A) Representative mutant allele distributions from three HNSCC. A heterogenous tumor
with a high MATH score will have a broader distribution, shorter peak, and lower median
mutant allele fraction compared to a more homogeneous, low MATH score tumor.
FromRocco JW. Mutant Allele Tumor Heterogeneity (MATH) and Head and Neck
Squamous Cell Carcinoma. Head Neck Pathol. 2015; 9(1): 1-5; with permission.

(B) Relationship of intra-tumor heterogeneity as captured by MATH score with overall

survival in HNSCC.

From Mroz EA, Tward AM, Hammon RJ et al. Intra-tumor genetic heterogeneity and
mortality in head and neck cancer: analysis of data from the Cancer Genome Atlas. PLoS

Med. 2015; 12(2): eCollection; with permission.
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Figure 5.
Schematic demonstrating the mechanism for miRNA based mRNA silencing.

From Mroz EA, Tward AM, Hammon RJ et al. Intra-tumor genetic heterogeneity and
mortality in head and neck cancer: analysis of data from the Cancer Genome Atlas. PLoS
Med. 2015; 12(2): €10001786; with permission.
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Table 1

Mechanisms for achieving synthetic lethality in cancer cells.
Adapted from McLornan DP1, List A, Mufti GJ. Applying synthetic lethality for the selective targeting of
cancer. N Engl J Med. 2014; 371(18): 1725-35; with permission.

Mechanisms for achieving synthetic lethality in cancer cells
Targeting oncogenic drivers

Exploiting DNA-repair or cell-cycle defects

Using new drug combinations derived from screen

Using altered drug timing and sequencing

Exploring the tumor-cell environment

Targeting the stroma

Exploiting the altered metabolome

Targeting the altered proteome

Exploiting nononcogene “addiction”
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