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Abstract

Personalized medicine tumor boards, which leverage genomic data to improve clinical 

management, are becoming standard for the treatment of many cancers. This paper is designed as 

a primer to assist clinicians treating head and neck squamous cell carcinoma (HNSCC) patients 

with an understanding of the discovery and functional impact of recurrent genetic lesions that are 

likely to influence the management of this disease in the near future. This manuscript integrates 

genetic data from publicly available aCGH and NGS genetics databases to identify the most 

common molecular alterations in HNSCC. The importance of these genetic discoveries is 

reviewed and how they may be incorporated into clinical care decisions is discussed. 

Considerations for the role of genetic stratification in the clinical management of head and neck 

cancer are maturing rapidly and can be improved by integrating data sets. This article is meant to 
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summarize the discoveries made using multiple genomic platforms so that the head and neck 

cancer care provider can apply these discoveries to improve clinical care.
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Introduction

In the last decade, we witnessed an unprecedented technological acceleration concerning 

genome studies. It resulted in the accumulation of scientific data on the molecular 

background of cancer. Beginning from the introduction of Comparative Genomic 

Hybridization (CGH) [1] a tool allowing whole-genome screening of DNA copy number 

alterations and therefore the identification of unbalanced chromosomal aberrations in a 

single analysis was finally available to the scientific community. CGH was soon upgraded to 

array-CGH wherein representative fragments of the human genome in form of BACs 

(bacterial artificial chromosome) or oligonucleotides are immobilized on a slide (DNA 

arrays). This development marked the beginning of the “array era” in genome studies. It 

inspired further development that led to the introduction of microarray technologies aimed at 

measuring other genomic features including global gene or miRNA expression (expression 

arrays) but also DNA binding, single nucleotide polymorphisms (SNPs), and DNA 

methylation [2]. Importantly, combination of these array technologies allowed simultaneous 

analysis of a genome on multiple levels – DNA, mRNA, miRNA, methylation etc. leading 

to novel findings like the identification of novel tumor suppressor genes and oncogenes 

involved in the development of human cancers [3].

Recently, the microarray-based platforms are rapidly replaced by next-generation 

sequencing (NGS) technologies. It announces a new era in genome studies. It is expected 

that NGS techniques will increasingly replace the array-based techniques with falling costs 

of sequencing the human genome, falling costs of data storage and the development of 

novel, user-friendly software for data analysis. NGS technologies can be used in standard 

sequencing experiments allowing sequencing millions of DNA bases in a single experiment 

(so called DNA re-sequencing). At present, NGS is usually limited to a set of genes of 

interest (targeted sequencing) or all coding sequences of the genome (exome sequencing), 

but is still rarely used for sequencing the whole human genome (whole genome sequencing 

– WGS) mainly due to the high costs of the experiment and the vast amount of produced 

data. Moreover, NGS techniques are applied for gene expression (transcriptome sequencing, 

RNA-SEQ) or methylation analyses (bisulfite sequencing) providing an ideal tool for cancer 

genetic studies.

In the last years, NGS-based studies have been carried out in order to characterize the 

molecular background of human cancers and elucidate molecular mechanisms contributing 

to oncogenesis, progression and metastasis. The accumulated sequencing data containing 

exome sequencing, expression and methylation have recently been deposited in public 

repositories like The Cancer Genome Atlas (TCGA) Data Portal, the Wellcome Trust Sanger 
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Institute or the International Cancer Genome Consortium (ICGC) and are freely available to 

the scientific community.

In this review, we will focus on novel findings on the genetics of head and neck squamous 

cell carcinomas (HNSCC) obtained from aCGH and NGS studies as well as clinical 

implications of these disruptive genomic events. The very large majority of head and neck 

cancers are squamous cell carcinomas that arise in the mucosal linings of the upper 

aerodigestive tract. The predominant causes of HNSCC are smoking and excessive 

consumption of alcohol. Besides these chemical agents, also infection with the human 

papillomavirus (HPV) is a risk factor for head and neck cancer, particularly in the 

oropharynx. Early stage HNSCCs are treated by surgery with or without postoperative 

radiotherapy, and more advanced stage either by the combination of surgery and 

postoperative radiotherapy, chemoradiation: the combined application of systemic cisplatin 

with concomitant locoregional radiotherapy, or bioradiation: the systemic application of the 

anti-EGFR antibody cetuximab with concomitant locoregional radiotherapy. Biomarkers for 

personalized therapy in HNSCC are still lacking, and it is generally hoped that the molecular 

catalogue of HNSCC will provide these.

Here, we demonstrate novel oncogenes and tumor suppressor genes (TSG) and the related 

signaling pathways delineated in HNSCC, discuss identified genetic differences in HPV 

positive and negative tumors and show potential future applications of NGS in diagnosis and 

personalized cancer treatment [4-6]. In our opinion there is a need to propagate 

contemporary molecular procedures and their potential among head and neck clinicians.

Discovery of new HNSCC related genes

Cancer is caused by the accumulation of genetic alterations within oncogenes and tumor 

suppressor genes. This is especially true for tumors such as HNSCC where epithelial cells 

are subjected to long-term exposure to carcinogens present mainly in the cigarette smoke but 

also in alcohol, processed food, chewed tobacco or inhaled contaminated air. The 

consequences of such exposure of chromosomes in relation to HNSCC were presented in the 

genetic progression model by Califano et al. in 1996 [7]. The authors’ delineated 

chromosomal aberrations observed recurrently in HNSCC and correlated them with 

successive steps of carcinogenesis including hyperplasia, dysplasia, carcinoma in situ, tumor 

and metastasis. Later this model was complemented by the “patch-field-tumor” model that 

described the earliest changes [8]. By the end of the twentieth century a more detailed 

analysis was not possible for technical reasons. Recently, with the introduction of novel 

molecular techniques and lastly NGS, comprehensive analysis of the recurrently aberrant 

regions became available and resulted in the identification of target genes within these 

regions.

It is important to stress that NGS sequencing projects have confirmed prior published 

mutational data for HNSCCs and showed a typical mutational profile reported for tobacco-

related tumors and molecular features characteristic for SCC histologies [9-11]. Here, we 

compiled data from multiple publicly available data sets using both the Oncomine 3.0 aCGH 

and NGS databases [12, 13] as well as data downloaded from cBioPortal to demonstrate the 
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most common alterations in HNSCC (Table 1 and Figure 1) [14-17]. Previously identified 

genes found to be most frequently mutated in HNSCC included TP53 (up to 67.5% mutated 

cases), CDKN2A (up to 16.7% mutated and 27% deleted cases) and PIK3CA (16.5% 

mutated and 16% amplified cases). Moreover, EGFR, PTEN and HRAS were identified in a 

smaller number of carcinomas [14-18]. Importantly, NGS based studies reported additional, 

recurrent alterations in the mutational landscape of HNSCC and delivered new information 

on the frequency of particular mutations as summarized below.

NOTCH gene family

NGS analyses identified the NOTCH1 gene as the third most commonly mutated gene in 

HNSCC. In the above mentioned publications [14-17], NOTCH1 mutations were observed 

in 8-15% of samples in addition to less frequent mutations of the NOTCH2 (5% of samples) 

and NOTCH3 (4% samples) genes. Also copy number alterations resulting in deregulation of 

the NOTCH pathway genes were observed in HNSCC. Sun W. et al. reported gain of copy 

number and overexpression of the NOTCH ligands JAG1 and JAG2 and the receptor 

NOTCH3[19]. Interestingly, mutations identified in the NOTCH genes are mutually 

exclusive and therefore, the overall percentage of cases with NOTCH receptor mutations is 

probably around 20%, while genes involved in NOTCH signaling, including effectors like 

MAML1, are lost in an even larger subset. In addition, HNSCC is characterized by recurrent 

mutations in the TP63, IRF6 or MED1 genes, functionally related with NOTCH in squamous 

differentiation [17].

Originally described in Drosophila, NOTCH family members are transmembrane proteins 

that are involved in cell to cell communication and regulate squamous differentiation. 

Activating NOTCH mutations were already described in lymphocytic leukemias and 

lymphomas and were also recently found in oral squamous cell carcinoma in Chinese 

population [20-22], but are only reported in rare cases of HNSCC in Caucasian population 

[19]. In contrast, most cases of HNSCC harbor loss-of-function NOTCH receptor mutations 

targeting the transactivating C-terminal ankyrin repeat domain, the extracellular ligand 

binding domain and splice junctions were found [14, 17]. These inactivating mutations 

resemble therefore mutations recently described for chronic myelomonocytic leukemia 

(CMML) [23] and suggest a context dependent nature of NOTCH alterations in HNSCC.

In fact, in transgenic mouse models of NOTCH signaling deficient epidermal basal cells 

(Keratin 5 expressing), barrier deficient squamous layers form pre-neoplastic lesions, which 

can be driven to malignant transformation by secretion of WNT ligands from infiltrating 

immune cells [24, 25]. In some cases, tumor-infiltrating CD4+ T-cells are recruited to these 

pre-neoplastic lesions to gradually clear NOTCH deficient cells from the area. However, 

when CD11+Gr1+ myeloid cells are recruited to the lesion, they secrete WNT ligands to 

augment β-catenin signaling and promote tumor growth as well as a pro-malignant niche in 

adjacent epidermal cells. Thus, WNT signaling is critical for the growth of NOTCH-

deficient squamous cell carcinomas in these models.

Recently, the PORCN (porcupine) inhibitor WNT974 (formerly known as LGK974) was 

developed for the treatment of NOTCH-deficient HNSCC. Porcupine is a membrane bound 

O-acyltransferase that is dedicated to WNT post-translational acylation (palmitoylation), 

Giefing et al. Page 4

Eur J Cancer. Author manuscript; available in PMC 2017 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



which is required for WNT secretion [26]. Consequently, WNT974 is postulated to block the 

accumulation of extracellular WNT ligands by both tumor cell autonomous and non-

autonomous mechanisms, suggesting its effective use for targeting NOTCH deficient tumors 

of epidermal lineage. It was demonstrated that WNT974 effectively blocks WNT ligand-

dependent β-catenin-mediated transcription of several target genes including AXIN2 

(canonical WNT signaling) [27]. Importantly, an unbiased analysis of pharmacodynamic 

response in combination with whole exome sequencing of HNSCC models identified 

disruptive NOTCH1 mutations as a critical biomarker of WNT974 pharmacodynamic 

response. Taken together, NGS based studies demonstrated that disruption of squamous cell 

differentiation is one of the fundamental mechanisms in HNSCC and it has been 

demonstrated that targeted inhibition of WNT signaling may be a viable therapeutic strategy 

for these tumors.

Apoptosis related genes

Stransky et al. reported recurrent mutations of the TP53 gene (62% of cases) and the 

apoptosis initiator - CASP8 gene (8% of cases) to be among the most frequent in head and 

neck cancer [17]. This finding is in line with the general observation for human cancers 

where loss-of-function alterations are frequently identified in apoptosis related genes. 

Deregulation of apoptosis results in growth advantage of the mutated cells and, what is 

clinically important, is also involved in chemoresistance of the malignant cells [28]. 

Remarkably, in the latest NGS paper of the TCGA consortium it was shown that CASP8 and 

HRAS mutations are enriched in a subpopulation of tumors that are characterized by very 

infrequent copy number alterations (CNAs), also indicated as CNA-quiet. Next to the 

separate HPV+ subgroup (see also below), this HPV− CNA-quiet subgroup was 

characterized by a favorable prognosis and forms a genetically third subgroup of tumors. 

This same subgroup was described in a previous study using BAC arrays [29].

Other tumor suppressor genes

Several tumor suppressor genes not implicated in HNSCC before have been identified by 

NGS studies to carry inactivating mutations in this tumor. Mutations in the FBXW7 gene for 

example, reported by Agrawal et al. are predicted to inhibit the tumor suppressor activity of 

this protein by blocking its ability to target oncoproteins like MYC for degradation [14, 30]. 

Interestingly, as one of the FBXW7 protein targets is also NOTCH, it was speculated that 

the observed mutations in FBXW7 might also modulate the squamous cell differentiation 

through the interaction with NOTCH [31]. This tempting hypothesis requires however 

further verification, not in the least as inactivating mutations in FBXW7 cause activation of 

NOTCH1, which does not fit with the role of NOTCH1 as tumor suppressor gene in HNSCC

Besides, mutations in the FAT1 gene in 12-30% of HNSCC tumor samples have been 

reported [14, 15, 17, 32]. This gene belongs to the cadherin family, which is frequently 

altered in cancer, and was first described as a controller of cell proliferation and polarity in 

Drosophila [33, 34]. RNAi knockdown experiments demonstrated that FAT1 loss results in 

altered cell to cell contact and disturbed polarity of the cells, both typical characteristics of 

tumors [34]. In line with this, the majority of the alterations identified by the Cancer 

Genome Atlas Network include deletions and truncating mutations that result in a 
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dysfunctional protein that suggests a tumor suppressor functionality of FAT1 in HNSCC. 

Interestingly, according to the presented data, HNSCC shows the highest FAT1 mutation 

rate among human neoplasms.

NGS also identified other genes frequently mutated (15% of cases) in laryngeal carcinomas: 

CTNNA2 and CTNNA3, encoding α-catenins [35]. Functional studies demonstrated an 

increase in the migration and invasive ability of HNSCC cells producing mutated forms of 

CTNNA2 and CTNNA3 or in cells where both α-catenins are silenced. Analysis of the 

clinical relevance of these mutations demonstrates that they are associated with poor 

prognosis. The authors conclude that CTNNA2 and CTNNA3 are tumor suppressor genes.

Genetic Biomarkers

Historically, immunohistochemistry-based assays to determine protein expression have been 

used to develop biomarkers for disease outcomes and response to clinical intervention. With 

the quantity of NGS data available from the TCGA and accompanying studies, we can now 

begin to characterize genetic biomarkers of disease outcomes for the specific tumors 

represented in these cohorts. Importantly, previous studies have associated PIK3CA 

mutations, EGFR copy number amplifications, and TP53 mutations with worse survival in 

HNSCC [36-39]. However, there is a lack of further significant analysis into additional 

genetic mutational predictors of survival or clinical phenotypes, especially with recently 

described genomic aberrations, and some existing data conflicts over whether specific 

disruptive genetic events correlate with survival. For example, while some studies have 

demonstrated significantly worse prognosis with PIK3CA mutations, this correlation is not 

statistically significant in the most recent HNSCC TCGA data set (p = 0.292 on log rank). 

CCND1 and CDKN2A alterations, however, independetly correlate with overall survival of 

stage III/IV cancers in the TCGA cohort, (p = 0.03 and 0.01, respectively, on log rank; 

Figure 2A and B). However, some alterations that appear critical for pathogenesis of disease 

subsets like NOTCH1 mutations do not correlate with survival of patients with stage III/IV 

cancers (p = 0.86 on log rank, Figure 2C). In the future, as we gain a better understanding of 

the relationships between commonly altered genes in pathways (e.g. the NOTCH pathway), 

or by analyzing events across multiple pathways, this type of analysis may shed more insight 

into the genetic signatures that associate with clinical outcomes, and ultimately lead to a 

significant utility in NGS analysis at diagnosis.

NGS identifies distinct genetic alterations in HPV(+) and HPV(−) HNSCCs

NGS is a convenient technique to identify HPV(+) subclones in the tumor samples by 

mapping of reads to databases of viral genomes. The overall frequency of HPV infected 

HNSCCs reported in NGS based studies varies between 19-33% and is strictly dependent on 

the localization of the tumor with oropharyngeal tumors being most frequently infected [15, 

40]. The Cancer Genome Atlas Network reports that HPV(+) oropharyngeal tumors 

accounts for 64% of tumors in this localization [21].

In line with earlier reports, NGS-based studies showed significant differences in the 

mutational profiles of HPV(+) and HPV(−) HNSCCs. HPV(+) tumors are characteristic for 

lower overall number of mutations as compared to HPV(−) tumors [29]. This was confirmed 
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in both the Stransky et al. [17] and Agrawal et al. [14] studies, which reported lower 

mutation rates of HPV(+) tumors compared to negative. The highest difference is observed 

in TP53 mutations that are detected in almost all HPV(−) cases whereas found only 

sporadically in HPV(+) cases [41, 42]. The same is true for the frequent CDKN2A 

homozygous deletions,cyclin D1 overexpression and NOTCH1 mutations that are identified 

primarily in HPV(−) specimens [43]. This observation must be explained in light of HPV 

driven carcinogenesis where the viral E6 oncoprotein tags cellular p53 protein for 

degradation and the E7 protein abrogates the function of the pRb proteins leading to a 

bypass of the G1/S restriction point of the infected cell [44]. Due to this mechanism, 

disruptive genomic events deregulating the activity or expression of these proteins are 

infrequent HPV(+) tumors. Therefore, it has been postulated that HNSCC tumors caused by 

chemical agents are molecularly distinct from those caused by HPV with respect to genetic 

changes, expression profiles, microRNA expression profiles and protein expression profiles.

Nevertheless, NGS studies identified gain of function PIK3CA mutations predominantly in 

HPV(+) tumors [36]. These proliferation promoting mutations are observed mainly in three 

hotspots (E542K, E545K, H1047R/L) as indicated in the cBioPortal [16, 45]. PIK3CA 

encodes the kinase catalytic subunit p110α that acts in the PI3K/Akt signaling pathway that 

is altered with a high frequency in HNSCC [46]. There have been speculations on the 

biological meaning of the co-occurring HPV infections and PIK3CA mutations. Recently, 

Henderson et al. proposed a model in which antiviral APOBEC enzymes are the main source 

in PIK3CA mutations in cancers including HNSCCs [47]. APOBEC enzymes of known 

antiviral properties catalyze the deamination of cytosine bases in nucleic acids – a 

mechanism that alters the sequence of DNA or RNA and is a protective mechanism aimed at 

the inactivation of the viral genomes [48]. However, it has been demonstrated that APOBEC 

enzymes can also act as mutators and target cancer related genes like TP53 in the host cell 

genome [49]. Therefore, HPV infection may be responsible for the elevated APOBEC 

activity in HNSCC leading to frequent APOBEC mediated mutations including these of 

PIK3CA, or alternatively, HPV(+) tumors that show lower overall frequency of mutations as 

compared to HPV(−) tumors, may display positive selection for APOBEC mediated 

mutations [48].

NGS and personalized cancer treatment

The above discussed observation of distinct molecular profiles in patients with HPV(+) 

versus HPV(−) tumors has major consequences for prognosis. Most HPV(+) tumors have a 

very favorable prognosis despite the fact that most patients present with advanced stage of 

disease. This observation that is widely documented, has initiated clinical trials to adjust 

treatment decisions, thereby being the first step towards personalized treatment in HNSCC 

by molecular characteristics instead of site, stage of disease or histological factors. Recently, 

the first free internet tool that uses various NGS data (genome, exome transcriptome) that 

allows the detection and annotation of HPV genome became available and can further 

improve treatment decisions [50]. Moreover, proper assessment of alterations of the PI3 

kinase (PI3K) pathway that are particularly prevalent in HPV(+) tumors may aid in the 

interpretation of current clinical trials of PI3K, AKT, and mTOR inhibitors in HNSCC [36] 

and enhance outcomes for new patients.
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In fact, many multidisciplinary tumor boards are beginning to use NGS information to 

enhance treatment recommendations from the onset of clinical intervention by investigating 

patient options with ongoing clinical trials and experimental therapies. Even though most 

current personalized medicine tumor boards (PMTBs) focus on advanced or non-resectable 

disease from multiple tumor sites, one of these studies has already demonstrated a 7% 

improvement in objective response rate with patient-matched as compared to non-matched 

targeted therapy [51]. Integrating the experiences learned from these multi-site tumor boards 

such as the MiONCOseq trial (NCT01576172), which is open to advanced, metastatic 

tumors of from all tissue sites, with Head and Neck-specific experiences will be critical in 

achieving further improvements to overall patient survival. This is critical, for example, 

when considering experiences with the use of anti-HER2 therapies in tumors from different 

sites. Despite the success of these therapies in HER2-amplified and overexpressed breast 

cancer, trastuzumab did not show survival benefit in HER2-amplified and overexpressed 

ovarian cancers [52]. Consequently, the evaluation of therapeutic efficacy of targeted 

therapies needs to be carefully considered from both a multi-tumor site perspective as well 

as from HNSCC specific experiences. The quality and depth of clinical testing [53, 54] and 

ethical standards [5] surrounding these personalized clinical trials have been discussed.

In a similar manner to how interdisciplinary tumor boards utilize DNA sequencing 

information, the integration of NGS into clinical decision making also enables the evaluation 

of RNA-expression levels and simplifies gene fusion calling. Although recurrent gene 

fusions are rare in HNSCC, FGFR2 and FGFR3 gene fusions occur in 1-3% of HNSCCs 

and these tumors may be sensitive to FGFR inhibitors [55]. From a bioinformatics 

perspective, the identification of gene fusions is much easier from RNA-level analysis. In 

contrast to established genetic lesions, there are relatively few examples of established 

expression-based companion diagnostics. Notably, Herceptin is used in HER2 amplified, 

and over-expressed breast cancers and PD-L1 inhibitors are being evaluated in advanced 

melanoma for PD-L1 overexpressing tumors [56, 57]. PD-L1 is not commonly amplified in 

these tumors and alternative mechanisms drive overexpression of RNA and protein levels, 

which are related to the response to immune checkpoint inhibitors [58, 59]. Consequently, 

RNA-sequencing and expression analysis of pivotal genes such as HER2, PD1 and PD-L1 

combined with genomic sequencing will be critical as the field advances and will need to be 

independently assessed for their utility as potential companion diagnostics.

Another promising field for direct application of NGS in clinical practice is the detection of 

tumor specific mutations in patients’ blood, called “liquid biopsy”. This diagnostic 

procedure is based on sequencing DNA fragments circulating in the blood (circulating tumor 

DNA: ctDNA) that derive from apoptotic or necrotic tumor cells. It is expected that ctDNA 

mutation patterns may eventually predict response to treatment and guide therapeutic 

choices [60]. Recent studies suggest that ctDNA might be representative of the tumor 

genome and help in identifying tumor clones without the need of invasive tumor biopsies 

[61-63]. The advantage of NGS lies in its’ potential to detect mutations in ctDNA from 

single tumors cells and therefore is an interesting candidate tool to detect relapsing, second 

primary or metastatic tumors. Currently, with the aim to find diagnostic biomarkers, much 

effort is put worldwide in investigating different aspects of ctDNA including the 
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identification of tumor specific mutations, methylation level or copy number alterations. In 

future, interpretation of this information for clinical intervention by multidisciplinary tumor 

boards will be critical to enhance the clinical utility of next generation sequencing 

techniques.

Tumor heterogeneity: an evolving problem for Personalized Medicine

High genetic instability observed in the genomes of malignant cells is a hallmark of cancer. 

An accumulation of genetic alterations drive the clonal evolution of tumor cells. Moreover, 

most mutations are not driving the tumor, but are in fact passengers that occurred by chance, 

but that may become very important when tumors are treated. The resulting heterogenic cell 

clones undergo selection that leads to the development of aggressive clones showing growth 

advantage over the surrounding cells [64]. This phenomenon was characterized by Peter 

Nowell in 1976 in the attempt to explain the increasing aggressiveness of tumors in time 

[65]. The same mechanism is also responsible for chemo- and radioresistance in case of 

which selection unveils cell clones resistant to specific therapeutics. It has been recently 

demonstrated, that high intratumoral genetic heterogeneity is associated with tumor 

progression, adverse treatment outcomes and a shorter overall survival in HNSCC [66]. In 

this work the authors used WGS data from the 74 cases of HNSCC cases previously used by 

Stransky et al. [17], and for each tumor they calculated mutant-allele tumor heterogeneity 

(MATH), which is a quantitative measure of tumor heterogeneity based on mutation rates 

from exome data and has been proposed a putative biomarker for stratifying outcomes of 

high-risk features [67, 68]. MATH was not related to overall mutation rate, but was higher 

in HNSCC with disruptive TP53 mutations and in HPV-negative cases. Furthermore, each 

additional unit of increase in MATH was associated with 4.7% increased hazard of death, 

and higher MATH was found to be strongly associated with shorter overall survival [66].

Complete profiles of mutated genes through which HNSCC cells acquire chemo- or 

radioresistance are not known yet. Nevertheless, overexpression of FOXC2, MDR1, MRP2, 

ERCC1, PDGF-C, NRG1, survivin and other genes in chemoresistant HNSCC cells has been 

reported recently [69-71]. Moreover, Li and colleagues demonstrated that miRNA 

expression profiles, assessed with NGS are found to be related to radio-resistance of 

nasopharyngeal carcinoma [72]. They found three candidate miRNAs (miR-371a-5p, 

miR-34c-5p, miR-1323) that were overexpressed and three candidate miRNAs (miR-324-3p, 

miR-93-3p, miR-4501) that were down-regulated in radio-resistant nasopharyngeal cancer 

cells. Thus, in some cases, NGS may be able to identify multidrug resistant tumors that may 

benefit from alternative interventions.

Another advantage of NGS lies in its potential to detect therapy significant mutations in 

minor cell clones that would otherwise be missed due to their low cell count, which can be 

overcome by high read depths. NGS might overcome this problem by identifying therapy 

significant cells (mutations) in a heterogenous probe [73]. Therefore, NGS can potentially 

facilitate the development of treatment that specifically targets single resistant cells or these 

with metastatic potential. Alternatively, active biopsy of accessible tumors (and possibly 

analysis of cfDNA) and sequencing during the course of targeted therapy may enable 

personalized medicine tumor boards to identify emerging populations of resistant clones and 
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alter the course the therapy in a clinically meaningful timeframe. Likewise, such information 

will be critical for the development of combination therapies to counteract the compensatory 

resistance mechanisms that rescue tumor cells from patient-matched targeted monotherapies.

Personalized Medicine: Patient Stratification

As NGS is integrated into tumor boards and the clinical decision making process, an 

important question is how to select therapies for a patient with a genetically complex tumor? 

In some cases, such as epidemiologically low risk tumors that have relatively few disruptive 

genomic events the selection of therapy may be fairly obvious, but most often HNSCCs 

have complex genomes with many different mutations regardless of associated risk-factors 

[32]. Thus, in addition to accounting for spatial genetic heterogeneity within the tumor, 

PMTBs will also have to account for multiple driver mutations in individual components of 

the tumors (e.g. a NOTCH1/PIK3CA double mutant). In this case, should the patient receive 

a WNT pathway inhibitor, PIK3CA inhibitor or both in combination? As it stands, there is 

no accepted or established mutation or other genomic signature that influences the routine 

guideline-based treatment of HNSCC and PTMBs will have to carefully annotate the 

response of patients to targeted therapies with genomics data to begin to build an 

understanding of individual responses for the most common genetic subsets of disease. In 

fact, the FDA has only approved 19 companion diagnostic tests for use in the treatment of 

cancer, some of which are based on protein level expression [74]. While cetuximab, an 

EGFR antibody-based therapy, is already being incorporated into standard management of 

HNSCCs [75, 76], many other targeted treatments such as the PIK3CA inhibitor, BYL719, 

remain investigational in early stage clinical trials [77, 78]. It is estimated that in the next 

decades, precise genetic profiling of mutation in tumors as well as a wide range of targeted 

anti-tumor drugs will become available. Thus, careful studies of both response to 

monotherapies as well as addressing how to effectively combine therapies in tumors with 

complex mutational loads are needed to fully understand how leverage genomics to improve 

overall patient survival.

In conclusion, NGS brought new insight into the biology of HNSCC and revealed its’ high 

genetic complexity. For today, the interplay among the identified alterations and their 

meaning in the context of tumor development and treatment are largely unknown. Therefore, 

it will be a challenge of the next years to interpret the already available sequencing data, 

perform prospective clinical trials and deliver the results in a clinically applicable form.
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Key Message

The emergence of ”personalized medicine” multidisciplinary tumor boards is becoming a 

reality in cancer treatment that may radically alter the standard course of clinical 

intervention. Thus, as we enter the genomics age and begin to integrate complex genetics 

data with clinical decision making, head and neck providers should be aware of the 

benefits, pitfalls, and future insights into personalized therapy that next generation 

sequencing offers.
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Figure 1. Meta-analysis of copy number alterations in publicly available aCGH and NGS 
HNSCC datasets
Copy number data from aCGH or NGS data sets from Stransky [17], Peng [79], Agrawal 

[14] and the HNSCC TCGA [15] data (n = 500) sets were pooled for a meta-analysis of 

copy number alterations in HNSCC. For each sample, the log2 value of the copy number 

alteration was calculated and samples were summed on a gene by gene level [e.g. to 

calculate the overall copy number alteration across these data sets, the following summation 

was performed: log2(Copy number EGFR_sample1) + log2(Copy number EGFR_sample2)

…etc. + log2(Copy number EGFR_sample500)]. Thus, the most recurrently altered genes 

with high level amplifications or deletions from all genetic subsets of HNSCC are 

highlighted in the plot. Representative and established HNSCC oncogenes and tumor 

suppressors are listed next to respective chromosome alterations.
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Figure 2. Survival based on DNA alteration status from HNSCC TCGA data
5-year overall survival from stage III and IV HNSCC TCGA patients with copy number 

variation data on 386 cases and mutation data on 232 cases. HPV positive patients were 

included in the analysis. CCND1 alterations (copy number amplification and mutation) (A) 

and CDKN2A alterations (copy number loss and mutation) (B) correlate with overall 

survival, but NOTCH1 aberrations (C) do not predict outcome. Log rank p values for each 

aberration are shown in the text.
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Table 1
Analysis of mutated genes publicly available HNSCC NGS data identifies commonly 
altered oncogenes and tumor suppressors

Single nucleotide variant (SNV) data was downloaded from all publicly available NGS data sets using the 

Oncomine database (n = 462). Genes that were mutated in >4% of all samples are shown in the table with the 

respective mutation rate. Table headings are described following italics: Mutation Frequency: percentage of 

tumors with SNVs for the gene listed. Oncomine Functional Classification: SNVs were then classified as 

“gain” or “loss” of function based on both the presence of “deleterious” mutations (e.g. those that insert stop 

codons or frameshifts) as well as the presence of corresponding gene amplifications or deletions in the 

HNSCC data sets. Deleterious Frequency in Mutated Samples: Of the samples identified with mutations, the 

percentage of mutations predicted to cause frameshifts or stop codons was calculated.

Gene
Symbol

Mutation
Frequency

Oncomine
Functional

Classification

Deleterious
Frequency in

Mutated
Samples

TP53 67.5% Loss 34.6%

FAT1 21.6% Loss 81.0%

NOTCH1 17.5% Loss 37.0%

CDKN2A 16.7% Loss 28.6%

PIK3CA 16.5% Gain 0.0%

KMT2D 14.7% Loss 57.4%

CASP8 11.0% Loss 43.1%

NSD1 9.3% Loss 60.5%

EP300 6.7% Gain 12.9%

FAT2 6.5% Loss 30.0%

DST 6.3% Loss 31.0%

NOTCH2 5.0% Loss 56.5%

HRAS 5.0% Gain 0.0%

FBXW7 4.8% Loss 18.2%

NFE2L2 4.8% Gain 0.0%

MUC4 4.3% Gain 5.0%

AJUBA 4.1% Loss 73.7%

EPHA2 4.1% Loss 63.2%
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