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Abstract

Genomic alterations are a driving force in the multistep process of head and neck

cancer (HNC) and result from the interaction of exogenous environmental exposures

and endogenous cellular processes. Each of these processes leaves a characteristic

pattern of mutations on the tumor genome providing the unique opportunity to deci-

pher specific signatures of mutational processes operative during HNC pathogenesis

and to address their prognostic value. Computational analysis of whole exome

sequencing data of the HIPO-HNC (Heidelberg Center for Personalized Oncology-

head and neck cancer) (n = 83) and TCGA-HNSC (The Cancer Genome Atlas-Head

and Neck Squamous Cell Carcinoma) (n = 506) cohorts revealed five common muta-

tional signatures (Catalogue of Somatic Mutations in Cancer [COSMIC] Signatures

1, 2, 3, 13 and 16) and demonstrated their significant association with etiological risk

factors (tobacco, alcohol and HPV16). Unsupervised hierarchical clustering identified

four clusters (A, B, C1 and C2) of which Subcluster C2 was enriched for cases with a

higher frequency of signature 16 mutations. Tumors of Subcluster C2 had signifi-

cantly lower p16INK4A expression accompanied by homozygous CDKN2A deletion in

almost one half of cases. Survival analysis revealed an unfavorable prognosis for

patients with tumors characterized by a higher mutation burden attributed to signa-

ture 16 as well as cases in Subcluster C2. Finally, a LASSO-Cox regression model was

applied to prioritize clinically relevant signatures and to establish a prognostic risk

score for head and neck squamous cell carcinoma patients. In conclusion, our study

provides a proof of concept that computational analysis of somatic mutational signa-

tures is not only a powerful tool to decipher environmental and intrinsic processes in

the pathogenesis of HNC, but could also pave the way to establish reliable prognostic

patterns.

Abbreviations: FFPE, formalin fixed paraffin embedded; HIPO, Heidelberg Center for Personalized Oncology; HNC, head and neck cancer; HNSCC, head and neck squamous cell carcinoma; HPV,

human papillomavirus; TCGA, The Cancer Genome Atlas; TSS, transcription start sites.
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Personalized Oncology (DKFZ-HIPO), the NCT

Precision Oncology Program (NCT POP)
K E YWORD S

etiological risk factors, HNC, mutational signature, pathogenesis, prognostic pattern, whole

exome sequencing

1 | INTRODUCTION

Head and neck cancer (HNC) represents the seventh most common

cancer with an annual incidence of more than 800 000 cases world-

wide in 2018 (http://globocan.iarc.fr/). HNCs are a heterogeneous

group of cancers and more than 90% are diagnosed as head and neck

squamous cell carcinoma (HNSCC) originating from the epithelial

mucosa at the upper aerodigestive tract.1 Main etiological risk factors

are tobacco, excessive alcohol consumption and infection with high-

risk human papillomavirus (HPV),2 in particular HPV16.3,4 In the last

few decades, the incidence of oropharyngeal squamous cell carcinoma

(OPSCC) has been increasing in developed countries and the role of

HPV is emerging as an important factor in the rise of OPSCCs.5

Due to the lack of symptoms in the early stage and effective screen-

ing techniques, the majority of HNSCC patients are diagnosed at an

advanced stage.6 Despite our current knowledge on underlying muta-

tional and biological processes as well as implementation of an aggres-

sive and multimodal therapy consisting of surgery, radiotherapy and

platinum-based chemotherapy, the prognosis of patients with advanced

HNSCC remains dismal with a 5-year survival rate of less than 50%.7-9

Hence, new concepts are urgently needed that will advance our

understanding on the complex interplay between etiology, mutational

and biological processes, which operate during HNSCC pathogenesis.

HNSCC develops in a multistep process that involves different molecu-

lar alterations including accumulation of multiple genetic and epigenetic

changes with tumor progression.2 Somatic mutations in a cancer

genome are the cumulative result of mutational processes as a conse-

quence of the intrinsic infidelity of the DNA replication machinery,

exogenous or endogenous mutagen exposures, enzymatic modification

of DNA or defective DNA repair.10 However, our understanding of the

processes that cause somatic mutations in HNC is poorly understood.11

Genomic analyses revealed the presence of several mutational signa-

tures in HNSCC.12,13 However, it is worth noting that most individual

cancer genomes exhibit more than one mutational signature and many

different combinations of signatures were observed.14 In addition,

global gene expression and DNA methylome profiling analysis eluci-

dated distinct HNSCC subgroups with characteristic features con-

cerning clinical and pathological traits as well as patient prognosis.15-17

Up to date, little progress has been made in utilizing this informa-

tion for improved diagnostic tools or therapeutic interventions in the

clinically highly heterogeneous group of HNSCC patients. Hence,

potential implications of mutational signatures for a better under-

standing of cancer etiology and their translational impact on preven-

tion, prognostic risk assessment and personalized therapeutic

concepts remain to be addressed in HNC. The main object of our

study was to decipher common signatures of mutational processes

operating during HNSCC pathogenesis and to evaluate their prognos-

tic significance.

2 | METHODS

2.1 | Patient population

Patients of the Heidelberg Center for Personalized Oncology-head

and neck cancer (HIPO-HNC) cohort (n = 83) were treated between

2012 and 2016 at the University Hospital Heidelberg, Germany, and

the cohort consists primarily of advanced HNSCC from the orophar-

ynx (n = 34, 40.9%), oral cavity (n = 21, 25.3%), nasal cavity (n = 11,

13.3%) and laryngeal/hypopharyngeal sites (n = 17, 20.5%). Median

age at the time of diagnosis was 61.4 years (range: 39.7-82.5 years),

most patients were male (n = 64, 77.1%) and smokers (n = 57, 68.7%).

HPV-related tumors were almost exclusively found in the subgroup of

OPSCC (n = 21 out of 34, 61.8%), compared to 4.1% (n = 2 out of 49)

in non-OPSCC. Demographic and clinical data were collected by chart

review and are summarized in Supplemental Table S1.

2.2 | Isolation of analytes

As described by Schmitt et al,18 fresh-frozen tumor samples of the

HIPO-HNC cohort were obtained from surgical resection and were

evaluated by a pathologist (W.W.) to confirm the diagnosis and to

estimate neoplastic cell content by microscopic inspection upon

What's new?

Progression of head and neck squamous cell carcinoma

(HNSCC) is associated with the accumulation of multiple

genetic and epigenetic alterations. Elucidating these muta-

tional processes and their connections to tumor etiology and

progression could have significant implications for HNSCC

diagnosis and treatment. Here, using various computational

analyses, the authors identified five mutational signatures in

the COSMIC database associated specifically with HNSCC

etiological risk factors and clinical outcome. Tumors with a

high frequency of COSMIC signature 16 mutations had

reduced p16INK4A expression with homozygous CDKN2A

deletion, which may represent a critical step in the patho-

genesis of a distinct HNSCC subgroup.
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histological staining. Blood samples were collected prior to surgery.

DNA and RNA from tumor specimens and DNA from blood samples

were isolated at the central DKFZ-HIPO Sample Processing Labora-

tory using the AllPrep DNA/RNA/Protein Mini Kit (Qiagen) and the

QIAamp DNA Blood Mini QIAcube Kit (Qiagen) according to manufac-

turer's protocols. Quality control and quantification were conducted

using a Qubit 2.0 Fluorometer (Thermo Fisher Scientific), the Agilent

2100 Bioanalyzer (Agilent Technologies) and the NanoDrop spectro-

photometer (NanoDrop Technologies).18

2.3 | Whole-exome sequencing and data analysis

Exome capturing was performed using SureSelect Human All Exon

in-solution capture reagents version 4 (n = 58) and version 6 (n = 25,

Agilent Technologies) including UTRs, and sequencing was carried out

with a HiSeq 2500 instrument (Illumina). We did neither observe a statis-

tically significant difference in total mutation counts nor in the prioritiza-

tion of the top five most abundant signatures among both subgroups

(version 4 vs version 6), indicating no major batch effect. The workflow

for mapping of paired-end short reads, single nucleotide variation (SNV)

calling, annotation of the variants and assessment of functional relevance

was described previously.18 Small insertions and deletions were obtained

from Platypus (version 0.7.4) and further annotated and confidence

assessed similar as in single nucleotide variation calling. Average read

coverage for tumor samples was 110-fold with a range from 70 to 190.

2.4 | Analysis of mutational signatures

Supervised mutational signature analysis of high-confidence somatic

SNVs in individual samples was performed based on non-negative

matrix factorization formalism as described previously.10,19 More spe-

cifically, using quadratic programming, the mutational profile (ie, cata-

log of somatic SNVs in a 96-trinucleotide context) of each tumor was

decomposed into individual contributions (ie, exposures) of the refer-

ence set of 30 canonical mutational signatures available in the Cata-

logue of Somatic Mutations in Cancer (COSMIC database; http://

cancer.sanger.ac.uk/cosmic/signatures). Furthermore, for exome sam-

ples, canonical mutational signatures were renormalized using the

ratio of observed trinucleotide frequency in the human exome

(as defined by the target region of the used enrichment kit) to the one

of the human genome. Samples with cosine distance >0.3 between

the original mutational catalog and the reconstructed catalog (ie, the

one obtained by multiplying the matrix of exposures with the matrix

of canonical signatures) were excluded from downstream analysis.

2.5 | HPV16 status

HPV16 status for the HIPO-HNC cohort was determined by BSGP5

+/6+-PCR/MPG and E6*I mRNA detection as described previ-

ously.20-22 HPV16 DNA- and RNA-positive cases were considered as

HPV16-driven while all other cases (DNA-negative and DNA-positive

but RNA-negative) were considered as non-HPV16-driven. In the

Cancer Genome Atlas (TCGA) cohort, the HPV16 status was deter-

mined using the bioinformatic system “ViruScan”.23

2.6 | TCGA data analysis

TCGA-HNSC aggregated data were downloaded on 17 August 2017.

The three lip tumors were excluded along with four samples, which

were excluded as described under the section “Analysis of mutational

signatures” (n = 506). Exclusion criteria for overall survival (OS)

analysis were cM1, pM1 or a history of synchronous or prior malig-

nancy leaving n = 485 patients for further analysis.

2.7 | Global gene expression analysis

The RNA-Seq data of TCGA-HNSC were transformed using the voom

function of the limma package, and differentially expressed genes

(DEGs) were identified with the limma package in R (http://

bioconductor.org/packages/release/bioc/html/limma.html). DEGs

with a q-value < 0.05 adjusted for the False Discovery Rate (FDR) and

−1 > log2FC > 1 were selected for further analysis. Private DEGs of

distinct subclusters were selected and visualized using the online tool

VENNY2.1 (http://bioinfogp.cnb.csic.es/tools/venny/index.html).

2.8 | Statistical analysis and hierarchical clustering

All patient data were collected and documented using the program

Microsoft Excel for Mac (Version 16.23, 190309). It was also used to

easily visualize the distributions of patient mutation counts using bar

charts. All other statistical analyses were performed using the SPSS Sta-

tistics 25 statistics program (IBM Corp. Released 2017. IBM SPSS Sta-

tistics for Macintosh, Version 25.0. Armonk, NY: IBM Corp.). The

demographic and clinical-pathological characteristics of the patients

were examined using descriptive statistics. For the subsequent ana-

lyses, the median value was used as the separator for our measure-

ments of the HIPO-HNC and the 75% quartile for the TCGA-HNC

cohort. P values of <.05 were considered statistically significant. The

association between mutation signatures and etiological risk factors as

well as histopathological and clinical characteristics of the patients was

analyzed by cross tables using the Pearson's chi-squared test. The fol-

lowing factors were investigated: age, sex, HPV status, tobacco and

alcohol consumption of the patients; tumor localization; tumor size; and

lymph node status; as well as extracapsular scattering in positive lymph

nodes, therapy, and resection margin. Where data were depicted using

Tukey's box-and-whiskers plot, the box spans from the 25th to the

75th percentile, with the line dissecting the box denoting the median.

The whiskers denote the 25th percentile minus 1.5 times the inter-

quartile range, and the 75th percentile plus 1.5 times the interquartile

range. Any values outside this range are depicted as individual points.
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OS, disease-specific survival (DSS) and PFS rates were calculated

using the Kaplan-Meier method. OS was defined as time from the date

of cancer diagnosis to the date of death, DSS as the time from the date

of cancer diagnosis to the date of death from HNC. Progression-free

survival (PFS) was defined as time from the date of cancer diagnosis to

the date of recurrence. The log-rank test was used to test the signifi-

cant influence of these groups on survival. Univariate and multivariate

Cox proportional hazard models were used to explore associations of

patient characteristics and biomarker results with PFS, DSS or

OS. Hazard ratios (HRs) with 95% confidence intervals (CI) were calcu-

lated. The Cox proportional hazard model was used for multivariate

analysis and was performed with all parameters possessing a P value

<.13 in the univariate analysis and total mutation counts.

Unsupervised hierarchical clustering and visualization by

heatmaps were performed with https://biit.cs.ut.ee/clustvis/.24 Rows

are centered and unit variance scaling is applied to rows. Both rows

and columns are clustered using correlation distance and average

linkage.

2.9 | Mutational landscape of subclusters

In order to compare the distribution of somatic mutations between

patient subgroups, candidate genes were selected from the TCGA-

HNSC data sets using MutSig 2.0 available on cBioPortal (http://

www.cbioportal.org/). Genes with a q value of <0.05 were considered

to be significantly mutated, and thus included in the analysis. The

mutation frequency of each significantly mutated gene in each of the

patient subgroups was determined. The differences in mutation fre-

quencies between the patient subgroups were determined in a princi-

pal component analysis and depicted in a heat map as described

above using ClustVis (https://biit.cs.ut.ee/clustvis/). Mutational

oncomaps were performed by the R package “ComplexHeatmap”.25

The TCGA_HNSC copy number variation (CNV) data

(Level_3_segmented_scna_minus_germline_cnv_hg19_seg) were

downloaded from Firebrowse (http://www.firebrowse.org/). We

defined the value of Segment_Mean bigger than 0.2 as gain and less

than −0.2 as loss. The CNV summary plots are conducted by

IGV_2.4.19 (Integrative Genomics Viewer_2.4.19).26

2.10 | LASSO Cox regression model

The LASSO Cox regression algorithm was applied to prioritize most rel-

evant prognostic candidates of mutational signatures for the TCGA-

HNSC cohort. The risk score was computed by “glmnet” (Lambda.

min_value = 0.04384824 and type = “response”), and the analytical for-

mula for risk assessment was derived on the basis of seven mutational

signatures (coefficient of candidates: Signature 1 = −0.00106054437

852817, Signature 3 = 0.00482984300797927, Signature 16 = 0.003

67514371412884, Signature 22 = −0.00898280402004339, Signature

27 = 0.0521616095070655, Signature 28 = −0.0549190877110363

and Signature 29 = −0.0161229340270006).

3 | RESULTS

3.1 | Somatic mutation frequency
in the HIPO-HNC cohort

Total somatic mutation counts per cancer genome were determined

based on whole-exome sequencing data, which were available for

n = 83 cases of the HIPO-HNC cohort. Mutation counts were slightly

higher in smokers as compared to nonsmokers (P = .054), which did

F IGURE 1 Common mutational signatures for the HIPO-HNC
cohort. A, Relative contribution of the most frequent mutational
signatures (defined by COSMIC—Catalogue of Somatic Mutations in
Cancer) sorted by the absolute mutation counts. B, Graph depicts the
relative proportion (%) of the top five signatures as compared to all
other signatures for individual cases of the HIPO-HNC cohort
(n = 83). HIPO-HNC, Heidelberg Center for Personalized Oncology-
head and neck cancer [Color figure can be viewed at
wileyonlinelibrary.com]
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not reach statistical significance (Supplemental Figure S1A). No major

difference was found considering HPV16 status, alcohol consumption,

clinical or histopathological features (age, gender, tumor size, lymph

node metastasis, pathological grading, resection margin, PFS or DFS),

except for primary tumor site with a higher total mutation count in

laryngeal SCC (Supplemental Figure S1A). Similar data were obtained

for mutation counts of the TCGA-HNSC cohort, except for age, which

revealed a weak but significant positive correlation with mutation

counts (Supplemental Figure S1B).

3.2 | Most abundant mutation signatures
in the HIPO-HNC cohort

We computed the relative contribution of distinct mutational signa-

tures for individual cancer genomes (Figure 1A, Supplemental

Table S2). This analysis identified signatures 1, 2, 3, 13 and 16 (nomen-

clature according to COSMIC)27 as the most abundant mutational sig-

natures in the HIPO-HNC cohort (Figure 1A, Supplemental Table S3).

In 64 out of 83 cases (77.1%), the relative mutation burden attributed

F IGURE 2 Prognostic value of
Signature 16 for the HIPO-HNC cohort. A,
The heatmap represents distinct patient
subgroups based on unsupervised
hierarchical clustering of the relative
contribution for the five most common
mutational signatures and provides
information on most relevant risk factors
(tobacco, alcohol, HPV16). B,C, Box plots

present the association between Signature
16 and either PFS (no [n = 55], yes [n = 28])
or DSS (no [n = 65], yes [n = 18]) for the
HIPO-HNC cohort. Kaplan-Meier graphs
illustrate the survival probability of
subgroups with a either high (≥median) or
low (<median) relative contribution of
somatic mutations attributed to Signature
16 for PFS (D) or DSS (E) for the HIPO-
HNC cohort. Numbers below the graph
represent patients at risk at the indicated
time points. DSS, disease-free survival;
HIPO-HNC, Heidelberg Center for
Personalized Oncology-head and neck
cancer; PFS, progression-free survival
[Color figure can be viewed at
wileyonlinelibrary.com]

PLATH ET AL. 119

http://wileyonlinelibrary.com


to the top five signatures was larger than 50%. In 29 cases (34.9%), it

was even larger than 75% (Figure 1B). The frequency of somatic

mutation signatures was also analyzed in subgroups categorized by

well-known risk factors (tobacco, alcohol or HPV16). Though the

ranking of individual signatures was variable, all subgroups shared sig-

natures 1, 2, 3, 13 and 16 as top five candidates (Supplemental

Table S3). Moreover, unsupervised hierarchical clustering revealed

three distinct patient subgroups (clusters A-C) based on the relative

distribution of the top five mutation signatures with high relative con-

tribution of the apolipoprotein B mRNA editing enzyme catalytic poly-

peptide (APOBEC)-related Signatures 2 and 13 in Cluster A, Signature

3 in Cluster B, Signatures 1 and 16 in Cluster C (Figure 2A; Supple-

mental Figure S2A). Cluster C was further divided in Subcluster C1

(enriched for Signature 1) and Subcluster C2 (enriched for Signature

16). A similar enrichment was also observed considering the quantity

of somatic mutations attributed to individual signatures (Supplemental

Figure 2B).

Comparison of these clusters according to clinical or histopatho-

logical features revealed significant differences in mutation burden

attributed to distinct signatures in relation to etiological risk factors,

but not to any other clinical or histopathological feature tested

(Figure 2A, Supplemental Table S4). In particular, a high relative contri-

bution of either Signature 2 in Cluster A or Signature 1 in Cluster C1

was a characteristic feature of HPV16-related cancers, while Signa-

ture 16 (enriched in cluster C2) was almost absent in these cases

(Supplemental Figure S2C). In contrast, a high relative contribution or

F IGURE 3 Common mutational signatures for
the TCGA-HNSC cohort. A, Relative contribution
of the most frequent mutational signatures
(defined by COSMIC—Catalogue of Somatic
Mutations in Cancer) sorted by the absolute
mutation counts. B, Graph depicts the relative
proportion (%) of the top five signatures as
compared to all other signatures for individual
cases of the TCGA-HNSC cohort (n = 506). TCGA-
HNSC, The Cancer Genome Atlas-Head and Neck
Squamous Cell Carcinoma [Color figure can be
viewed at wileyonlinelibrary.com]
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quantity of somatic mutations attributed to Signature 16 was

observed in cancers related with tobacco consumption, though it was

not significantly correlated with the quantity of pack-years

(Supplemental Figure S2C,D), which might be due to the limited

amount of cases (n = 36) for which this information was available.

A higher relative contribution of Signature 16 to the mutational

burden was found for cases with tumor progression and disease-

specific death (Figure 2B,C), and Kaplan-Meier analysis confirmed a

significantly shorter PFS and DSS for patients with a high mutational

burden attributed to Signature 16 (Figure 2D,E). Unfavorable

F IGURE 4 Prognostic value of Signature 16 for the TCGA-HNSC cohort. A, The heatmap represents distinct patient subgroups based on
unsupervised hierarchical clustering of the relative contribution for the five most common mutational signatures and provides information on
most relevant risk factors (tobacco, alcohol, HPV16). B, Box plot presents the association between Signature 16 and overall survival events (OS,
no [n = 276], yes [n = 209]) for the TCGA-HNSC cohort. Kaplan-Meier graphs illustrate the survival probability of subgroups with a either high
(≥75% quartile) or low (<75% quartile) relative contribution of somatic mutations related to Signature 16 (C) or cases in distinct clusters for OS
(D). Numbers below the graphs represent patients at risk at the indicated time points. TCGA-HNSC, The Cancer Genome Atlas-Head and Neck
Squamous Cell Carcinoma [Color figure can be viewed at wileyonlinelibrary.com]
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prognosis of HNSCC with a high frequency of Signature 16 mutations

was also evident for subgroups with a smoking history, HPV16 nega-

tive or positive tumors and distinct primary tumor sites (Supplemental

Figure S3A-F). Univariate analysis revealed a trend for smoking his-

tory, negative HPV16 status and lymph node metastasis with unfavor-

able PFS and for larger tumor size, lymph node metastasis and

positive resection margins for unfavorable DSS (Supplemental

Tables S5). Multivariate Cox models adjusted for these variables and

total mutation counts indicated that a high mutation burden attrib-

uted to Signature 16 serves as an independent risk factor for an

unfavorable PFS (Supplemental Table S5). In contrast, no significant

difference in survival was detected for any other more abundant sig-

nature (Supplemental Figure S3G,H).

3.3 | Most abundant mutation signatures
in the TCGA-HNC cohort

To confirm our findings in an independent and larger patient cohort,

we computed the relative contribution of distinct mutational

(A) (B)
P < .05P < .0002

P < .001 P < .02

(C) (D)

(E)

CDKN2A deletion (GISTIC)

Cluster Homozygous Heterozygous No

A 34.9% 23.7% 41.4%

B 25.9% 40.6% 33.6%

C1 20.8% 23.6% 55.7%

C2 46.7% 27.2% 26.1%

Cluster

F IGURE 5 Association between Signature 16 and CDKN2A expression or copy number variations for the TCGA-HNSC cohort. Box plots
present mean values and 25% or 75% quartiles of CDKN2A transcript levels for either distinct clusters of the TCGA-HNSC (A, Cluster A
[n = 155], B [n = 146], C1 [n = 107], C2 [n = 96]), or HIPO-HNC cohorts (B, cluster A [n = 19], B [n = 25], C1 [n = 15], C2 [n = 24]), or Clusters A,
B and C1 with (ABC1-pos) or without (ABC1-neg) HPV16-related tumors and Cluster C2 without HPV16-related tumors (C2-neg) of the TCGA-
HNSC (C, ABC1-neg [n = 317], ABC1-pos [n = 66], C2-neg [n = 87]) or HIPO-HNC cohorts (D, ABC1-neg [n = 37], ABC1-pos [n = 22], C2-neg
[n = 23]). E, Oncomap illustrates the chromosomal position and relative frequency of copy number variations (gains in red and deletion in blue) for
distinct clusters of the TCGA-HNSC cohort. The table below the oncomap summarizes the relative distribution of homozygous or heterozygous
CDKN2A deletions at chromosome 9 in distinct clusters according to GISTIC 2.0. HIPO, Heidelberg Center for Personalized Oncology; HNC,
head and neck cancer; TCGA-HNSC, the Cancer Genome Atlas-head and neck squamous cell [Color figure can be viewed at
wileyonlinelibrary.com]

122 PLATH ET AL.

http://wileyonlinelibrary.com


signatures in individual cancer genomes for the TCGA-HNSC cohort

(n = 506) (Figure 3A, Supplemental Table S6). Patient cases with total

mutation counts ≤30 were excluded. Again, Signatures 1, 2, 3, 13 and

16 were the most abundant mutational signatures with 330 out of

506 cases (65.2%) exhibiting a relative contribution larger than 50%.

In 117 cases (23.1%), it was larger than 75% (Figure 3B). Most sub-

groups of the TCGA-HNSC cohort based on risk factor stratification

shared Signatures 1, 2, 3, 13 and 16 as top five candidates

(Supplemental Table S7). The only exception was the subgroup without

smoking history, in which Signatures 3 and 16 were replaced by Signa-

tures 6 and 7. However, the latter two signatures had no impact on clini-

cal outcome in both cohorts, including subgroups with or without a

smoking history (Supplemental Figure S4A, data not shown), only a minor

impact on the stratification of clusters and subclusters (Supplemental

Figure S4B,C), and were not related to strong enrichments of somatic

mutations in MutSig genes (Supplemental Figure S4D,E).

F IGURE 6 Prognostic value of the risk model. Kaplan-Meier plots illustrate the overall survival probability of subgroups with an either high-
risk or low-risk score for the TCGA-HNSC cohort (A) or subgroups with HPV16-negative (B) or -positive HNSCC (C). Box plots present mean
values and 25% or 75% quartiles of the risk score for distinct clusters (D, cluster A [n = 149], B [n = 139], C1 [n = 104], C2 [n = 94]) or combined
clusters AC1 and BC2 (E, cluster AC1 [n = 253], BC2 [n = 233]) of the TCGA-HNSC cohort. Kaplan-Meier plots show differences in progression-
free survival (PFS, F) and disease-specific survival (DSS, G) for subgroups with an either high-risk or low-risk score of the HIPO-HNC cohort.
Numbers below the graphs represent patients at risk at the indicated time points. HIPO, Heidelberg Center for Personalized Oncology; HNC,
head and neck cancer; TCGA-HNSC, the Cancer Genome Atlas-head and neck squamous cell [Color figure can be viewed at
wileyonlinelibrary.com]
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Unsupervised hierarchical clustering upon unit variant scaling

revealed two main clusters with two subclusters, respectively, with a

similar enrichment in mutational signatures, as observed for the

HIPO-HNC cohort (Figure 4A; Supplemental Figure S5A,B). Compari-

son with etiological risk factors confirmed the enrichment of

HPV16-positive HNSCC in Cluster A attributed to Signatures 2 and

13 as well as Cluster C1 attributed to Signature 1, and a high relative

contribution as well as higher quantity of somatic mutations attrib-

uted to Signature 16 in cancers related with tobacco consumption

(Supplemental Table S8; Supplemental Figure S5C). In the group of

smokers, pack-years were slightly but significantly associated with the

relative fraction of somatic mutations attributed to signature 16 (Sup-

plemental Figure S5D). Patients with a high mutational burden attrib-

uted to Signature 16 had a significantly shorter OS (Figure 4B,C),

which was most prominent for oral SCC and OPSCC (Supplemental

Figure S5E-G). Accordingly, patients in cluster C2 with a high relative

contribution of Signature 16, but also patients in cluster B, which are

enriched for Signature 3, showed an unfavorable prognosis as com-

pared to patients in Cluster A (enriched for Signatures 2 and 13) or

cluster C1 (enriched for Signature 1) (Figure 4D).

Univariate analysis demonstrated a significant association between

negative HPV16 status, female gender, positive resection margin, higher

tumor mutation counts and the combined Clusters B and C2 (BC2) with

unfavorable OS (Supplemental Table S9). The unfavorable OS of

patients in the BC2 as compared to AC1 subgroup was independent of

risk factors (tobacco, HPV) or the primary tumor sites (Supplemental

Figure S6), and together with a positive resection margin, high tumor

mutation counts served as an independent risk factor for OS in a multi-

variate Cox regression model adjusted for tobacco, HPV16, gender, age,

tumor size and lymph node metastasis (Supplemental Table S9).

3.4 | Association between CDKN2A expression
and Signature 16

Global gene expression analysis was conducted to unravel DEGs

among individual clusters of the TCGA-HNSC cohort (Supplemental

Tables S10). We selected private DEGs of Subcluster C2 for fur-

ther analysis (Supplemental Figure S7A) due to the unfavorable

prognosis of patients in both cohorts. A similar trend of gene

expression was confirmed for 8 out of 17 candidate genes with

induced and 3 out of 6 candidate genes with reduced transcript

levels in cases of Subcluster C2 as compared to all others in the

HIPO-HNC cohort (Supplemental Figure S7B,C). Strikingly, a highly

significant decrease in CDKN2A transcript level, encoding p16INK4A

was found for Subcluster C2 in both cohorts independent of the

HPV16 status (Figures 4A and 5A-D), indicating that low p16INK4A

expression is either a consequence or contributes to an enrichment

of somatic mutations attributed to Signature 16. Indeed, both

cohorts shared an inverse correlation between CDKN2A transcript

levels and relative frequency of signature 16 mutations

(Supplemental Figure S8A). Differences in transcript levels among

clusters were not related to the frequency of somatic mutations in

CDKN2A (range 17%-25%), which was the lowest for Subcluster

C2 (Supplemental Figure S8B). However, analysis of copy number

alterations revealed a higher frequency of CDKN2A deletions in

Cluster B and Subcluster C2 (Figure 5E). Although Cluster B

exhibits more heterozygous deletions, almost half of all cases in

Subcluster C2 had a homozygous CDKN2A deletion. Moreover,

HNSCC with homozygous CDKN2A deletion shared a significantly

higher frequency of mutations attributed to Signature 16 in TCGA-

HNSC, including HPV16-positive or HPV16-negative subgroups

(Supplemental Figure S9).

3.5 | Risk model based on combination of clinically
relevant signatures

Finally, we conducted a LASSO Cox regression model based on OS of

the TCGA-HNSC cohort to prioritize most relevant signatures and to

address the question of whether less abundant signatures in combina-

tion with Signatures 3 and 16 enable the establishment of a risk model

for unfavorable survival in HNSCC. The model confirmed the prog-

nostic value of Signatures 3 and 16 and also identified an impact of

Signatures 1, 22, 27, 28 and 29. A risk score computed on the basis of

those signatures served as a highly significant and independent prog-

nosticator for the TCGA-HNSC cohort, independent of the HPV16

status (Figure 6A-C), and any other demographic or clinical variables

tested (Supplemental Table S11). As expected, the risk score was

higher in Cluster B and C2 and significantly different between Clus-

ters BC2 and AC1 (Figure 6D,E). Furthermore, a higher risk score was

significantly associated with unfavorable PFS and DFS of the HIPO-

HNC cohort (Figure 6F,G).

4 | DISCUSSION

The main objective of our study was the profiling of somatic muta-

tions to enable a comprehensive and system-based interrogation of

mutational landscapes and to evaluate their prognostic impact on sur-

vival of HNSCC patients. We conducted a whole-exome sequencing

analysis of samples from the HIPO-HNC cohort, for which complete

information on clinical features was available, and confirmed our find-

ings in the larger TCGA-HNC cohort.

In the HIPO-HNC cohort, we identified five prevalent mutational

signatures: the age-related Signature 1,10 APOBEC-associated Signa-

tures 2 and 13,28 the BRCA1/2-associated Signature 310 and Signa-

ture 16, which has been detected so far in smokers with liver cancer29

or esophageal squamous cell carcinomas.13,30 These mutational signa-

tures were also highly abundant in tumors of the TCGA-HNC cohort,

representing the most comprehensive integrative genomic analysis for

HNSCC.27 Based on these results, we were able to define patient sub-

groups with different prognostic impacts. In the TCGA-HNC cohort,

OS analysis confirmed an unfavorable prognosis for Subgroups B and

C2, representing either a high relative mutational burden attributed to

Signature 3 or Signature 16, and a better outcome for Subgroups C1
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and A, with a high contribution related to either the APOBEC-

associated Signatures 2 and 13 or Signature 1. In line with previous

studies,31,32 we observed an association between Signatures 2 and

13 and a positive HPV status. It is now well accepted that HPV-

positive HNCs have improved prognosis and survival in comparison

with HPV-negative cancer,33 explaining the better prognostic out-

come for the cluster A and C1. However, we could not show a statisti-

cally better survival for patients with a high contribution related to

signatures 1, 2 and 13 as individual stratification criteria.

A major finding of our study is the unfavorable survival of

patients in Subgroup C2, which is enriched for cases with high preva-

lence of Signature 16, smoking history and presents predominantly

HPV16-negative tumors. It is well established that HPV16 status and

tobacco exposure are the main determinants of survival in HNSCC.5

Signature 16 is predominantly characterized by T>C mutations at

ApTpA, ApTpG and ApTpT trinucleotides, shows strong transcrip-

tional strand bias, and possibly reflects the involvement of

transcription-coupled nucleotide excision repair acting on bulky DNA

adducts due to exogenous carcinogens.10 More recently, Gillison et al

reported a high prevalence of Signature 16 in HPV-negative as com-

pared to HPV-positive HNSCC from two cohorts (TCGA-HNSC and

Ohio cohort).13 In addition to an association with smoking and HPV-

negative cancers, Signature 16 is also associated with alcohol

intake.30,34-36

In a recent study, Signature 4 was found mainly in cancers derived

from epithelia directly exposed to tobacco smoke and was most abun-

dant in lung and laryngeal cancers.29 Signature 4 mutations were also

found in oral cavity and pharynx cancers, albeit in much smaller num-

bers most likely due to less exposure to tobacco smoke or more effi-

cient clearance. A higher abundance of Signature 4 mutations based

on our analysis was confirmed for the TCGA-HNSC and HIPO-HNC

cohorts (data not shown), but as laryngeal cancers represent a minor

subgroup within both cohorts, Signature 4 was not ranked as one of

the top five signatures in our study.

Global gene expression profiling demonstrated that tumors with a

highly relative mutational burden attributed to Signature 16 exhibit

significantly lower p16INK4A expression, accompanied by homozygous

deletion of CDKN2A. CDKN2A deletions have been associated with

HPV-negative HNSCC13,37-40 and with a poor prognosis.41,42

CDKN2A is a well-established tumor suppressor gene in squamous

cell carcinoma and other types of human cancer.43,44 The loss of

p16INK4A function could explain the unfavorable outcome of CDKN2A-

deleted HNSCC with high frequency of Signature 16. Further studies

should investigate whether this implies an absence of the primary inhib-

itory brake on CDK4/6 kinases mediating transition from G0/G1 phase

to S phase of the cell cycle.45 Up to date, it is still unclear whether low

p16INK4A expression, caused by CDKN2A deletion or other modes of

action, is either a consequence or contributes to an enrichment of

somatic mutations attributed to Signature 16. However, these survival

differences retained prognostic significance in multivariate analyses,

suggesting that a high mutational burden of Signature 16, connected

with CDKN2A copy number loss, may have clinical practice as an inde-

pendent prognostic factor for advanced HNSCC. Further studies are

necessarily offering a therapeutic approach for patients with a high

mutational burden of Signature 16, for example, the use of checkpoint

kinase inhibitors.46,47 Targeting of CDK4 and 6 is subject of many clini-

cal early phase III trials.45 Although our sample size was limited, our

integration of exomic sequencing data, combined with the validation of

our findings in a larger cohort of clinical samples, provides a comple-

mentary breadth and depth of molecular information. In order to fur-

ther unravel the prognostic impact of mutational signatures in HNSCC,

especially for Signatures 3 and 16, prospective studies are warranted.

Another attractive avenue in clinical translation of data presented in

our study is the combination of mutation frequencies attributed to clini-

cally relevant and highly abundant signatures with less abundant signa-

tures to establish a reliable prognostic risk score for treatment

intensification or de-escalation of HNSCC patient of distinct category

(HPV-driven or not).
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