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eAppendix 

SUPPLEMENTARY METHODS 

Patients and tumor samples 

The MSK-IMPACT (Memorial Sloan Kettering – Integrated Mutation Profiling of Actionable Cancer 
Targets) assay is a next-generation sequencing (NGS) assay approved for clinical use through CLIA 
(Clinical Laboratory Improvement Amendments) by the Centers for Medicare and Medicaid Services1. 
The majority of patients have recurrent or metastatic disease but patients are otherwise unselected. 
Since 2014, over 9,000 solid tumors have been profiled using MSK-IMPACT. 

We reviewed all patients treated by the MSK multidisciplinary head and neck oncology team, whose 
tumors were sequenced with MSK-IMPACT in the context of an Institutional Review Board (IRB)-
approved study (NCT01775072). Of 224 patients enrolled, 151 with a minimum of 6 month clinical 
followup, whose tumors were sequenced between January 2014 and July 2015, were included. This 
analysis was approved by the MSK IRB. Correlative clinical data are recorded prospectively in an IRB-
approved database. Human papillomavirus (HPV) status was determined by p16 immunohistochemistry 
and HPV in situ hybridization as part of routine care. Treatment(s) initiated after ordering NGS were 
considered to be guided by molecular data if results led to, or justified continuation with, a specific 
treatment.  

Sequencing platform and variant calling 

MSK-IMPACT is optimized for DNA extracted from low-input formalin-fixed, paraffin embedded (FFPE) 
samples. The assay is designed to detect single nucleotide variants (SNVs), indels, copy number variants 
(CNVs) and structural variants in genes that are functionally relevant to cancer and/or clinically 
actionable targets. The current assay uses hybrid capture technology (Nimblegen SeqCap EZ library 
custom oligo) to perform deep (>200x) sequencing (Illumina HiSeq 2500) of all 5781 exons and selected 
introns of 410 cancer genes, including canonical and selected non-canonical transcripts, the TERT 
promoter region, and 33 introns of 14 rearranged genes  (eTable 1). The panel includes 1042 tiling 
probes covering single nucleotide polymorphisms (SNPs), allowing genotyping to ensure tumor-normal 
matching, identify contaminating DNA, and serve as a low-density SNP array for CNV analysis. MSK-
IMPACT has been extensively validated. Specific details of panel design, capture protocol, sequencing, 
quality control, read alignment, and variant calling have been described2,3. Molecular alterations were 
classified according to MSK levels of evidence that support standard or investigational therapeutic 
indications (eTable 2). 

Bioinformatic analyses 

Additional copy number analyses were performed using FACETS4, which performs segmentation of total 
and allelic copy ratio, and estimates allele-specific copy number, in targeted capture sequencing data. 
We used FACETS to identify whole genome duplication (WGD) and deletion of 3p in SCC (eFigures 1-2). 
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The fraction of the genome with copy number alteration was defined with a log2 copy number ratio 
threshold of .2 or -.2. For comparison, tumor ploidy and allele-specific copy number in The Cancer 
Genome Atlas (TCGA) HNSCC cases5 were determined using SNP6 copy number data input into ASCAT6, 
as previously described7.  

Analyses of intratumor heterogeneity were also performed using FACETS, which estimates the cancer 
cell fraction of somatic variants, by incorporating variant allelic fraction and adjusting for tumor purity 
and underlying copy number4. The cancer cell fractions of somatic variants are expressed with intervals 
representing full width at half maximum boundaries. Mutations with an upper boundary overlapping 1.0 
were considered clonal; those with an upper boundary <0.95 were considered to be subclonal, similar to 
the approach described by McGranahan et al8. Mutations with overlapping confidence intervals were 
considered to comprise an individual subclonal or clonal population, and the total number of subclonal 
populations, SNVs, and subclonal SNVs was determined for each sample. These parameters were 
compared among subsets using stepwise logistic regression to control for HPV status, site sequenced, 
purity, and ploidy. 

Network analyses of SNVs were performed in Cytoscape 3.2.1 using CyniTools to infer significant 
positive and negative correlations9. Functional annotations were analyzed by examining enrichment of 
Gene Ontology terms with BINGO10.  

Nonsynonymous and synonymous SNVs were used to delineate certain mutational signatures. The 
APOBEC enrichment score, previously described, represents the enrichment of mutated C (or G) within 
TCW (or WGA) motifs, in context of all mutated C (or G) 20 nucleotides upstream/downstream11. For the 
tobacco signature, the number of transversions per tumor was calculated. The UV signature was based 
on a predominance of C to T (or G to A) transitions in dipyrimidine contexts12. 

Somatic alteration profiles of HNSCC were examined using a binary classifier to determine if profiles 
most closely resembled HPV-positive or HPV-negative tumors. A support vector machine (SVM) 
algorithm (in GenePattern13) maximizes the hyperplane separating HPV-positive and HPV-negative 
samples14. The SVM model was first trained and cross-validated in the TCGA cohort of 298 cases with 
somatic alteration (mutations and high-level CNVs in MSK-IMPACT genes) and HPV status information. 
The model had 88% accuracy (p<10-6) in the validation set. The model was then applied to MSK-IMPACT 
samples, and HPV status predicted for each case. A posterior probability (“confidence”) for each sample 
classification represents distance from the hyperplane.  

To determine if certain frequent genetic alterations were more common than expected in 
recurrent/metastatic tumors, the MSK-IMPACT and TCGA cohorts were compared using enrichment 
analysis. To allow for potential differences in sequencing platforms, enrichment was calculated as the 
log-ratio of odds ratios: the odds ratio (OR) for alterations occurring in HPV-negative tumors, compared 
to HPV-positive tumors, was calculated within each cohort, and ORs compared between cohorts. 
Significance was tested with logistic regression using an interaction term: 

logit (probability of variant) = 0 + 1(cohort) + 2(HPV status) + 3 (cohort x HPV status) 
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Where e 3 is the enrichment for an alteration in MSK-IMPACT HPV-positive tumors, compared to TCGA 
tumors. 

Germline variant analysis 

After IRB approval for additional germline analyses, these were performed as previously described3. 
Briefly, SNVs and indels identified in anonymized normal DNA were analyzed in Ingenuity Variant 
Analysis software, categorizing variants by pathogenicity based on 2015 ACMG guidelines15. Pathogenic 
and likely pathogenic variants were manually confirmed. We also included 93 genes in Online Mendelian 
Inheritance in Man (OMIM) that have been associated with susceptibility to any cancer type3, and 26 
genes recommended by the ACMG16. 
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SUPPLEMENT 2 TABLE LEGENDS 

eTable 2. Actionable molecular alterations, categorized by MSK levels of evidence. 

eTable 3. Clinical and tumor characteristics of 151 patients with recurrent/metastatic and treatment-
resistant head and neck cancers. HNSCC, head and neck squamous cell carcinoma. ACC, adenoid cystic 
carcinoma. NPC, nasopharyngeal carcinoma. ONB, olfactory neuroblastoma. CT, chemotherapy. RT, 
radiation therapy. 

eTable 4. Matrix of clinical data and genetic alterations found in 151 advanced head and neck cancers, 
subdivided by cancer type. Each alteration is described as: mutation genomic coordinates, nucleotide 
variant, amino acid variant, variant allelic frequency, category of mutation | copy number alteration. 

eTable 5. Gene ontology annotations enriched in the cluster of genes more frequently altered in HPV-
positive HNSCC (clusters of green nodes in Figure 2D), with statistical testing corrected using Benjamini-
Hochberg false discovery rate. 

eTable 6. FACETS estimates of tumor purity, ploidy, number of subclonal populations and number of 
subclonal mutations (see Methods) for HNSCC cases. 

eTable 7. Multivariable logistic regression models of the associations between intratumor heterogeneity 
and (A) HPV status and (B) tumor site (primary vs. recurrence/metastasis); (C) (sub)clonal status of TP53 
mutations in HPV-positive and HPV-negative HNSCC samples. 

eTable 8. Odds ratios for common somatic alterations in HPV-negative compared to HPV-positive 
tumors, in both recurrent/metastatic (MSK-IMPACT) and primary (TCGA) HNSCC datasets. Enrichment is 
calculated as the ratio of odds ratios. Significance testing as indicated. 

eTable 1. List of 410 genes (entire exonic regions included) and 36 additional intronic regions included in the MSK-
IMPACT next-generation sequencing panel. 

eTable 9. TP53 mutations in 16 recurrent/metastatic HPV-associated cervical carcinoma sequenced on MSK-IMPACT. 

eTable 10. REMARK (Reporting recommendations for tumor marker studies) checklist.
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eFigure 1. 

HNSCC tumor with single copy loss of 3p and single copy gain of 3q

eFigure 1. Analysis of whole-genome copy number via targeted capture next-generation 
sequencing. The MSK-IMPACT platform includes exonic and intronic coverage of selected genes 
as well as tiling probes across the genome. FACETS is used for segmentation and to determine 
copy number based on SNP loci read counts. The top plot represents total copy number log-ratio, 
corrected for library size and GC content. The middle plot represents allelic imbalance (similar to 
B-allele frequency), using variant allele log-odds ratio, which includes both tumor and normal 
allelic information. The bottom plot represents allele-specific integer copy number. The case 
depicted is a tumor (HPV-negative HNSCC) with single copy loss of 3p and single copy gain of 
3q. 
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eFigure 2A. 

HNSCC tumor with whole genome duplication and copy-neutral loss of heterozygosity at 3p

eFigure 2. Analysis of whole-genome copy number via targeted capture next-generation sequencing, as 
depicted in eFigure 1, showing whole genome duplication. (A) A representative case of a tumor (HPV-
negative HNSCC) with whole genome duplication and copy-neutral loss of heterozygosity at 3p. (B) Ploidy 
in HPV-positive and HPV-negative HNSCC tumors. (C) Whole genome duplication and 3p deletion in 
HNSCC tumors. 
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eFigure 2B. 

Ploidy and whole-genome duplication (WGD) in HPV-positive and HPV-negative HNSCC tumors
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eFigure 2C. 

Whole genome duplication (WGD) in 3p-deleted HNSCC tumors
WGD in 3p-deleted vs. 3p-normal tumors: p=.0001

Chromosome 3p deletion
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eFigure 3.
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eFigure 3. (A) Posterior probabilities of Support Vector Machine (SVM) algorithm, used to 
classify HPV status based on genetic alterations in MSK-IMPACT HNSCC cases. X-axis 
reflects actual HPV status. Y-axis reflects the confidence level of the classification, described in 
Methods. (B) Alterations present in the HPV-positive (MSK-IMPACT) HNSCC cases that 
were classified as HPV-negative or HPV-positive by SVM. (C) Overall survival of HPV-
positive HNSCC cases in MSK-IMPACT cohort, based on SVM categorization as HPV-
positive or HPV-negative.
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eFigure 4. 

eFigure 4. Comparison of mutational frequencies in recurrent/metastatic HNSCC (MSK-IMPACT) and 
primary HNSCC (TCGA) tumors, either HPV-positive (left bar graph) or HPV-negative (right bar 
graph).
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eFigure 5. 
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eFigure 5. Distribution of tobacco signature (transversions per tumor) by HNSCC subsite, indicating that 
transversion-high tumors were mostly laryngeal cancers. 
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eFigure 6. 

Enrichment in NOTCH1 mutations

eFigure 6. Comparison of mutational frequencies in recurrent/
metastatic ACC (MSK-IMPACT) and primary ACC tumors (Ho et al, 
Nature Genetics 2013). 
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eFigure 7. 

NF1 intragenic deletion

LATS1 intragenic inversion
Exon 5 (involving splice site)

ROS1 intragenic deletion
Exons 32-42 (including kinase domain)

eFigure 7. Structural variants observed in salivary duct carcinomas: Integrative Genomics Viewer (IGV) panels. 
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eFigure 8. ETV6-NTRK3 fusion 

eFigure 8. ETV6-NTRK3 reciprocal fusion in a salivary carcinoma, leading to change in 
diagnosis to mammary analog secretory carcinoma (MASC) of the salivary gland. 
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eFigure 9. 

EWSR1-ATF1 reciprocal fusion
in a clear cell odontogenic carcinoma

EWSR1-FLI1 reciprocal fusion
in a mandibular cancer initially diagnosed as 
ameloblastic carcinoma, rediagnosed as Ewing 
sarcoma

EWSR1 exon 7 fused to FLI1 exon 6
t(22;11)(q12.2;q24.3)

t(22;12)(q12.2;q13.12)

eFigure 9. EWSR1 fusions in odontogenic carcinomas
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eFigure 10. 

Germline Copy Number

FANCA intragenic deletion in a case of HNSCC

FANCA exon 16-17 loss

eFigure 10. Deletion in FANCA observed in germline DNA.
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eFigure 11. Advanced head and neck cancers profiled using a 
precision oncology sequencing platform
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eFigure 11
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eFigure 12. Scatterplot of log (mutation count) and fraction of genome with copy number alteration, 
by tumor type 

HNSCC, head and neck squamous cell carcinoma. ACC, adenoid cystic carcinoma. NPC, 
nasopharyngeal carcinoma.

eFigure 12

Downloaded From: http://oncology.jamanetwork.com/ by a Memorial Sloan Kettering Library User  on 07/21/2016



0

10

20

30

40

50

0.00 0.25 0.50 0.75 1.00
% Genome Altered

N
um

be
r 

of
 M

ut
at

io
ns

Subgroup

HPVpos

HPVneg

eFigure 13
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eFigure 13. (Above) Scatterplot of mutation counts and percentage of genome with copy number alteration, by 
human papillomavirus (HPV) status in head and neck squamous cell (HNSCC) samples. 
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eFigure 14. Correlation network of somatic alterations, where the color of 
nodes represents relative predominance in HPV-positive or HPV-negative 
tumors, the size of the nodes represents frequency of alteration, and edges 
represent correlations or anti-correlations. 

eFigure 14
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eFigure 15. A machine-learning algorithm was used to classify the genotypes of 
recurrent/metastatic tumors as more similar to HPV-negative or HPV-positive primary tumors.  

eFigure 15
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eFigure 16. Column graph representing the most frequent mutations in recurrent/metastatic 
tumors, and the similarity of mutational frequencies to those in primary HPV-positive/negative 
tumors. Similarity score is defined as: [ -log10(|TCGA%HPVsame -IMPACT%|) - -log10(|TCGA% 
HPVdifferent - IMPACT%)], for all mutations with average frequency >.02.

eFigure 16
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TERT 

Adenoid Cystic Carcinoma 

HD-N domain PEST domain 

eFigure 17. Mutation Distributions of NOTCH1 and TERT in ACC. Green 
circles indicate missense mutations; red, truncating; black, inframe insertions 
or deletions. 

eFigure 17
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eFigure 18. NOTCH1 and TERT Mutations in Cutaneous Squamous (SCC) and Basal 
Cell (BCC) Carcinomas of the Head and Neck. Green circles indicate missense 
mutations; red, truncating; black, inframe insertions or deletions. 

eFigure 18
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eFigure 19
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eFigure 19. (Above) Mutational landscape of recurrent/metastatic nasopharyngeal carcinomas. EBV, Epstein-
Barr virus; HPV, Human papillomavirus.
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