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Simple Summary: Squamous cell carcinomas from different parts of the larynx have distinct pre-
sentations and prognoses, but the molecular basis for this discrepancy has yet to be characterized.
We aimed to determine whether different types of mutations at the DNA, mRNA, and protein levels
exist to explain the differential prognoses observed. We found that cancers of the supraglottis had
higher overall and smoking-associated genome mutations. Further, supraglottic cancers had a sig-
nificantly poorer prognosis when other clinical variables and mutational status were controlled for.
Different protein pathways were enriched in each subsite: muscle-related in the glottis and neural
in the supraglottis. Specific cancer-related proteins were also differentially abundant between the
supraglottis and glottis. Our findings may partially explain therapeutic response differences, but
further study is required for validation.

Abstract: Laryngeal squamous cell carcinoma (LSCC) from different subsites have distinct presen-
tations and prognosis. In this study, we carried out a multiomic comparison of LSCC subsites.
The Cancer Genome Atlas (TCGA) LSCC cohort was analyzed in the R statistical environment for
differences between supraglottic and glottic cancers in single nucleotide variations (SNVs), copy
number alterations (CNAs), mRNA abundance, protein abundance, pathway overrepresentation,
tumor microenvironment (TME), hypoxia status, and patient outcome. Supraglottic cancers had
significantly higher overall and smoking-associated SNV mutational load. Pathway analysis revealed
upregulation of muscle related pathways in glottic cancer and neural pathways in supraglottic cancer.
Proteins involved in cancer relevant signaling pathways including PI3K/Akt/mTOR, the cell cycle,
and PDL1 were differentially abundant between subsites. Glottic and supraglottic tumors have
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different molecular profiles, which may partially account for differences in presentation and response
to therapy.

Keywords: genomics; mutational status; larynx cancer; HNSCC; HPV-negative

1. Introduction

Laryngeal squamous cell carcinoma (LSCC) is a common form of head and neck
squamous cell carcinoma (HNSCC), comprising 30% of all cases [1,2]. LSCC affects three
subsites: the supraglottis, glottis and subglottis. The majority of tumors arise in the glottis
and supraglottis, while tumors of the subglottis are rare and only comprise 2% of LSCC
cases [3-5]. Tumors in these different sites are associated with distinct symptoms and
stages at presentation, rates of nodal metastases, tobacco exposure and survival [34].
Anatomic differences explain a portion of these findings. For example, the supraglottis has
a rich lymphatic drainage, while the glottis, derived from a different pharyngeal arch and
pouch [6], has a paucity of lymphatic vessels, consistent with the lower rate of lymphatic
metastases [3,4]. The anatomical location of the glottis contributes to frequent clinical
findings of hoarseness, airway obstruction and cartilage erosion associated with cancers at
this subsite [3,4].

The primary subsite also affects the prognosis, with most reports demonstrating
that patients with supraglottic LSCC have poorer prognoses compared to those with
glottic tumors, while those with subglottic tumors experience an intermediate rate of
survival [3,5,7,8]. Although the anatomical factors described above are likely to play a
part in these differences, it is unclear if there are molecular underpinnings that also con-
tribute to clinical outcomes. Previous studies have identified molecular differences that
are prognostic in LSCC; for example, mutations in the genes NSD1 and NSD2 confer a
positive prognostic impact on LSCC (see [9] and refs). However, the nature of the molecular
differences between subsites within the larynx and how they impact prognoses remain com-
pletely unexplored. We sought to determine whether molecular differences exist between
subsites in LSCC, using The Cancer Genome Atlas (TCGA) LSCC cohort. Supraglottic
and glottic subsites were compared for differences in the frequency/abundance of single
nucleotide variations (SNV), copy number alterations (CNA), transcriptome, proteome,
tumor microenvironment (TME) landscape and hypoxia status.

2. Results
2.1. Clinical Characteristics Differ by Laryngeal Subsite

After reviewing pathology reports, 117 TCGA LSCC patients were classified as
52 supraglottic, 46 glottic, 15 hypopharyngeal and 2 subglottic cancers. Two patients
lacked available pathology reports. The subglottic tumors were excluded due to insuffi-
cient cases for comparison. The hypopharyngeal tumors were excluded as they are not
LSCC. The remaining 98 tumors were screened for HPV status using RNA sequence data
for viral transcripts [10,11]. One tumor was identified as HPV-positive and was excluded
because HPV-positive cancer is distinct from HPV-negative cancer [12-18]. Two samples
without available HPV data were also excluded. The remaining 95 HPV-negative primary
LSCC samples, including 49 supraglottic and 46 glottic tumors, were used for our analyses.
Upon univariate analysis, it was found that the glottic cancers were significantly more
likely to be category T4 (74% vs. 26%, p < 10~*) and demonstrate thyroid or cricoid cartilage
invasion (79% vs. 21%, p < 10~°). No significant differences were noted between subsites
for age, sex, smoking history, N-category, overall stage or use of adjuvant radiotherapy
(Table 1). Between the supraglottis and glottis, no significant differences were noted in
overall survival (Figure S1).
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Table 1. Clinical characteristics of the TCGA LSCC cohort by primary subsite of cancer.

HPV Negative Samples, No. (%) (n = 95)

Variables
Glottis (n = 46) Supraglottis (n = 49) p Value!
Age Median (range) 61.5 (47-80) 62 (38-83) 0.783
Female 6 (13) 13 (27)
Sex 0.13
Male 40 (87) 36 (73)
Nonsmoker 4 (11) 1(3)
Smoking history Light smoker 4 (11) 2(5) 0.17
Heavy smoker 27 (77) 36 (92)
T1 1(2) 4 (9)
T2 5(11) 5(11)
T-category T3 4(9) 17 (36) <104
T4 34 (74) 12 (26)
X 2 (4) 9(19)
NO 23 (50) 15 (32)
N1 7 (15) 5(11)
N-category N2 9 (20) 16 (34) 0.084
N3 2(4) 0(0)
NX 5(11) 11(23)
I 1(2) 1(3)
Overall stage I 37 514 0.25
I 49) 8 (22)
v 36 (82) 23 (62)
Adjuvant no 11 (31) 11 (26)
. 0.62
radiotherapy yes 24 (69) 32 (74)
Cartilage no 8 (21) 30 (79) 10-6
invasion yes 31 (79) 8(21)

! Bolded p values are significant.

2.2. Overall SNVs and Smoking-Associated C>T Transversions Were More Frequent in the
Supraglottis

The SNV mutational load was reported from exome sequencing per tumor as previ-
ously described [19,20]. Analysis of exome sequencing data revealed that the total SNV
mutational load was significantly higher for supraglottic compared to glottic cancers (glot-
tis: median 113.0, interquartile range (IQR) 76.0; supraglottis: median 273.0, IQR 247.5,
p <1075, Figure 1A). Fifteen genes demonstrated more frequent SNVs in the supraglottic
cancers (FDR < 0.1, Figure 2). The genes with the most SNV mutations overall within
the cohort can be found in Figure S2. NSD1 SNVs demonstrated the greatest differential
mutation rate, with 50% of supraglottic LSCC cases harboring alterations versus only
13% in the glottis (FDR = 0.076). It is widely accepted that G>T transversions in HNSCC
are associated with patient smoking history [19,20], so we also specifically analyzed the
difference in SNVs of this type between subsites. This revealed a higher overall G>T
mutation load in the supraglottis (glottis: median 13.50, IQR 19.00; supraglottis: median
48.5,1QR 58.25, p < 10>, Figure 1B). DNAHS5 was the only gene found to have a differential
rate of G>T transversions, occurring in 20% of supraglottic carcinomas and 0% of glottic
LSCC (FDR = 0.043, Figure S3). Analysis of the mutational distribution of DNAHS5 SNVs
across the gene revealed a pattern suggesting the gene may function as a putative tumor
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suppressor given the broad distribution of the alterations and absence of hotspot sites [21]
(Figure S4).

We followed up these findings by investigating the impact of NSD1 and DNAHS on
survival within the HPV-negative cohort of glottic and supraglottic tumors. NSD1-mutant
tumors had significantly improved overall survival compared to wild-type tumors overall
(p = 0.017, Figure 3). When stratified further by subsite, NSD1-mutant tumors were found
to not be a prognostic indicator within the glottic cohort (p = 0.24, Figure 4A) but were
found to have positive prognostic value in the supraglottic cohort (p = 0.012, Figure 4B).
DNAHS5 mutation did not have a significant impact on survival (p = 0.41, Figure S5).

There were no differences in CNAs between glottic and supraglottic cancers [22].
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Figure 1. (A) Overall SNV mutation load in supraglottic and glottic LSCC. Glottis median value 113.0, interquartile range
(IQR) 76.0; supraglottis median 273.0, IQR 247.5. (B) G>T SNV mutation load in supraglottic and glottic LSCC. Glottis
median 13.50, IQR 19.00; supraglottis median 48.5, IQR 58.25. The number of SNVs per tumor differs significantly between

supraglottic and glottic LSCC (p < 107°).
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Figure 2. Genes with differing SNV mutation frequencies between supraglottic and glottic LSCC by total SNV mutational

load. FDR = false discovery rate.
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Figure 3. Kaplan-Meier curves for overall survival by NSD1 SNV mutation status. A log-rank test
was used to compare the Kaplan-Meier curves between tumors with wild-type and mutant alleles.
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Figure 4. Kaplan-Meier curves for overall survival by NSD1 mutation status, stratified by (A) glottis and (B) supraglottis. A
log-rank test was used to compare the Kaplan-Meier curves between tumors with wild-type and mutant alleles.

2.3. Signatures by Subsite Analysis

The top two gene signatures identified in the glottis were COSMIC_13—APOBEC
Cytidine Deaminase (C>G) [cosine-similarity: 0.919] and COSMIC_5—Unknown [cosine-
similarity: 0.771]. The top two in the supraglottis were COSMIC_4—exposure to tobacco
(smoking) mutagens [cosine-similarity: 0.947] and COSMIC_13—APOBEC Cytidine Deam-
inase (C>G) [cosine-similarity: 0.757 [22].

2.4. Multivariate Analysis of Survival with Clinical Variables and NSD1 Mutation Status

We constructed the multivariate model starting with clinical variables and NSD1
mutation status, as we have done previously [19]. Backward selection included sex,
smoking history, subsite and NSD1 mutation status in the final model for overall sur-
vival. This revealed a significant difference in overall survival between subsites after
controlling for other clinical variables and NSD1 mutation status, with significantly
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poorer prognosis in the supraglottis (HR = 2.7, 95% CI = 1.1-6.5, p = 0.024, Figure 5,
Table S1). In addition, male sex (HR =0.17, 95% CI = 0.069-0.43, p < 1079), heavy smok-
ing history (HR =0.19, 95% CI = 0.063-0.59, p = 0.039) and NSD1 mutation (HR = 0.34,
95% CI = 0.12-0.95, p = 0.0039) were favorably prognostic within this multivariate analysis.

Variable HR p
Sex Female - -
Male 0.17 <10 —
Smoking history Light/None - .
Heavy 0.19 0.0039 b =
NSD1 mutation status Wild-Type - =
Mutant 0.34 0.039 | O
Subsite Glottis - -
Supraglottis 2.7  0.024 Y m

1/2 1 2 4 8
Hazard Ratio

1716 1/8  1/4

Figure 5. Multivariate analysis of overall survival between glottic and supraglottic LSCC. Backward selection was used

to attain the multivariate model. All patients were included into the multivariate model but some were excluded by the

algorithm if there were missing values for variables.

2.5. Muscle Contraction and Neural Pathways Were Upregulated in the Glottis

A mRNA-sequencing analysis comparing transcript levels between glottic and supra-
glottic cancers revealed 122 genes with significantly higher abundance in the former and
160 genes with significantly higher abundance in the latter (FDR < 0.01 and absolute value
of the fold change >2, Figure S6, Table S2). Combined Reactome analysis with significant
SNVs (n = 15) and CNAs correlated with mRNAs (n = 282) between subsites revealed 17
significantly upregulated pathways in the supraglottis as compared to the glottis, 5 path-
ways upregulated in the glottis over the supraglottis, and one with equal numbers of genes
upregulated as downregulated (FDR < 0.05). The top upregulated pathways involved
muscle contraction in the glottis and neuronal systems in the supraglottis (Table S3).

2.6. Protein Expression Differed between Subsites

A RPPA analysis revealed 38 differentially abundant proteins between the glottis and
supraglottis (Table S4). The top five included MIG6 (FDR = 0.044), PREX1 (FDR = 0.044),
IRS1 (FDR = 0.073), ETS1 (FDR = 0.073), and CHEK1 (FDR = 0.073, Figure S7). None of the
corresponding mRNAs were differentially abundant between the glottic and supraglottic
cancers, and none of the proteins were significantly associated with patient survival [22].
On Spearman correlation, MIG6 (¢ = 0.27, FDR = 0.046), PREX1 (¢ = 0.41, FDR = 0.0028),
IRS1 (0 = 0.26, FDR = 0.046) and ETS1 (¢ = 0.40, FDR = 0.0028) had significant correlation
between protein and mRNA levels (Figure S8). Of note, cancer related proteins RB1,
CHEK2, CCNE]1, S6 and PIK3CA were higher in the supraglottic cancers, whereas PDL1
was higher in the glottic cancers (Table 54).

2.7. CNAs, TME, and Hypoxia Status Did Not Differ between Subsites

Hypoxia analysis revealed no difference in Buffa intratumor type scores between sub-
sites [22]. There were no differences in TME between glottic and supraglottic cancers [22].
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3. Discussion

Significant differences at the SNV, transcriptome and protein level between supra-
glottic and glottic cancers were observed. Integrated analysis of molecular data identified
differentially activated pathways between the subsites involved with neuronal signal-
ing and muscular contraction. These molecular differences may account for some of the
differences in clinical behavior observed between supraglottic and glottic cancers.

In contrast to the genome-wide assays at the DNA and RNA level, the RPPA protein
assays were limited to 237 cancer-related proteins and phosphoproteins. While the small
number of targets limits the opportunity for discovery, the resulting hits are all canonical
cancer signaling proteins and/or potential therapeutic targets. In our analysis, PIK3CA
and 56, critical members of the PI3K/Akt pathway [23], were found to be more highly
expressed in the supraglottis versus the glottis. Indeed, the PI3K/Akt pathway is the
most commonly altered pathway in HNSCC, and its abnormal activation is responsible
for tumorigenesis, invasion, metastasis and resistance to anticancer therapy [24]. Cell
cycle proteins including CHEK2, CCNEI1, and phosphorylated RB1 were expressed at
higher levels in the supraglottic cancers, which may indicate a disruption in the G1/S
transition. RB1 and CHEK?2 act as tumor suppressors, maintaining the cell in G1 [25,26],
whereas CCNEI (cyclin E1) acts as an oncogene when mutated or abnormally activated [27].
Alterations in G1/S transitional control have been previously identified as important in
HNSCC [25,28,29]. In combination, the PI3K/ Akt pathway and cell cycle alterations may
provide a potential mechanism for the higher rates of nodal metastases and poorer survival
seen in the supraglottis over other cohorts.

Interestingly, PD-L1 protein levels were significantly higher in glottic cancers. PD-L1
and its receptor PD-1 are critical regulators of the T cell immune response [30,31]. A high
level of PD-L1 expression by tumor cells negatively regulates T-cell activation, enhancing
evasion of antitumor immunity [30,31]. Interrupting the PD-1 and PD-L1 interaction with
immune checkpoint inhibitors (ICIs) has already conferred transformative survival benefits
for numerous solid organ malignancies including HNSCC in the recurrent and metastatic
setting [32]. Importantly, ICI response is strongly associated with tumor PD-L1 levels [33]
suggesting that glottic cancers may be more favorable target for immunotherapy than
supraglottic cancers; however, this will need to be confirmed in the context of prospective
trials.

The LSCC cohort is associated with a heavier smoking history relative to other head
and neck sites, which we have previously linked with higher mutational rates [19]. Here,
we identified that even within the larynx, supraglottic cancers have higher overall and
smoking-associated mutational loads than the glottic cancers. NSD1, which is more fre-
quently altered in the supraglottic cancers, is known to have higher mutation rates in
HPV-negative patients with a heavy smoking history [19]. Despite the association with
increased tobacco use, tumors harboring this mutation experience a survival benefit in
four different HNSCC cohorts, including one limited to laryngeal cancer [9,19,34]. Given
that most population-based studies demonstrate poorer outcomes in supraglottic cancer,
this is somewhat unexpected. Conversely, we found DNAHS5, which encodes a protein
involved in the dynein complex and functions in ciliary cell motility to have more tobacco
associated G>T transversions in the supraglottic cancers [35]. Mutations in DNAHS5 have
been associated with poorer survival in a number of different cancers [36-39]. We did not
note an impact of DNAH5 G>T mutation on survival in this study, but this may reflect the
limited sample size of the LSCC cohort. In vitro experiments and prospective cohorts will
be required to elucidate the exact role of both NSD1 and DNAHS5 on LSCC tumor behavior
and response to therapy.

We also found that neuronal system pathways were enriched in the supraglottis over
the glottis. Interestingly, other researchers have identified that neural related pathways
are active in LSCC, including a recent finding of adrenergic nerve fiber involvement in
promoting tumor growth is related to loss of TP53 [40]. Interestingly, we did find more
TP53 mutations in the supraglottis. Another study found active neural pathways in
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LSCC involving TrkB, a neurotrophin receptor that regulates neuronal cell proliferation,
differentiation and invasion [41]. Itis also linked to the epithelial to mesenchymal transition
(EMT), a shift in tumor biology characteristic of more aggressive, invasive cancers with
worse prognosis [42,43]. Taken together, this may help explain the poorer prognosis
seen in the supraglottic versus glottic tumors. Surprisingly, however, muscle contraction
pathways which are also linked to the EMT in numerous cancers [44—48], were found to be
upregulated in the glottis. This is the opposite to what was expected, but the discrepancy
may be related to tissue sampling methods within the HNSCC cohort of the TCGA. While
these tumor samples have undergone pathology quality control measures including a
purity measure of >60% cellularity [18], samples in the HNSCC cohort have been found
to have low tumor purity relative to other TCGA cohorts based on molecular criteria [49].
Therefore, it is plausible that undesired muscular tissue was resected with samples, which
may have altered the cell type, and thus, increased the number of pathways that were
shown to be significant. More research in this area is needed to determine whether there is
a role of muscle contraction pathways in tumorigenesis and invasion.

Several population level studies have demonstrated that supraglottic cancers tend
to have poorer survival than glottic cancer [7,50]. In the present study, we also identified
a statistically significant difference in survival between supraglottic and glottic cancers
using the TCGA LSCC cohort after multivariate analysis. Our findings of the genomic,
transcriptomic, proteomic and pathway enrichment differences between subsites suggest
that molecular-level differences play important roles in the discrepancies in outcomes
between these two subsites.

4. Materials and Methods
4.1. Data Acquisition

Patient data from TCGA HNSCC dataset, including clinical data, level 3 DNA muta-
tion packager calls data, CNAs, and mRNA abundance were retrieved on June 28, 2019
using latest callsets from The Broad Institute’s Firehose database (version GRCh37) [51,52].
Patient IDs, with larynx primary site, were then identified and used for the analysis. There-
after, R [53] TCGAbiolinks package [54,55] was used to access the pathology reports for the
identified patients also using the Broad Institute’s Firehose database [51,56]. The pathology
reports were then reviewed (KBP and AS) to determine the subsite. Subglottic tumors
were excluded as there was an insufficient number of cases for comparison (two tumors).
HPYV status was defined using RNA sequence data for viral transcripts [10,11]. Cartilage
invasion was determined as gross invasion of the thyroid or cricoid cartilage only. The
T-category, N-category, and overall stages were based on pathologic staging. Buffa et al.
TCGA cohort intratumor type hypoxia scores [57] were downloaded from Bhandari et al.
Supplemental Material [58]. Patient smoking status was defined as heavy if >20 pack year
history based on previous research [19,20], light smoking history was defined as between 0
and 20 pack years, and patients who had never smoked were considered nonsmokers.

4.2. Statistics
4.2.1. Clinical Features

In the R statistical environment (version 3.6.1), clinical feature distribution was com-
pared between subsites using Fisher’s Exact Test, Pearson’s X2 Goodness of fit test, and
Mann-Whitney U test.

4.2.2. Exome Sequence Analysis

Three supraglottic tumors were missing mutational data. Within the R statistical
environment (3.6.1) the Bioconductor framework’s maftools package (version 2.0.10) [59]
was used to analyze exome sequencing data. Mann-Whitney U tests and Kruskal-Wallis
exact tests were used to calculate the differences in total SNV mutation load between
subsites, with two-tailed p values reported. To identify genes that were differentially
mutated between subsites, Fisher’s Exact tests were used. Genes were only evaluated if they
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were mutated in at least five patients in at least one group. Excluded from the downstream
analyses were synonymous mutation variants and the TTN gene, as this is one of the
longest in the genome and has a high degree of passenger mutations, while it is known to
not be an oncogene [60]. The Benjamini-Hochberg adjustment on derived p values for false
discovery rate (FDR) was set at a threshold of 0.1 for significance [10,19,30]. Signatures
were estimated and extracted within the maftools package in R statistical environment.
The trinucleotide matrix of the gene sequences for each subsite was first derived, then the
number of signatures was estimated as two based on the cophenetic correlation coefficient,
thus the matrix was decomposed into two signatures.

4.2.3. Copy Number Alterations

Using data downloaded from GISTIC2 analysis of the TCGA HNSCC cohort, copy
number alterations (CNAs) were compared for significant differences in shallow and deep
deletions, gains, and amplifications between individual genes. Homozygous losses made
up the definition of deep deletions (with GISTIC2 value of —2), whereas heterozygous
losses were indicated by shallow deletions (GISTIC2 value of —1). A GISTIC2 value of +1
defined CNA gains and GISTIC2 of +2 defined amplifications. CNA frequency between
subsites was compared using Fischer’s Exact tests, and derived p values were corrected for
FDR as described previously [10,19,30].

4.2.4. mRNA and Pathway Analysis

The DESeq2 package (version 1.24.0) [61] in the R statistical environment was used to
normalize and analyze the TCGA LSCC RNA sequencing count data. A negative binomial
generalized linear distribution was used to model mRNA abundance profiles for the
supraglottic and glottic subsites. Within the DESeq2 package, a Wald test with shrinkage
estimation logy fold-change values was used to compare these values. As previously
described, FDR adjustment was performed [10,19,30]. Reactome Pathway Analysis [62,63]
was performed in the R statistical environment with significant SNVs and significant
mRNA-sequence data to analyze for over-representation of pathways.

4.2.5. Reverse Phase Protein Array (RPPA) Analysis

From The Cancer Proteome Atlas [64,65], processed normalized RPPA data were
downloaded. Mann-Whitney U tests and FDR corrections [19,30] were used to compare
relative protein abundance between groups. Spearman’s rank correlation was used for vali-
dation of the differentially expressed proteins with their corresponding mRNA abundance
values.

4.2.6. Tumor Microenvironment Estimation

The TCGA RNA-sequence data was analyzed in the immunedeconv package in R
(v 2.0.0) to estimate the TME composition of each sample. This package uses the Mi-
croenvironment Cell Populations-counter (MCP-counter) method [66] to compute a score.
MCP is an accurate method for comparisons between samples [67]. To create the score,
it utilizes transcriptomic markers which have previously been demonstrated to be char-
acteristic of the specific immune cell populations and their abundance within the tumor.
Mann-Whitney U tests were used to compare intercohort scores for T cells, B cells, natural
killer (NK) cells, myeloid dendritic cells (DCs), monocytes, neutrophils, cancer-associated
fibroblasts (CAFs), and endothelial cells. As previously described, FDR adjustment was
also completed [10,19,30].

4.2.7. Survival Analysis

The R survival package (v 2.44-1.1) [68] was used to perform survival analyses. Be-
tween subsites, overall and progression-free interval outcomes were compared using the
log-rank test and construction of Kaplan-Meier curves. For univariate and multivariate
survival analyses of clinical covariates, the Cox proportional hazards model with the Wald
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test on individual coefficients was used. These clinical covariates included laryngeal sub-
site, cartilage invasion status, pathologic T-category, pathologic N-category, overall TNM
stage, age, sex, smoking history and treatment with adjuvant radiotherapy. A backward
stepwise analysis was used to develop the multivariate model.

4.2.8. Hypoxia

The Supplemental Materials and the scores for intratumor hypoxia were downloaded
from Bhandari et al. and Buffa et. al, respectively [57,58,69]. Mann-Whitney U tests with
FDR adjustment were used to compare intercohort scores [11,52].

5. Conclusions

The present study has demonstrated significant genomic, transcriptomic and pro-
teomic differences between supraglottic and glottic HPV-negative LSCC. Further studies
involving larger cohorts treated with uniform treatment paradigms, as well as in vitro func-
tional studies, are needed to understand the impact of these molecular findings regarding
therapy and patient survival.

Supplementary Materials: The following are available online at https://www.mdpi.com/2072-6
694/13/1/105/s1, Figure S1: Kaplan-Meier curves for overall survival between supraglottic and
glottic LSCC, Figure S2: Top 20 genes by SNV frequency in the combined TCGA LSCC cohort,
Figure S3: Genes with differing SNV mutation frequencies between supraglottic and glottic LSCC
by G > T mutation load, Figure S4: Lollipop plot of SNVs in DNAHS), Figure S5: Kaplan-Meier
curves for overall survival by DNAH5 SNV mutation status Figure S6: Volcano plot for mRNA
abundance between glottic and supraglottic LSCC, Figure S7: Differentially abundant proteins
between supraglottic and glottic LSCC, Figure S8: Four most differentially abundant proteins between
supraglottic and glottic LSCC correlated with mRNA levels. Table S1: Multivariate analysis of overall
survival, Table S2: List of genes with significantly different mRNA abundance or SNV frequencies
between glottic and supraglottic LSCC, Table S3: Pathway over-representations from genes with
differential frequencies of SNVs and CNAs correlated with mRNAs between glottic and supraglottic
LSCC, Table S4: RPPA differences between supraglottic and glottic LSCC.

Author Contributions: Conceptualization, A.S., H A.J K., A.C.N,, ]JW.B., K.B.P. and P.C.B.; method-
ology, AS., HAJ K., ACN, JWB, K.B.P. and P.C.B.; software, H A.J K., PY.EZ,, F.G.; validation,
HAJK, PYEZ, AS., PCB, KB.P, JWB,, ].SM.,, K.B.P. and A.C.N.; formal analysis, H.A.J.K.,
PYFEZ, AS., PCB., KB.P, JWB, ].SM., KB.P, NM,, ED.G,, HK. and A.C.N,; investigation,
H.AJK., PYEZ,AS., PC.B., K.B.P, JWB., ].SM., K.B.P. and A.C.N; resources, A.C.N., JW.B.; data
curation, all authors; writing—original draft preparation, A.S.; writing—review and editing, H. A J K.,
PYEZ., AS,MHS, DM. MI1K., AM, ]Y, KF,PL., D.AP, PCB., KB.P,]JWB, ]JSM.,, KB.P.
and A.C.N.; visualization, H.A.J.K,, PY.EZ.,, AS.,, PC.B.,, K.B.P, JW.B,, ].SM., K.B.P. and A.C.N.;
supervision, A.C.N.; project administration, ] W.B., A.C.N.; funding acquisition, A.C.N., PC.B., ].S.M.
All authors have read and agreed to the published version of the manuscript.

Funding: This study was funded by Canadian Institutes for Health Research (CIHR) grants MOP
340674 to ACN and PCB, MOP 340674 to JSM and ACN, and the NIH/NCI award number P30CA016042
to PCB. ACN was supported by the Wolfe Surgical Research Professorship in the Biology of Head
and Neck Cancers Fund.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Publicly available datasets were analyzed in this study. This data
can be found here: [Firehose, Broad Institute of MIT and Harvard. Available online: https://gdac.
broadinstitute.org/ (accessed on 28 June 2019)].

Conflicts of Interest: The authors declare no conflict of interest.

1.  Jemal, A,; Siegel, R.; Ward, E.; Murray, T.; Xu, J.; Thun, M.J. Cancer statistics, 2007. CA Cancer ]. Clin. 2007, 57, 43-66. [CrossRef]

[PubMed]


https://www.mdpi.com/2072-6694/13/1/105/s1
https://www.mdpi.com/2072-6694/13/1/105/s1
https://gdac.broadinstitute.org/
https://gdac.broadinstitute.org/
http://doi.org/10.3322/canjclin.57.1.43
http://www.ncbi.nlm.nih.gov/pubmed/17237035

Cancers 2021, 13, 105 11 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

Institute, N.C. Cancer Stat Facts: Larynx Cancer Surveillance, Epidemiology, and End Results (SEER) Database. Available online:
https:/ /seer.cancer.gov /statfacts/html/laryn.html (accessed on 2 June 2020).

Brandstorp-Boesen, J.; Serum Falk, R.; Boysen, M.; Brendbo, K. Impact of stage, management and recurrence on survival rates in
laryngeal cancer. PLoS ONE 2017, 12, e0179371. [CrossRef] [PubMed]

LeBlanc, B.J.; Shi, R.; Mehta, V.; Mills, G.; Ampil, F.; Nathan, C.A. Improvements in survival and disparities for advanced-stage
laryngeal cancer. JAMA Otolaryngol. Head Neck Surg. 2015, 141, 169-173. [CrossRef] [PubMed]

MacNeil, 5.D.; Patel, K.; Liu, K.; Shariff, S.; Yoo, J.; Nichols, A.; Fung, K.; Garg, A.X. Survival of patients with subglottic squamous
cell carcinoma. Curr. Oncol. 2018, 25, e569-e575. [CrossRef] [PubMed]

Lungova, V.; Thibeault, S.L. Mechanisms of larynx and vocal fold development and pathogenesis. Cell Mol. Life Sci. 2020, 77,
3781-3795. [CrossRef] [PubMed]

Howlader, N.; Noone, A.M.; Krapcho, M.; Miller, D.; Brest, A.; Yu, M.; Ruhl, J.; Tatalovich, Z.; Mariotto, A.; Lewis, D.R; et al.
SEER Cancer Statistics Review, 1975-2017; N.C. Institute: Bethesda, MD, USA, 2020.

Chen, A.Y,; Fedewa, S.; Zhu, J. Temporal trends in the treatment of early- and advanced-stage laryngeal cancer in the United
States, 1985-2007. Arch. Otolaryngol. Head Neck Surg. 2011, 137, 1017-1024. [CrossRef]

Peri, S.; Izumchenko, E.; Schubert, A.D.; Slifker, M.].; Ruth, K.; Serebriiskii, I.G.; Guo, T.; Burtness, B.A.; Mehra, R.; Ross, E.A.;
et al. NSD1- and NSD2-damaging mutations define a subset of laryngeal tumors with favorable prognosis. Nat. Commun. 2017, 8,
1772. [CrossRef]

Gameiro, S.F,; Ghasemi, F.; Barrett, ].W.; Nichols, A.C.; Mymryk, ].S. High Level Expression of MHC-II in HPV+ Head and Neck
Cancers Suggests that Tumor Epithelial Cells Serve an Important Role as Accessory Antigen Presenting Cells. Cancers 2019, 11,
1129. [CrossRef]

Bratman, S.V.; Bruce, ].P; O’Sullivan, B.; Pugh, T].; Xu, W.; Yip, K.W.; Liu, EF. Human Papillomavirus Genotype Association with
Survival in Head and Neck Squamous Cell Carcinoma. JAMA Oncol. 2016, 2, 823-826. [CrossRef]

Nichols, A.C.; Faquin, W.C.; Westra, W.H.; Mroz, E.A.; Begum, S.; Clark, J.R.; Rocco, ]. W. HPV-16 infection predicts treatment
outcome in oropharyngeal squamous cell carcinoma. Otolaryngol. Head Neck Surg. 2009, 140, 228-234. [CrossRef]

Nichols, A.C.; Finkelstein, D.M.; Faquin, W.C.; Westra, W.H.; Mroz, E.A.; Kneuertz, P.; Begum, S.; Michaud, W.A.; Busse, PM.;
Clark, J.R; et al. Bcl2 and human papilloma virus 16 as predictors of outcome following concurrent chemoradiation for advanced
oropharyngeal cancer. Clin. Cancer Res. 2010, 16, 2138-2146. [CrossRef] [PubMed]

Nichols, A.C.; Chan-Seng-Yue, M.; Yoo, ].; Xu, W.; Dhaliwal, S.; Basmaji, J.; Szeto, C.C.; Dowthwaite, S.; Todorovic, B.; Starmans,
M.H.; et al. A Pilot Study Comparing HPV-Positive and HPV-Negative Head and Neck Squamous Cell Carcinomas by Whole
Exome Sequencing. ISRN Oncol. 2012, 2012, 809370. [CrossRef] [PubMed]

Nichols, A.C.; Palma, D.A.; Dhaliwal, S.S.; Tan, S.; Theuer, J.; Chow, W.; Rajakumar, C.; Um, S.; Mundi, N.; Berk, S.; et al.
The epidemic of human papillomavirus and oropharyngeal cancer in a Canadian population. Curr. Oncol. 2013, 20, 212-219.
[CrossRef] [PubMed]

Gillison, M.L. Human papillomavirus-associated head and neck cancer is a distinct epidemiologic, clinical, and molecular entity.
Semin Oncol. 2004, 31, 744-754. [CrossRef]

Gameiro, S.F; Kolendowski, B.; Zhang, A.; Barrett, ] W.; Nichols, A.C.; Torchia, J.; Mymryk, J.S. Human papillomavirus
dysregulates the cellular apparatus controlling the methylation status of H3K27 in different human cancers to consistently alter
gene expression regardless of tissue of origin. Oncotarget 2017, 8, 72564-72576. [CrossRef]

Network, C.G.A. Comprehensive genomic characterization of head and neck squamous cell carcinomas. Nature 2015, 517, 576-582.
[CrossRef]

Ghasemi, E; Prokopec, S.D.; MacNeil, D.; Mundi, N.; Gameiro, S.F; Howlett, C.; Stecho, W.; Plantinga, P.; Pinto, N.; Ruicci, K.M.;
et al. Mutational analysis of head and neck squamous cell carcinoma stratified by smoking status. JCI Insight 2019, 4, e123443.
[CrossRef]

Stransky, N.; Egloff, A.M.; Tward, A.D.; Kostic, A.D.; Cibulskis, K.; Sivachenko, A.; Kryukov, G.V.; Lawrence, M.S.; Sougnez, C.;
McKenna, A.; et al. The mutational landscape of head and neck squamous cell carcinoma. Science 2011, 333, 1157-1160. [CrossRef]
Liu, Y,; Hu, X.; Han, C.; Wang, L.; Zhang, X.; He, X.; Lu, X. Targeting tumor suppressor genes for cancer therapy. Bioessays 2015,
37,1277-1286. [CrossRef]

Kim, H.A J.; (Western University, London, ON, Canada); Nichols, A.C.; (Western University, London, ON, Canada). Personal
communication, 2020.

Garcia-Carracedo, D.; Villaronga, M.; Alvarez-Teijeiro, S.; Hermida-Prado, F.; Santamaria, I.; Allonca, E.; Suarez-Fernandez, L.;
Gonzalez, M.V,; Balbin, M.; Astudillo, A_; et al. Impact of PI3K/AKT/mTOR pathway activation on the prognosis of patients
with head and neck squamous cell carcinomas. Oncotarget 2016, 7, 29780-29793. [CrossRef]

Cai, Y.; Dodhia, S.; Su, G.H. Dysregulations in the PI3K pathway and targeted therapies for head and neck squamous cell
carcinoma. Oncotarget 2017, 8, 22203-22217. [CrossRef] [PubMed]

Beck, T.N.; Golemis, E.A. Genomic insights into head and neck cancer. Cancers Head Neck 2016, 1, 1. [CrossRef] [PubMed]
Buscemi, G.; Carlessi, L.; Zannini, L.; Lisanti, S.; Fontanella, E.; Canevari, S.; Delia, D. DNA damage-induced cell cycle regulation
and function of novel Chk2 phosphoresidues. Mol. Cell Biol. 2006, 26, 7832-7845. [CrossRef] [PubMed]


https://seer.cancer.gov/statfacts/html/laryn.html
http://doi.org/10.1371/journal.pone.0179371
http://www.ncbi.nlm.nih.gov/pubmed/28708883
http://doi.org/10.1001/jamaoto.2014.2998
http://www.ncbi.nlm.nih.gov/pubmed/25429594
http://doi.org/10.3747/co.25.3864
http://www.ncbi.nlm.nih.gov/pubmed/30607125
http://doi.org/10.1007/s00018-020-03506-x
http://www.ncbi.nlm.nih.gov/pubmed/32253462
http://doi.org/10.1001/archoto.2011.171
http://doi.org/10.1038/s41467-017-01877-7
http://doi.org/10.3390/cancers11081129
http://doi.org/10.1001/jamaoncol.2015.6587
http://doi.org/10.1016/j.otohns.2008.11.025
http://doi.org/10.1158/1078-0432.CCR-09-3185
http://www.ncbi.nlm.nih.gov/pubmed/20233885
http://doi.org/10.5402/2012/809370
http://www.ncbi.nlm.nih.gov/pubmed/23304554
http://doi.org/10.3747/co.20.1375
http://www.ncbi.nlm.nih.gov/pubmed/23904762
http://doi.org/10.1053/j.seminoncol.2004.09.011
http://doi.org/10.18632/oncotarget.19885
http://doi.org/10.1038/nature14129
http://doi.org/10.1172/jci.insight.123443
http://doi.org/10.1126/science.1208130
http://doi.org/10.1002/bies.201500093
http://doi.org/10.18632/oncotarget.8957
http://doi.org/10.18632/oncotarget.14729
http://www.ncbi.nlm.nih.gov/pubmed/28108737
http://doi.org/10.1186/s41199-016-0003-z
http://www.ncbi.nlm.nih.gov/pubmed/29034103
http://doi.org/10.1128/MCB.00534-06
http://www.ncbi.nlm.nih.gov/pubmed/16940182

Cancers 2021, 13, 105 12 of 13

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.
50.

51.
52.

Ritta, M.; De Andrea, M.; Mondini, M.; Mazibrada, J.; Giordano, C.; Pecorari, G.; Garzaro, M.; Landolfo, V.; Schena, M.; Chiusa, L.;
et al. Cell cycle and viral and immunologic profiles of head and neck squamous cell carcinoma as predictable variables of tumor
progression. Head Neck 2009, 31, 318-327. [CrossRef]

Song, Y.; Li, L.; Ou, Y;; Gao, Z.; Li, E.; Li, X.; Zhang, W.; Wang, J.; Xu, L.; Zhou, Y,; et al. Identification of genomic alterations in
oesophageal squamous cell cancer. Nature 2014, 509, 91-95. [CrossRef]

Sasiadek, M.M.; Stembalska-Kozlowska, A.; Smigiel, R.; Ramsey, D.; Kayademir, T.; Blin, N. Impairment of MLH1 and CDKN2A
in oncogenesis of laryngeal cancer. Br. J. Cancer 2004, 90, 1594-1599. [CrossRef]

Gameiro, S.F.; Ghasemi, F,; Barrett, ].W.; Koropatnick, J.; Nichols, A.C.; Mymryk, J.S.; Maleki Vareki, S. Treatment-naive HPV+
head and neck cancers display a T-cell-inflamed phenotype distinct from their HPV- counterparts that has implications for
immunotherapy. Oncoimmunology 2018, 7, €1498439. [CrossRef]

Anderson, A.C.; Joller, N.; Kuchroo, VK. Lag-3, Tim-3, and TIGIT: Co-inhibitory Receptors with Specialized Functions in Immune
Regulation. Immunity 2016, 44, 989-1004. [CrossRef]

Esfahani, K.; Roudaia, L.; Buhlaiga, N.; Del Rincon, S.V.; Papneja, N.; Miller, WH., Jr. A review of cancer immunotherapy: From
the past, to the present, to the future. Curr. Oncol. 2020, 27, S87-S97.

Akinleye, A.; Rasool, Z. Inmune checkpoint inhibitors of PD-L1 as cancer therapeutics. . Hematol. Oncol. 2019, 12, 92. [CrossRef]
Bui, N.; Huang, ] K.; Bojorquez-Gomez, A.; Licon, K.; Sanchez, K.S.; Tang, S.N.; Beckett, A.N.; Wang, T.; Zhang, W.; Shen, ].P; et al.
Disruption of NSD1 in Head and Neck Cancer Promotes Favorable Chemotherapeutic Responses Linked to Hypomethylation.
Mol. Cancer Ther. 2018, 17, 1585-1594. [CrossRef]

Chapelin, C.; Duriez, B.; Magnino, F; Goossens, M.; Escudier, E.; Amselem, S. Isolation of several human axonemal dynein heavy
chain genes: Genomic structure of the catalytic site, phylogenetic analysis and chromosomal assignment. FEBS Lett. 1997, 412,
325-330. [CrossRef]

Shen, J.; Qi, L.; Zou, Z.; Du, ].; Kong, W.; Zhao, L.; Wei, |.; Lin, L.; Ren, M.; Liu, B. Identification of a novel gene signature for the
prediction of recurrence in HCC patients by machine learning of genome-wide databases. Sci. Rep. 2020, 10, 4435. [CrossRef]
[PubMed]

Qing, T.; Zhu, S.; Suo, C.; Zhang, L.; Zheng, Y.; Shi, L. Somatic mutations in ZFHX4 gene are associated with poor overall survival
of Chinese esophageal squamous cell carcinoma patients. Sci. Rep. 2017, 7, 4951. [CrossRef] [PubMed]

Walker, B.A.; Wardell, C.P.; Melchor, L.; Hulkki, S.; Potter, N.E.; Johnson, D.C.; Fenwick, K.; Kozarewa, I.; Gonzalez, D.; Lord, C.J.;
et al. Intraclonal heterogeneity and distinct molecular mechanisms characterize the development of t(4;14) and t(11;14) myeloma.
Blood 2012, 120, 1077-1086. [CrossRef] [PubMed]

Arai, E.; Gotoh, M,; Tian, Y.; Sakamoto, H.; Ono, M.; Matsuda, A.; Takahashi, Y.; Miyata, S.; Totsuka, H.; Chiku, S.; et al. Alterations
of the spindle checkpoint pathway in clinicopathologically aggressive CpG island methylator phenotype clear cell renal cell
carcinomas. Int. J. Cancer 2015, 137, 2589-2606. [CrossRef] [PubMed]

Amit, M.; Takahashi, H.; Dragomir, M.P; Lindemann, A.; Gleber-Netto, F.O.; Pickering, C.R.; Anfossi, S.; Osman, A.A_; Cai, Y,;
Wang, R.; et al. Loss of p53 drives neuron reprogramming in head and neck cancer. Nature 2020, 578, 449-454. [CrossRef]
Chang, KW.; Chu, T.H.; Gong, N.R.; Chiang, W.E; Yang, C.C.; Liu, C.J.; Wu, C.H.; Lin, S.C. miR-370 modulates insulin receptor
substrate-1 expression and inhibits the tumor phenotypes of oral carcinoma. Oral Dis. 2013, 19, 611-619. [CrossRef]

Scanlon, C.S.; Van Tubergen, E.A.; Inglehart, R.C.; D’Silva, N.J. Biomarkers of epithelial-mesenchymal transition in squamous cell
carcinoma. J. Dent. Res. 2013, 92, 114-121. [CrossRef]

Mezi, S.; Chiappetta, C.; Carletti, R.; Nardini, A.; Cortesi, E.; Orsi, E.; Piesco, G.; Di Gioia, C. Clinical significance of epithelial-to-
mesenchymal transition in laryngeal carcinoma: Its role in the different subsites. Head Neck 2017, 39, 1806-1818. [CrossRef]
Jimenez, L.; Jayakar, S.K.; Ow, T.].; Segall, ].E. Mechanisms of Invasion in Head and Neck Cancer. Arch. Pathol. Lab. Med. 2015,
139, 1334-1348. [CrossRef] [PubMed]

Baglieri, J.; Brenner, D.A.; Kisseleva, T. The Role of Fibrosis and Liver-Associated Fibroblasts in the Pathogenesis of Hepatocellular
Carcinoma. Int. J. Mol. Sci. 2019, 20, 1723. [CrossRef] [PubMed]

Lu, Y,; Dong, B.; Xu, E; Xu, Y,; Pan, J.; Song, J.; Zhang, J.; Huang, Y.; Xue, W. CXCL1-LCN2 paracrine axis promotes progression
of prostate cancer via the Src activation and epithelial-mesenchymal transition. Cell Commun. Signal. 2019, 17, 118. [CrossRef]
[PubMed]

Ding, L.; Zhang, Z.; Shang, D.; Cheng, J.; Yuan, H.; Wu, Y.; Song, X,; Jiang, H. a-Smooth muscle actin-positive myofibroblasts, in
association with epithelial-mesenchymal transition and lymphogenesis, is a critical prognostic parameter in patients with oral
tongue squamous cell carcinoma. J. Oral Pathol. Med. 2014, 43, 335-343. [CrossRef]

Moustakas, A.; Heldin, C.H. Signaling networks guiding epithelial-mesenchymal transitions during embryogenesis and cancer
progression. Cancer Sci. 2007, 98, 1512-1520. [CrossRef]

Aran, D.; Sirota, M.; Butte, A. Systematic pan-cancer analysis of tumour purity. Nat. Commun. 2015, 4, 8971. [CrossRef]

Society, A.C. Facts & Figures 2020. Available online: https:/ /www.cancer.org/cancer/laryngeal-and-hypopharyngeal-cancer/
about.html (accessed on 14 June 2020).

Firehose, Broad Institute of MIT and Harvard. Available online: https://gdac.broadinstitute.org/ (accessed on 28 June 2019).
Analysis-Ready Standardized TCGA Data, Broad GDAC Firehose. Available online: http://gdac.broadinstitute.org/runs/
stddata__2016_01_28/ (accessed on 28 June 2019).


http://doi.org/10.1002/hed.20977
http://doi.org/10.1038/nature13176
http://doi.org/10.1038/sj.bjc.6601679
http://doi.org/10.1080/2162402X.2018.1498439
http://doi.org/10.1016/j.immuni.2016.05.001
http://doi.org/10.1186/s13045-019-0779-5
http://doi.org/10.1158/1535-7163.MCT-17-0937
http://doi.org/10.1016/S0014-5793(97)00800-4
http://doi.org/10.1038/s41598-020-61298-3
http://www.ncbi.nlm.nih.gov/pubmed/32157118
http://doi.org/10.1038/s41598-017-04221-7
http://www.ncbi.nlm.nih.gov/pubmed/28694483
http://doi.org/10.1182/blood-2012-03-412981
http://www.ncbi.nlm.nih.gov/pubmed/22573403
http://doi.org/10.1002/ijc.29630
http://www.ncbi.nlm.nih.gov/pubmed/26061684
http://doi.org/10.1038/s41586-020-1996-3
http://doi.org/10.1111/odi.12046
http://doi.org/10.1177/0022034512467352
http://doi.org/10.1002/hed.24838
http://doi.org/10.5858/arpa.2014-0498-RA
http://www.ncbi.nlm.nih.gov/pubmed/26046491
http://doi.org/10.3390/ijms20071723
http://www.ncbi.nlm.nih.gov/pubmed/30959975
http://doi.org/10.1186/s12964-019-0434-3
http://www.ncbi.nlm.nih.gov/pubmed/31500632
http://doi.org/10.1111/jop.12143
http://doi.org/10.1111/j.1349-7006.2007.00550.x
http://doi.org/10.1038/ncomms9971
https://www.cancer.org/cancer/laryngeal-and-hypopharyngeal-cancer/about.html
https://www.cancer.org/cancer/laryngeal-and-hypopharyngeal-cancer/about.html
https://gdac.broadinstitute.org/
http://gdac.broadinstitute.org/runs/stddata__2016_01_28/
http://gdac.broadinstitute.org/runs/stddata__2016_01_28/

Cancers 2021, 13, 105 13 of 13

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.
69.

R: A Language and Environment for Statistical Computing. Available online: https://www.R-project.org/ (accessed on 28 June
2019).

Colaprico, A.; Silva, T.C.; Olsen, C.; Garofano, L.; Cava, C.; Garolini, D.; Sabedot, T.S.; Malta, T.M.; Pagnotta, S.M.; Castiglioni,
I; et al. TCGADbiolinks: An R/Bioconductor package for integrative analysis of TCGA data. Nucleic Acids Res. 2016, 44, e71.
[CrossRef]

Silva, T.C.; Colaprico, A.; Olsen, C.; D’Angelo, F.; Bontempi, G.; Ceccarelli, M.; Noushmehr, H. Analyze cancer genomics and
epigenomics data using Bioconductor packages. F1000Res 2016, 5, 1542. [CrossRef]

Mounir, M.; Lucchetta, M.; Silva, T.C.; Olsen, C.; Bontempi, G.; Chen, X.; Noushmehr, H.; Colaprico, A.; Papaleo, E. New
functionalities in the TCGAbiolinks package for the study and integration of cancer data from GDC and GTEx. PLoS Comput. Biol.
2019, 15, e1006701. [CrossRef]

Buffa, EM.; Harris, A.L.; West, C.M.; Miller, C.J. Large meta-analysis of multiple cancers reveals a common, compact and highly
prognostic hypoxia metagene. Br. ]. Cancer 2010, 102, 428-435. [CrossRef]

Bhandari, V.; Hoey, C.; Liu, L.Y.; Lalonde, E.; Ray, J.; Livingstone, J.; Lesurf, R.; Shiah, Y.J.; Vujcic, T.; Huang, X.; et al. Molecular
landmarks of tumor hypoxia across cancer types. Nat. Genet. 2019, 51, 308-318. [CrossRef]

Mayakonda, A.; Lin, D.C.; Assenov, Y.; Plass, C.; Koeffler, H.P. Maftools: Efficient and comprehensive analysis of somatic variants
in cancer. Genome Res. 2018, 28, 1747-1756. [CrossRef]

Tan, H.; Bao, J.; Zhou, X. Genome-wide mutational spectra analysis reveals significant cancer-specific heterogeneity. Sci. Rep.
2015, 5, 12566. [CrossRef]

Love, M.L; Huber, W.; Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome
Biol. 2014, 15, 550. [CrossRef] [PubMed]

Creixell, P.; Reimand, J.; Haider, S.; Wu, G.; Shibata, T.; Vazquez, M.; Mustonen, V.; Gonzalez-Perez, A.; Pearson, J.; Sander, C.;
et al. Pathway and network analysis of cancer genomes. Nat. Methods 2015, 12, 615-621. [PubMed]

Fabregat, A.; Jupe, S.; Matthews, L.; Sidiropoulos, K.; Gillespie, M.; Garapati, P.; Haw, R.; Jassal, B.; Korninger, F.; May, B.; et al.
The Reactome Pathway Knowledgebase. Nucleic Acids Res. 2018, 46, D649-D655. [CrossRef] [PubMed]

Li, J.; Akbani, R.; Zhao, W.; Lu, Y.; Weinstein, ].N.; Mills, G.B.; Liang, H. Explore, Visualize, and Analyze Functional Cancer
Proteomic Data Using the Cancer Proteome Atlas. Cancer Res. 2017, 77, e51-e54. [CrossRef]

Li,J.; Lu, Y;; Akbani, R.; Ju, Z.; Roebuck, PL.; Liu, W.; Yang, ].Y.; Broom, B.M.; Verhaak, R.G.; Kane, D.W,; et al. TCPA: A resource
for cancer functional proteomics data. Nat. Methods 2013, 10, 1046-1047. [CrossRef]

Sturm, G.; Finotello, E; Petitprez, F; Zhang, ].D.; Baumbach, J.; Fridman, W.H.; List, M.; Aneichyk, T. Comprehensive evaluation
of transcriptome-based cell-type quantification methods for immuno-oncology. Bioinformatics 2019, 35, 1436-i445. [CrossRef]
Becht, E.; Giraldo, N.A.; Lacroix, L.; Buttard, B.; Elarouci, N.; Petitprez, E; Selves, J.; Laurent-Puig, P.; Sautes-Fridman, C.;
Fridman, WH,; et al. Estimating the population abundance of tissue-infiltrating immune and stromal cell populations using gene
expression. Genome Biol. 2016, 17, 218. [CrossRef]

Therneau, T.; Grambsch, P. Modeling Survival Data: Extending the Cox Model, 1st ed.; Springer: New York, N, USA, 2000.
Bhandari, V.; Li, C.H.; Bristow, R.G.; Boutros, P.C.; Consortium, P. Divergent mutational processes distinguish hypoxic and
normoxic tumours. Nat. Commun. 2020, 11, 737. [CrossRef] [PubMed]


https://www.R-project.org/
http://doi.org/10.1093/nar/gkv1507
http://doi.org/10.12688/f1000research.8923.1
http://doi.org/10.1371/journal.pcbi.1006701
http://doi.org/10.1038/sj.bjc.6605450
http://doi.org/10.1038/s41588-018-0318-2
http://doi.org/10.1101/gr.239244.118
http://doi.org/10.1038/srep12566
http://doi.org/10.1186/s13059-014-0550-8
http://www.ncbi.nlm.nih.gov/pubmed/25516281
http://www.ncbi.nlm.nih.gov/pubmed/26125594
http://doi.org/10.1093/nar/gkx1132
http://www.ncbi.nlm.nih.gov/pubmed/29145629
http://doi.org/10.1158/0008-5472.CAN-17-0369
http://doi.org/10.1038/nmeth.2650
http://doi.org/10.1093/bioinformatics/btz363
http://doi.org/10.1186/s13059-016-1070-5
http://doi.org/10.1038/s41467-019-14052-x
http://www.ncbi.nlm.nih.gov/pubmed/32024819

	Introduction 
	Results 
	Clinical Characteristics Differ by Laryngeal Subsite 
	Overall SNVs and Smoking-Associated C>T Transversions Were More Frequent in the Supraglottis 
	Signatures by Subsite Analysis 
	Multivariate Analysis of Survival with Clinical Variables and NSD1 Mutation Status 
	Muscle Contraction and Neural Pathways Were Upregulated in the Glottis 
	Protein Expression Differed between Subsites 
	CNAs, TME, and Hypoxia Status Did Not Differ between Subsites 

	Discussion 
	Materials and Methods 
	Data Acquisition 
	Statistics 
	Clinical Features 
	Exome Sequence Analysis 
	Copy Number Alterations 
	mRNA and Pathway Analysis 
	Reverse Phase Protein Array (RPPA) Analysis 
	Tumor Microenvironment Estimation 
	Survival Analysis 
	Hypoxia 


	Conclusions 
	References

