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Abstract Human papillomavirus (HPV)-related oropharyngeal small-cell carcinoma
(OPSmMCC) is a rare malignancy with aggressive behavior, whereas HPV-related oropharyn-
geal squamous-cell carcinoma (OPSqCC) displays a favorable prognosis. Notably, these
two malignancies occasionally arise in an identical tumor. In this case study, we explored
the molecular characteristics that distinguishes these two carcinomas using a rare case of
HPV-related oropharyngeal carcinoma (OPC) with the combined histology of SmCC and
SqCC. Immunohistochemical analysis and HPV-RNA in situ hybridization (ISH) suggested
that both SmCC and SqCC were HPV-related malignancies. Targeted exome sequencing
revealed that SmCC and SqCC had no significant difference in mutations of known driver
genes. In contrast, RNA sequencing followed by bioinformatic analyses suggested that ab-
errant transcriptional programs may be responsible for the neuroendocrine differentiation
of HPV-related OPC. Compared to SqCC, genes up-regulated in SmCC were functionally
enriched in inflammatory and immune responses (e.g., arachidonic acid metabolism). We
then developed a SmCC-like gene module (top 10 up-regulated genes) and found that
OPC patients with high module activity showed poor prognosis in The Cancer Genome
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Atlas (TCGA) and GSE65858 cohort. Gene set enrichment analysis of the SmCC-like
gene module suggested its link to MYC proto-oncogene in the TCGA data set. Taken to-
gether, these findings suggest that the SmCC-like gene module may contribute to acquisi-
tion of aggressive phenotypes and tumor heterogeneity of HPV-related OPC. The present
case study is the first report of genetic and transcriptomic aberrations in HPV-related
OPSmCC combined with SqCC.

[Supplemental material is available for this article.]

INTRODUCTION

The discovery and recent upsurge of human papillomavirus (HPV)-related oropharyngeal

doi:10.1101/mcs.a006102 squamous-cell carcinoma (OPSqCC) had a substantial impact on the treatment of head
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and neck cancer (Ang et al. 2010; Pytynia et al. 2014). This distinctive type of cancer
demonstrates favorable responses to conventional chemo/radiation therapy and is thereby
associated with significantly better survival than canonical tobacco- and alcohol-related
HPV-negative OPSqCC. As a result, in 2017, the American Joint Committee on Cancer
TNM classification specified HPV-related OPSqCC as a separate entity and set a lenient clas-
sification (i.e., downstaging) to this malignancy (O'Sullivan et al. 2016; Machczynski et al.
2020). Consequently, there has been a worldwide attempt to reduce the treatment intensity
for HPV-related OPSqCC (Saito et al. 2020).

Onthe otherhand, in accordance with the increase in HPV-related OPSqCC, the presence
of HPV-related oropharyngeal small-cell carcinoma (OPSmCC) has been recognized recently
(Bishop et al. 2012). Consistent with SmCC in lung and extrapulmonary regions (e.g., larynx)
(Bean et al. 2019; Wakasaki et al. 2019), HPV-related OPSmCC demonstrates an aggressive
phenotype and a highly dismal prognosis (Bishop and Westra 2011). Notably, HPV-related
OPSqCC and OPSmMCC often develop as a combined tumor (Bishop and Westra 2011;
Nakano et al. 2017). Thus, it is of particular interest and of clinical importance to investigate
the molecular mechanism that divides these two HPV-related carcinomas arising in the same
organ. The occurrence of HPV-related oropharyngeal carcinoma (OPC) is explained as follows
(Chung and Gillison 2009; Marur et al. 2010; Pytynia etal. 2014; Kang et al. 2015): (1) infection
of high-risk HPV to the basal progenitor cells in the tonsil crypts; (2) HPV-DNA integration into
the host genomic DNA; (3) production of viral E6 and E7 proteins and respective inhibition of
p53 and pRB proteins, which lead to the increased expression of the p16 protein through a
feedback loop; and (4) frequent mutations of PIK3CA. Interestingly, the genetic landscape
of lung SmCC is characterized by essential inactivating mutations in two identical molecules
inhibited in HPV-related OPSqCC and OPSmCC: TP53 and RB1 (George et al. 2015). In the
case of lung SmCC, certain additional mutations (e.g., NOTCH1) were observed in 25% of the
patients, suggesting that inactivation of notch signaling may affect SmCC development
(George etal. 2015). Therefore, we speculated that a similar mechanism may endow HPV-in-
fected OPC with an aggressive neuroendocrine phenotype.

In this context, we recently encountered a rare case of HPV-related OPC in which we de-
tected the combined histology of SmMCC and SqCC before treatment. This information en-
abled us to separately collect frozen samples from each component during surgery. We
then analyzed the genetic and transcriptomic features of HPV-related SmCC and SqCC of
the oropharynx using targeted exome sequencing and RNA sequencing (RNA-seq).
Genetically, no significant difference in the mutations of known driver genes was observed
between SmCC and SqCC. In contrast, RNA-seq suggested that epigenetic mechanisms
may be involved in neuroendocrine differentiation of HPV-related OPC. By comparing the
expression profiles, we developed a SmCC-like gene module. Interestingly, high activity
of the SmCC-like gene module was significantly associated with the poor prognosis of
OPC patients in The Cancer Genome Atlas (TCGA) and another cohort. Our results suggest
that aberrant transcriptional programs may not only affect tumor heterogeneity and clonal
evolution of HPV-related OPC, but also possibly contribute as a biomarker to uncover poten-
tial high-risk group in HPV-related OPC patients.

RESULTS

Clinical Presentation

A53-yr-old Japanese female patient who presented with a sore throat and lymphadenopathy
in her left neck visited a local clinic 3 wk prior to the first visit to our hospital. She had no history
of smoking and drank socially. She was found to have an ulcerated mass in her left tonsil, which
was initially diagnosed as SmCC by small-tissue biopsy. The patient was referred to our
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Figure 1. Clinical images of the patient with human papillomavirus (HPV)-related oropharyngeal carcinoma
(OPC) in this study. (A) A fiberscopic image of the primary tumor in the left tonsil (red arrowhead). (B,C)
Postcontrast T1-weighted magnetic resonance imaging (MRI; B) and positron emission tomography per-
formed with 2-[fluorine-18]fluoro-2-deoxy-d-glucose (FDG-PET; C) revealed a left tonsillar mass and left cer-
vical lymphadenopathy in the level Il region (red arrowhead).

hospital for further examination. To examine the expression of p16, tissue biopsy from the tu-
mor was retaken (Fig. 1A). Subsequent histopathological analysis indicated that this tumor
contained SqCC, as it was immunohistochemically positive for p16 and neuroendocrine
marker-positive necrotic cells. Taken together, the findings suggested that the tumor was a
rare type of OPC showing the combined histology of SqCC and SmCC.

Contrast-enhanced magnetic resonance imaging (MRI) of the head and neck region
showed a 35-mm well-defined, enhancing mass in the left tonsil with the involvement of mul-
tiple left lymph nodes (Fig. 1B). Whole-body positron emission tomography/computed to-
mography (PET/CT) indicated prominent fluorodeoxyglucose uptake within the left tonsil
and level Il lymph nodes in the left neck without distant metastasis (Fig. 1C). From these find-
ings, the clinical stage of this oropharyngeal tumor was diagnosed as T2N1MO0 and stage |
disease according to the 8th edition of the Union for International Cancer Control-TNM (tu-
mor, node, and metastasis; UICC-TNM) classification (Amin et al. 2017). Given the aggres-
sive behavior of SmCC, she was treated with pull-through oropharyngectomy plus left
modified neck dissection (level I-V), followed by reconstruction of the left lateral oropharyn-
geal wall with a right anterolateral thigh flap. Intraoperative histological examination of the
tonsillar tumor specimen revealed the intratumor distribution of SmCC and SqCC, enabling
separate collection of the SmCC and SqCC components from the tumor specimen. Then,
these tumor samples and a noncancerous tonsillar tissue taken from the right tonsil were
snap-frozen in liquid nitrogen for further molecular analyses. Adjuvant chemoradiation ther-
apy (CRT) was performed with a total dose of 61.2-Gy radiation and 1 cycle of cisplatin (80
mg/m?). At 26 months after adjuvant CRT, the patient is alive without locoregional recur-
rence or distant metastasis.

Pathological and Immunohistochemical Findings

The surgically resected primary tumor in the left tonsil was subjected to histological analysis.
HE staining of the tumor showed the combined histology of SMCC and SqCC, in which small
monotonous carcinoma cells and nonkeratinizing squamous carcinoma cells were synchro-
nously observed (Fig. 2A-E). Immunohistochemically, the tumor cells of the SmCC compo-
nent were positive for the neuroendocrine marker chromogranin A but negative for the
squamous marker p40. In contrast, the tumor cells of the SqCC component were diffusely
positive for p40 but negative for chromogranin A. Both components showed a positive stain-
ing pattern for p16 (Fig. 3A-D). In high-grade neuroendocrine carcinomas such as SmCC,
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Figure 2. Representative histology of the primary OPC with combined histology of SMCC and SqCC. (A) A
macroscopic image of the surgically resected primary tumor. The resected specimen showed small-cell carci-
noma (SmCC; blue line) and squamous-cell carcinoma (SqCC; purple line). (B-D) Histological images of the
primary tumor (B, hematoxylin and eosin staining) indicating the combined histology of SmCC (C) and
SqCC (D) components.

Figure 3. Immunohistochemistry (IHC) and HPV-RNA in situ hybridization (ISH) of the primary OPC. (A) IHC for
p40 showed positive nuclear staining in SqCC but negative staining in SmCC. (B) In contrast, chromogranin A
was immunohistochemically positive in SmCC but negative in SqCC. (C,D) IHC for p16 indicating positive
staining in both SqCC (C) and SmCC (D). (E,F) High-risk HPV-RNA ISH showed positive nuclear staining in
SqCC (E) and SmCC (F).
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p16 is reportedly not suitable as a surrogate marker of HPV infection because p16 is fre-
quently overexpressed via other mechanisms (Yuan et al. 1999; Bishop and Westra 2011).
For this reason, we performed HPV-RNA in situ hybridization (ISH) on these tumor speci-
mens. This analysis showed that both SmCC and SqCC were positive for high-risk HPV
RNA, indicating that both of these tumor cells are HPV-related malignancies (Fig. 3E,F).

Genomic Analysis

To reveal the differences in somatic mutations of known driver genes between SmCC and
SqCC, targeted exome sequencing was performed on the DNA extracted from tumor tissues
and noncancerous tissues. In total, 44 and 42 somatic mutations were identified in SmCC and
SqCC, respectively, and 42 mutations were shared between SmCC and SqCC. Of these,
PIK3CA p.E542K, which is frequently mutated in head and neck cancers, including HPV-re-
lated OPSqCC, was identified as a known hotspot driver mutation listed in the COSMIC da-
tabase (Table 1; Stransky et al. 2011; Nichols et al. 2013). Although two mutations, CDKN2A
p.H66R and ADGRB3 p.E436K, were found to be unique to SmCC, their functional and clin-
ical significance has not yet been reported. Thus, we concluded that there was no significant
difference in major driver mutations between SmCC and SqCC.

Transcriptomic Analyses with Publicly Available Data Sets

The results of the genomic analysis motivated us to investigate differences in the transcrip-
tomes between SmCC and SqCC. For this purpose, we conducted RNA-seq using RNA ex-
tracted from SmCC, SqCC, and noncancerous tonsillar tissues. Unsupervised hierarchical
clustering and principal component analysis (PCA) of the normalized read count data of
SmCC, SqCC, and 69 OPSqCC tumors (including 46 HPV-positive and 23 HPV-negative
cases) from the TCGA data set showed that both SmMCC and SqCC belong to the HPV-pos-
itive cluster, suggesting that the overall transcriptional profiles of these two cancers are influ-
enced by HPV infection (Fig. 4A; Supplemental Fig. S1A). Subsequent bioinformatics
analyses revealed that 966 genes were up-regulated, whereas 993 genes were down-regu-
lated significantly in SmCC compared with SqCC (Fig. 4B; Supplemental Fig. S1B). Gene
Ontology (GO) analysis of the SmCC-specific up-regulated genes showed the enrichment
of gene sets involved in arachidonic acid metabolism, inflammatory and immune responses
and keratinocyte differentiation (Table 2). Among these up-regulated genes, we selected the
top 10 up-regulated genes as the “SmCC-like gene module” (Fig. 4C). This module included
genes reportedly involved in tumor progression, invasion and chemoresistance, such as
Uroplakin 1B (UPK1B) and Kallikrein-related peptidases (KLK7, 8 and 12) (Dong et al.
2010; Kryza et al. 2016; Wang et al. 2018; Gong et al. 2020). To explore oncogenic pathways
correlated with the SmCC-like gene module activity (i.e., average of 10 module gene

Table 1. Somatic mutations observed in SmCC and SqCC

Variant Predicted

Gene Chr HGVS CDS HGVS protein type effect dbSNP Genotype
Hotspot mutation observed in both SmCC and SqCC

PIK3CA 3 NM_006218.3: ¢.1624G > A NP_006209.2: p.E542K SNV Missense rs121913273  Heterozygous
Mutations unique to SmCC

CDKN2A 9 NM_001195132.1: c.197A>G NP_001182061.1: SNV Missense rs756750256 Heterozygous

p.H66R
ADGRB3 6 NM_001704.2: c.1306G > A NP_001695.2: p.E436K SNV Missense rs141698131 Heterozygous

(Chr) Chromosome, (HGVS CDS) Human Genome Variation Society coding sequence, (dbSNP) Single Nucleotide Polymorphism Database.
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Figure 4. Clinical significance of SmCC-like gene module in OPC. (A) Principal component analysis of SmCC,
SqCC, and 69 OPSqCC patients in the TCGA illustrating the clustering of samples. Both SqCC (blue dot) and
SMCC (purple dot) were clustered in the HPV-positive group (green ellipse). (B) Differential expression analy-
sis. Each dot represents the normalized read counts of genes. Red dots and blue dots indicate significantly up-
regulated genes in SmMCC and SqCC, respectively. (C) Gene Set Enrichment Analysis (GSEA) showing MYC
target gene sets positively correlated with the SmCC-like gene module activity in the TCGA HPV-positive
OPSqCC data set (N =46). Predicted MYC target genes in the SmCC-like gene module are shown in red let-
ters. (NES) Normalized enrichment score, (FDR) false discovery rate. (D) Clinical relevance of the SmCC-like
gene module activity in OPSqCC patients. Kaplan—Meier survival curves for the overall survival of HPV-positive
patients (N =46, left) and all patients (N = 69, middle) in the TCGA data set. Kaplan-Meier survival curves for
the overall survival of HPV-positive patients in GSE65858 (N =55, right). P-values were calculated using the
log-rank test.

expression levels; see Methods), we performed gene set enrichment analysis (GSEA) using
the TCGA HPV-positive OPSqCC data set. Of note, SmCC-like gene module activity was
positively correlated with the expression of target gene sets of MYC proto-oncogene.
Consistent with these results, six out of 10 genes in SmCC-like gene module and 59% of
up-regulated genes in SmCC were predicted as transcriptional targets of MYC (Fig. 4C).

The SmCC-Like Gene Module Predicts Poor Prognosis of OPC Patients

Finally, we explored clinical implications of the SmCC-like gene module activity in OPC
patients. Notably, this activity was significantly correlated with poor prognosis in both
HPV-positive (N=46) and the overall cohort (N=69) (log-rank P=0.0055 and 0.013,
respectively) (Fig. 4D). These results were further validated using GSE65858 microarray
data set (N=55) (Wichmann et al. 2015). The module activity was positively correlated
with poor prognosis of HPV-positive OPC patients in this cohort (log-rank P=0.0062) (Fig.
4D), suggesting that the SmCC-like gene expression program might be involved in the ac-
quisition of the aggressive phenotypes of OPC.
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Table 2. Enriched gene ontology (GO) categories and KEGG pathways of the up-regulated genes in small-cell
carcinoma detected by DAVID (FDR<0.01)

GO term (biological process) GO ID Gene count FDR
Peptide cross-linking G0:0018149 21 9.79x 1073
Keratinocyte differentiation GO0:0030216 23 458 x 107"
Immune response GO:0006955 52 1.49x 1070
Epidermis development GO:0008544 23 2.89x107"°
Keratinization G0:0031424 17 4.96x 1077
Inflammatory response GO:0006954 42 5.98 x 1077
Innate immune response GO:0045087 38 1.01x1073
Cell adhesion GO:0007155 37 9.13x 1073
Adaptive immune response G0O:0002250 18 9.13x107°
Leukocyte chemotaxis G0O:0030595 6 9.13x 1073
Humoral immune response GO:0006959 " 9.13x 107
Response to lipopolysaccharide G0:0032496 19 9.13x 1073
Negative regulation of endopeptidase activity GO:0010951 16 9.13x1073
KEGG pathway Pathway ID Gene count FDR
Avrachidonic acid metabolism hsa005%90 13 4.83x107*
B-cell receptor signaling pathway hsa04662 13 9.29x107*
Hematopoietic cell lineage hsa04640 14 1.46x 1073
Staphylococcus aureus infection hsa05150 11 1.46x1073
Intestinal immune network for IgA production hsa04672 10 2.22x1073
Asthma hsa05310 8 3.36x107°
Cytokine—cytokine receptor interaction hsa04060 23 3.90x 1073
Drug metabolism—cytochrome P450 hsa00982 11 5.02x 1073
Primary immunodeficiency hsa05340 8 5.02x 1073
Complement and coagulation cascades hsa04610 (N 5.02x 1073
Metabolism of xenobiotics by cytochrome P450 hsa00980 1 7.56 %1073
Malaria hsa05144 9 7.56x 1073

(KEGG) Kyoto Ecyclopedia of Genes and Genomes, (FDR) false discovery rate.

DISCUSSION

As shown in the present study, HPV-related OPSmCC and SqCC arise in an identical organ un-
der the influence of a common carcinogenic pathway (i.e., infection of high-risk HPV) (Bishop
and Westra 2011; Nakano et al. 2017). However, these two types of cancer demonstrate
opposing phenotypes: SmCC is recognized as one of the most aggressive forms of cancer
(Bishop and Westra 2011), whereas SqCC is recognized as a curable cancer (Ang et al. 2010).
Concerning tumor progression, SmCC appears to be a more advanced cancer that acquires
neuroendocrine cell morphology and an aggressive phenotype compared to SqCC, although
they develop on the commonly shared inhibition of p53 and pRB proteins. Our main concern
was to clarify the molecular characteristics that distinguish these two cancers. In reference to the
genetic landscape of pulmonary SmCC (George et al. 2015), which is described by essential
mutations of TP53 and RB71 and additional mutations, including those of TP73 and
NOTCH?1, we hypothesized that certain driver mutations may contribute to the development
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of HPV-related SmCC. However, our results suggested that not genetic but rather transcription-
al programs could be a main cause of neuroendocrine differentiation in the present case.

GO analysis indicated the enrichment of genes involved in inflammation and immune
responses in the SmCC component. Given that the physiological role of the palatine tonsil
is the barrier for pathogens, including viruses and bacteria, it is plausible that OPC is de-
pendent on the transcriptional programs activated in response to organ-specific microen-
vironmental stressors. It is now a widely accepted concept that stress-triggered
transcriptional programs are strong inducers of cancer hallmarks such as limitless self-re-
newal, anti-apoptosis, and dedifferentiation (Quail and Joyce 2013; Zanconato et al.
2019). This scenario is supported by our recent discovery that conditional activation of
the stress sensor Yap1 can transcriptionally cause rapid carcinogenesis of oral SqCC in
mice (Omori et al. 2020) and appears to account for the correlation between the prevailing
activation of the SmCC-like gene module and the aggressive phenotype of OPC.
Moreover, arachidonic acid metabolism, which is a representative inflammatory response,
was the most prominently enriched pathway in the SmMCC expression profile (Table 2).
Analogous to OPC, colon adenocarcinomas arise from the progenitor cells in colonic
crypts, where the end products of the arachidonic acid cascade, prostaglandins, play an im-
portant role in carcinogenesis (Terzi¢ et al. 2010). A similar process may be involved in the
carcinogenesis of OPC, particularly SmCC. GSEA in the TCGA data set showed positive
correlations between SmCC-like gene module activity and the expression of target genes
of MYC. A recent study reported that c-Myc and L-Myc determine molecular and histolog-
ical subtypes of pulmonary SmCC (Patel et al. 2021). Similarly, activation of N-Myc trans-
forms human prostate epithelial cells to neuroendocrine cancer cells (Lee et al. 2016).
Interestingly, overexpressed MYC reportedly drives proliferation of HPV-positive cervical
neuroendocrine carcinoma (Yuan et al. 2017). In the present case, we did not observe stat-
istically significant differences in MYC expression levels between SmCC and SqCC (3.6-fold
higher in SmCC compared with SqCC, data not shown). However, considering that more
than half of the up-regulated genes in SmCC were predicted as transcriptional targets of
MYC, the aberrant transcriptional program induced by MYC may play a key role in carcino-
genesis and/or differentiation of OPSMCC. The precise interactions of the SmCC-like gene
module with HPV infection, neuroendocrine differentiation as well as MYC proto-oncogene
must be elucidated in future studies. It is also an intriguing subject to investigate whether
the occurrence of SmCC is a de novo process from progenitor cells or a stepwise transfor-
mation process from SqCC.

Of note, activation of the SmCC-like gene module predicted poor survival of OPC pa-
tients. Our results illuminated the potential clinical risks associated with OPC diagnosis
and treatment. It was coincidental that we have detected the combined histology of
SMCC and SqCC in the respective small-biopsy specimens taken in the former clinic and
our facility. Therefore, there was a high possibility that we might have misdiagnosed this
case as HPV-related SqCC overlooking the SmCC component and then treated the patient
with CRT alone, resulting in unfavorable outcomes. One potential pitfall of small-tissue biop-
sies is overlooking subpopulations with aggressive phenotype in the entire tumor, because
these techniques provide only a limited number of cells from limited sites. Additionally, pre-
cise diagnosis on such small specimens acquired from oropharynx are still challenging
(Palsgrove and Bishop 2020). Our data suggested that, as well as SmCC, not a small popu-
lation of SqCC that retains squamous morphology may be malignantly reprogrammed by the
SmCC expression profile in the OPC tumor microenvironment. However, comprehensive ge-
nomic/transcriptomic analysis combined with clinicopathological analysis in larger patient
cohorts of HPV-related SmCC will be required to uncover the molecular basis and tumor het-
erogeneity of HPV-related OPSmCC as well as to develop strategies for detecting high-risk
HPV-related OPC patients.
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In conclusion, we described a comprehensive histologic, genomic, and transcriptomic
analysis of a rare case of HPV-related OPC with the combined histology of SqCC and
SmCC. Our findings provide biological and clinical insights into HPV-related OPSmCC.

METHODS

Immunohistochemical Analysis

Immunohistochemical staining was performed on 4-um formalin-fixed, paraffin-embedded
tissue sections. The primary antibodies used in the analyses were as follows: anti-p40
(BC28, 1:200; Abcam), anti-p16 (E6H4, prediluted; CIN Histology Kit; Roche), and anti-chro-
mogranin A (prediluted; Nichirei Biosciences). For p16, immunohistochemistry (IHC) was
performed with an ultraView universal DAB detection kit (Ventana Medical Systems) accord-
ing to the manufacturer’s protocol. An OptiView DAB detection kit (Ventana Medical
Systems) was used for p40 and chromogranin A. All slides were counterstained with
Mayer's hematoxylin (Sigma-Aldrich).

HPV RNA In Situ Hybridization (ISH)

ISH was performed to detect HPV-RNA using an E6/E7 mRNA probe set (Advanced Cell
Diagnostics) for 18 types of high-risk HPV (types 16, 18, 26, 31, 33, 35, 39, 45, 51, 52, 53,
56, 58, 59, 66, 68, 73, and 82) with an RNA scope 2.5HD detection kit (Advanced Cell
Diagnostics) according to the manufacturer’s protocols. Any nuclear or cytoplasmic staining
was considered positive as previously described (Bishop et al. 2012; Jiromaru et al. 2020).

Sample Collection and Nucleic Acid Extraction

Intraoperative histological examination was performed by an experienced pathologist (K.T.)
to evaluate the intratumor distribution of SMCC and SqCC in the surgically resected primary
tumor specimen. Based on this evaluation, the SmCC and SqCC samples were obtained
from each component by macrodissection. These tumor samples and a noncancerous sam-
ple obtained from the right tonsil were immediately frozen in liquid nitrogen and stored at
—80°C until nucleic acid extraction. Genomic DNA was extracted from each sample by eth-
anol precipitation. Total RNA extraction was performed using ISOGEN-II (Nippon Gene) ac-
cording to the manufacturer’s protocols.

Targeted Sequencing for the Detection of Somatic Mutations

DNA extracted from the tumor samples and the noncancerous sample was subjected to tar-
geted exome sequencing for 409 known cancer-related genes using an Oncomine tumor
mutation load assay kit and the lonS5 System (Thermo Fisher) according to the manufactur-
er's protocols. The sequencing data were analyzed with lon Reporter v5.1 and Torrent suite
v5.8.0 software.

RNA Sequencing (RNA-seq) and Data Analysis

RNA extracted from the tumor samples and the noncancerous sample was sequenced on
a DNBSEQ-G400 sequencer at Beijing Genomics Institutions (Shenzhen, China). The
sequenced data were analyzed with the in-house pipeline Genomon2 v2.5.2 (https:/
genomon-project.github.io/GenomonPagesR)  using the supercomputing system
SHIROKANE (University of Tokyo). Briefly, sequencing reads were aligned to the human ref-
erence GRCh37/hg37 genome by STAR v2.5.2a using Gencode v22 annotations. Gene
count tables were generated with htseg-count, a part of HTSeq v0.6.0 (Anders et al.
2015). Downstream analyses were carried out using R v3.6.3. (The R Foundation for
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Statistical Computing). Normalization of the read count data and the detection of differen-
tially expressed genes between SmCC and SqCC were carried out with NOlseq v2.28.0
(Tarazona et al. 2015). GO analysis was performed using the DAVID tool version 6.8 Beta
(Huang et al. 2007).

Analysis of the Publicly Available Transcriptomic Data Set

The clinical information, RNA-seq read count data, and RSEM normalized expression data of
69 patients with primary OPSqCC in the TCGA were downloaded from the GDC data portal
(https://portal.gdc.cancer.gov/). Microarray data with clinical information of OPSqCC pa-
tients in the GSE65858 data set were downloaded from NCBI Gene Expression Omnibus
(GEO) (https://www.ncbi.nlm.nih.gov/geo). The read count data of OPSqCC patients in
the TCGA and the patient in this study were combined into one matrix. Subsequently, the
merged data were normalized using DESeq2 v1.24.0 (Love et al. 2014). For sample cluster-
ing and principal component analysis, genes with zero counts across all samples were re-
moved. SmCC-like gene module activity was calculated for each patient using the
average of the mRNA expression levels of ten genes overexpressed in SmCC tissues (i.e.,
KLK7, UPK1B, GJB6, OMD, SPINK7, LYPD2, KLK12, GDF10, CRCT1, and KLK8) as previous-
ly described (Omori etal. 2019). GSEA was performed on RSEM-normalized RNA-seq data of
the TCGA HPV-positive OPSqCC data set using GSEA v4.1.0 (Subramanian et al. 2005).
Transcriptional target genes of MYC predicted by ChIP-seq experiments in ENCODE project
were obtained from Harmonizome database (Rouillard et al. 2016). For survival analysis,
Cutoff Finder (Budczies et al. 2012) was used to determine the cutoff values to stratify pa-
tients into two groups based on the SmCC-like gene module expression levels by calculating
minimal Euclidean distances to the upper left comner on receiver operator characteristic
(ROC) curves. Overall survival curves were plotted according to the Kaplan-Meier method
and compared by the log-rank test using the R package survival. P<0.05 was considered
statistically significant.

ADDITIONAL INFORMATION

Database Deposition and Access

The RNA-seq data sets have been deposited into the National Center for Biotechnology
Information (NCBI) Gene Expression Omnibus (GEO) (https:/www.ncbi.nlm.nih.gov/geo/)
with accession number GSE166773.
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