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ABSTRACT

Head and neck squamous cells carcinoma (HNSCC) represents one of the most prevalent
and lethal human malignancies worldwide. Despite the advances in early detection and
implementation of interdisciplinary therapy, the aggressive and invasive tumor growth pattern in
addition to the resistance to well established treatment modalities, remains the main cause for poor
outcome. Thus, a better understanding of molecular features involved in early and late HNSCC
steps is an urgent need for the improvement of patients management and outcome. In this study,
we utilize multiscale omics based on whole-exome sequencing, global DNA methylation and gene
expression profile to investigate cancer-related genes in tumor initiation and progression
processes. The combination of genetic and epigenetic alterations showed the effect of DNA
methylation in regulating two different genes (RYR2 and SOX2) during tumor initiation and
progression. The detection of DNA methylation and respective gene expression might help to

predict patients risk for malignant transformation and worse outcome.

Key-Words: Head and Neck Carcinoma, DNA methylation, SOX2, RYR2
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1. INTRODUCTION

Head and neck squamous cells carcinoma (HNSCC) is one of the 17 major human cancer
types (UHLEN; ZHANG; LEE; SJOSTEDT et al, 2017). HNSCC arises from the malignant
transformation of epithelial cells from the oral cavity, oropharynx, larynx and hypopharynx
mucosa. The classic risk factors are smoking habit, excessive alcohol consumption and, more
recent, infection by high-risk human papillomaviruses (HPVs). HPV infection occurs mainly in
oropharynx tumors, and the most prevalent HNSCC subgroup of tumors is of those originated from
the oral cavity (OSCC) (FREIER; KNOEPFLE; FLECHTENMACHER; PUNGS e al, 2010;
LEEMANS; SNIJDERS; BRAKENHOFF, 2018). With an annual incidence of approximately 600.000
cases worldwide, 15.000 of those in Brazil and Germany alone. HNSCC is one of the most common
and lethal human malignancies, representing 350.000 deaths per year (LEEMANS; BRAAKHUIS;
BRAKENHOFF, 2011; LEEMANS; SNIJDERS; BRAKENHOFF, 2018; MICHMERHUIZEN;
BIRKELAND; BRADFORD; BRENNER, 2016).

During initial diagnosis, most HNSCC patients already present a locally advanced disease
which requires complex interdisciplinary therapy consisting of surgery, radiotherapy, and
chemotherapy. Despite this highly aggressive approach, which often significantly impairs quality
of life, around 50% of patients develop recurrence within 2 years (CITRON; ARMENIA;
FRANCHIN; POLESEL et al., 2017) (HADDAD; SHIN, 2008).

Clinical parameters systems, like TNM, currently applied as standard for therapeutic
decisions, are unable to predict the tumor biological behavior and consequently fail to predict
patients outcome (FREIER; HOFELE; KNOEPFLE; GROSS et al., 2010). In addition, other tumors
from head and neck regions with the same origin and diagnosis, such as squamous cells carcinoma,
may exhibit different behavior that can not be predicted by their histopathological morphology
alone, requiring more detailed genetic and epigenetic profiling (BELBIN; SINGH; BARBER; SOCCI
et al., 2002; FREIER; HOFELE; KNOEPFLE; GROSS et al, 2010; LLERAS; SMITH; ADRIEN;
SCHLECHT et al., 2013).

Tumor initiation, progression and metastasis of head and neck cancer involve a multistep
and multifactorial process resulted from the build-up of DNA-level genetic and epigenetic
alterations. The novel, high-throughput technologies have revolutionized the understanding of the
genetic and epigenetic pocesses that drive cancer. The omics studies enable a detailed
comprehension of multiple tumor types and their complexity. The cancer genome atlas (TCGA) is
a complete database of molecular alterations from 33 cancer types and more than 20.000 primary
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samples. A systematic exploration from those omics comprise genomic, epigenomic,
transcriptomic and proteomic data (The Cancer Genome Atlas Program - National Cancer Institute, 20138;
CIRIELLO; MILLER; AKSOY; SENBABAOGLU et al, 2013; DEMOKAN; DALAY, 2011;
MARTINCORENA; CAMPBELL, 2015). Thus, a better understanding of molecular features involved
in HNSCC during tumor initiation and progression is an urgent need for the improvement of

patients management and outcome.

Transcription Factors

Transcription factors are DNA-binding regulatory proteins that influence the recruitment of RNA
polymerase II and consequently modulate gene expression. During development and cell
differentiation, their activity changes will guide cell-specificity and regulate this process.
Alterations in transcription factors can cause different comorbidities such as cardiovascular
disease, inflammatory conditions, neurological disorders, diabetes and obesity. In cancer, those
alterations are deletion, amplification, chromosomal translocation or mutation that lead to a gain
or loss of function of genes that encode transcription factors. Transcription factors are also

estimated to be responsible for 20% of oncogenes (PAPAVASSILIOU; PAPAVASSILIOU, 2016).

The SRY-related (SOX) transcriptional factor family is composed of 20 gene members,
divided in eight groups, SOXA4 to SOXH, located at autosomal chromosomes plus the Y
chromosome. The SOX family is well known for playing a crucial role in different stages of
development, physiological, and pathological steps, being responsible for cell type-specific genetic
programs in stem, progenitor and highly specialized cells. Due to this important function,
modifications on this family, specially mutations are associated with congenital diseases and
developmental disorders. Inevitably, somatic mutations or alterations on SOX genes will play a role
also in cancer development. SOX genes are dysregulated in at least one type of cancer, at genetic,
epigenetic, transcriptional, translational and post-translational levels, affecting cell stemness,
survival, proliferation and migration, and acting as tumor promoter or suppressor depending on
tumor type and environment. However, a better characterization of factors responsible for

functional regulation of SOX genes and proteins is still needed (ANGELOZZI; LEFEBVRE, 2019).

SOX2

SOX2 belongs to the SOXB1 group that contains encoding transcriptional activators and is

expressed in progenitor cells from embryogenesis to the most specialized adult cells. SOX2 is one



of the main genes responsible for specification, differentiation and pluripotence maintenance.
SOX2 associated congenital and developmental diseases, characterized by SOX2 heterozygous
loss-of-function, are anophthalmia or microphthalmia syndromes, which comprise craniofacial and
skeletal abnormalities, developmental delay, learning difficulties, esophageal atresia, hearing loss

and genital abnormalities (ANGELOZZI; LEFEBVRE, 2019).

In cancer, SOX2 is expressed in 25 different types implicated in tumor growth,
tumorigenicity, drug resistance and metastasis of ovary, lung, skin, brain, breast, prostate and
pancreatic cancers. In most cancer types, SOX2 is highly expressed and/or amplified, but the effects
of its expression in cancer have only now beginning to be explored and are not yet well clarified

(WUEBBEN; RIZZINO, 2017).

SOX2 is regulated by microRNAs, long non-coding RNAs and post-translational
modification. In HNSCC, PI3K/mTOR signaling, the most common activating genetic event in
HNSCC, has been shown to regulate SOX2, consequently regulating ALDHIA1 and increasing
sphere formation, tumor growth and therapy resistance (KEYSAR; LE; MILLER; JACKSON et al.,
2017). While Sharma et al., 2010 showed that loss of SOX2 induce drug-resistance in cells selected
by epigenetic mechanisms (SHARMA; CAO; KUMAR; ZHANG et al., 2018).

Freier et al., 2010, established 20 HNSCC primary cell lines from different anatomic sites
to functionally analyze the role of key genes involved in pathogenesis, previously described as
relevant clinical signatures by transcriptome analyses, and to better characterize the complexity of
HNSCC. By means of chromosomal comparative genomic hybridization (cCGH), the study
revealed typical chromosomal aberration in HNSCC primary cell lines. The most frequent
aberrations are the copy number gains on autosomal chromosomal arms, especially at the 3q arm
where several oncogenes, such as PIK3CA, CCNLI, FGF12, ACKI and SOX2, are located.
PIK3CA is a well known gene in HNSCC, related to cell survival, proliferation and migration. This
gene present genomic amplification and consequent high protein expression in OSCC dysplasias,
primary tumors and metastasis. The others oncogenes also play an important role in HNSCC, as
CCNL]1 is associated with lymph node metastases, FGF2 with cell survival, and ACKI with cell
migration and invasiveness (FREIER; HOFELE; KNOEPFLE; GROSS et al., 2010; FREIER;
KNOEPFLE; FLECHTENMACHER; PUNGS et al., 2010).

Copy number gain of SOX2 in OSCC was described before as one of the most frequent
chromosomal aberration by the same research group (FREIER; KNOEPFLE; FLECHTENMACHER;
PUNGS et al., 2010). Analyzing 40 OSCC samples, they found high amplification levels at the
3q26.33 arm that was directly associated with high SOX2 mRNA level. This was also the first time
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that high expression of SOX2 was reported in OSCC and underlines SOX2 as an attractive candidate

oncogene to be explored due to the suggestive enrolment in OSCC tumor initiation and progression.

Bayo and Jou et al., 2015 after silencing SOX2 in HNSCC primary cell lines (FREIER;
HOFELE; KNOEPFLE; GROSS et al., 2010) observed an induction of cell motility and a more
mesenchymal phenotype of cell lines with amplification on chromosome 3q. The low SOX2
expression has shown to be an independent prognostic marker for patients with HNSCC. These
data suggest that there is an heterogeneous population of cells regarding SOX2 expression, and
tumor cells with high SOX2 expression due to 3q are more likely of epithelial phenotype, with stem
cell characteristics and lower invasive capacity, while cells with 3q gain and low SOX2 expression
developed a mesenchymal phenotype with higher migration and invasive capacities (BAYO; JOU;

STENZINGER; SHAO et al., 2015).

The molecular mechanism underlying the regulation of SOX2 expression in cases with
amplification of chromosome 3q is still misunderstood. In this study, we will explore the effect of
the most common epigenetic alteration on the regulation of SOX2 expression in cases with

amplification of chromosome 3q.

Genetic Alterations

Genetic alterations are heritable changes that affect the DNA sequence, and are responsible
for the change of gene activity or function through mutations, deletions, insertions or translocations
in DNA sequence (MOORE; LE; FAN, 2013). They are induced by aging, mutagenic factors, UV
light exposure, radiation and oxygen radicals (TAKESHIMA; USHIJIMA, 2019).

Copy number alteration

Copy number alterations (CNAs) are gains or losses of a large region of tumor DNA.
Somatic copy-number alterations (SCNAs) affect a larger fraction of the genome in cancers than
in any other type of somatic genetic alteration. Those alterations can occur in different levels: focal,
arm-level, copy-neutral loss-of-heterozygosity (LOH) and whole-genome duplications (WGD),
and play critical roles in activation of oncogenes or inactivation of tumor suppressors (SONG; JI;

GLEASON; YANG et al., 2019; ZACK; SCHUMACHER; CARTER; CHERNIACK et al., 2013).

Cancers with the same origin, e. g. SCCs, tended to have similar rates of amplification and

deletion in peak SCNA regions. In HNSCC, 43% of SCNA are WGD, and most focal or arm-level

11



SCNAs amplifications occur after WGD. Amplification is highly associated with gene
transcription and expression. Understanding of the biological and phenotypical effects of CNAs
has led to substantial advances in cancer diagnostics and therapeutics. Most major cancer types
have been systematically profiled for CNAs and CpG methylation, and as a result, many CNAs
and DNA methylations have been identified and linked to carcinogenesis and cancer progression
(SONG; JI; GLEASON; YANG et al., 2019; ZACK; SCHUMACHER; CARTER; CHERNIACK et al.,
2013).

Mutation

DNA mutation is one of the main protagonists in drive cancer development. The changes
in DNA sequence take place at base pair or chromosome level. The somatic mutations are
alterations that occur in somatic cells and consequently affect only the individual in which the

mutations arise. The germline mutations are transmitted by gametes to the next generation.

TP53 is the most mutated gene in the majority of cancer types, followed by MUC16 and
MUC4 (LIU; HU; ZHANG; HU et al., 2018). In HNSCC, detection of TP53 mutation is the best
predictor for malignant transformation of dysplasia and also for determining surgical margins. The
HPYV negative tumors presents many mutations, TP53 is the most frequent, followed by CNA loss
of CDKN2A and CCND1 (Comprehensive genomic characterization of head and neck squamous cell
carcinomas, 2015; LEEMANS; SNIJDERS; BRAKENHOFF, 2018). PIK3CA is commonly amplified
or mutated in HNSCC activating PI3K, and occurs more frequently in HPV positive tumors

(KEYSAR; LE; MILLER; JACKSON et al., 2017).

The next-generation sequencing enable detection of rare mutations present in specific cell
populations (TAKESHIMA; USHIJIMA, 2019) and might find potential new biomarkers that could

help to predict malignant transformation.

Epigenetic Alterations

In contrast to genetic alterations, epigenetic alterations are heritable changes that control
gene expression without affecting the DNA sequence. They are responsible for not allowing all
genes to be expressed at the same time every cell lineage, leading to diverse gene expression and
consequent cell variety and tissue formation. Those changes occur by different mechanisms, the

most common being DNA methylation and histone modification (KULIS; ESTELLER, 2010;
12



MOORE; LE; FAN, 2013; WERNER; KELLY; ISSA, 2017).

Epigenetic alterations are mainly induced by aging, chronic inflammation and smoking
history (KLUTSTEIN; NEJMAN; GREENFIELD; CEDAR, 2016; TAKESHIMA; USHIJIMA, 2019).
Carcinogen-specific indutors like HBV and HCV infection or alcohol may cause aberrant DNA
methylation that can persist even after the inducer is no longer present (TAKESHIMA; USHIJIMA,
2019).

Epigenetic alterations play an important role in all steps of carcinogenesis, from tumor
formation to progression and treatment. Consequently, they are interesting targets for cancer
detection, diagnosis and stratification, and due to their reversible nature, a promissing focal point
for development of therapeutical approaches (KULIS; ESTELLER, 2010; WERNER; KELLY; ISSA,
2017).

DNA methylation

The most common epigenetic alteration in the human genome is the DNA methylation.
DNA methylation consist in the addition of a methyl group (CH3) by a covalent bond to the carbon
located in position 5 of a cytosine nucleotide succeeded by a guanine nucleotide forming the CpG
units (LLERAS; SMITH; ADRIEN; SCHLECHT et al, 2013). A set of sequenced CpG units
concentrated in large clusters is called CpG island (KULIS; ESTELLER, 2010). The CpG islands
contains approximately one thousand base pairs, a higher density of CpGs when compared to others
parts of the genome. About 50% of gene promoter regions are located in a CpG island (SATO;
ISSA; KROPF, 2017), and these locations are preserved throughout evolution due to their important
function on gene regulation during development and differentiation, organizing the chromatin
structure and transcription factor binding. The methylation of CpG islands leads to gene silencing

due to failure of the transcription factor in binding with DNA (MOORE; LE; FAN, 2013).

However, methylation also has an antagonistic function. Like most of CpG units are
methylated, when these methylation occur at the gene body, outside the promoter regions, or at
enhancer region, there is an increase on gene expression (MOORE; LE; FAN, 2013; WEIGEL,;
CHAISAINGMONGKOL; ASSENOV; KUHMANN et al., 2019).

The enzymes responsible for establishing and maintaining the methyl group bound to the
cytosines are the DNA methyltransferases (DNMT), wich are divided in three known subtypes,
DNMT1, DNMT3a and DNMT3b. The most common among them is DNMT1, playing a role in
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new DNA methylation and maintenance (KULIS; ESTELLER, 2010; MOORE; LE; FAN, 2013).

The detection of cancer-specific DNA methylation has been useful for diagnostic
applications in colorectal, prostate and pancreatic cancer by non-invasive methods based on DNA
hypermethylation of cancer-type-specific biomarkers. The hypermethylation status can be used
also to predict prognostic and stratify patients with high or low risk in acute myeloid leukemia and

breast cancer (WERNER; KELLY; ISSA, 2017).

DNA methylation and gene silencing play an important role in the progression of several
cancer types, including HNSCC (CHAISAINGMONGKOL; POPANDA; WARTA; DYCKHOFF et al.,
2012). Methylation of promoter regions is a common event on silencing tumor suppressor genes.
Promoter methylation of MGMT is associated with tumor recurrence and worse outcome, from
DCC is associated with bone invasion, higher invasiveness capacity and lower survival, and
promoter methylation of E-cadherin increases tumor invasion and metastasis in oral cancer. In
laryngeal cancer, hypermethylation of ADAM23 and DAPK are associated with tumor progression
and lymph node metastasis, respectively (LLERAS; SMITH; ADRIEN; SCHLECHT et al., 2013).

Epigenetic silencing has also been described on other genes linked to HNSCC, such as
CDKN2A4, LHX6, TCF21, CEBPA, SFRP, and DNA repair genes MGMT, MLH1, MSH2, SALL3,
NEILI and FANCB (CHAISAINGMONGKOL; POPANDA; WARTA; DYCKHOFF et al., 2012).
Promoter hypermethylation of KIF1A and EDNRB are frequent in primary HNSCC, and have
higher DNA methylation than all the others top 10 high methylated genes together. Their detection
on saliva samples may provide a potential biomarker by means of non-invasive detection

(DEMOKAN; CHANG; CHUANG; MYDLARZ et al., 2010).

The DNA methylation status in head and neck cancer can vary depending on clinical,
environmental and genetic characteristics like anatomic site, HPV infection and smoking habits
(DEMOKAN; DALAY, 2011). Lleras et al., 2014 showed that HNSCC from different locations (oral
cavity, larynx and oropharynx) share common CpG units with epigenetic alterations, i. e. the
hypermethylation of ZNF genes followed by reduction on gene expression. When compared to
their correspondent normal mucosa, those loci showed an increase in DNA methylation, with the
oropharynx showing the most prominent. The different anatomic sites also present specific DNA
methylation. UCHLI is hypermethylated and has a decreased expression in 54% of oral cavity
tumors, and the HPV positive cases expressed more than double CpG units methylated when

compared to HPV negative in oropharynx, the most significant located on CDKN2A4 loci. The HPV
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negative cases were similar in both oral cavity and larynx tumors (LLERAS; SMITH; ADRIEN;
SCHLECHT et al., 2013).

Considering the reversible nature of DNA methylation, its frequent occurence and
variability in all stages of tumor development, DNA hypomethylating drugs were developed to
reverse DNA hypermethylation and reexpress silenced genes to reprogram cancer cells to a more
normal-like state. The FDA approved DNMT inhibitors, 5-aza-2’-deoxycytidine (decitabine
(DAC)) and 5-azacytidine (azacitidine (AZA)) have been successfully used to treat
myelodysplastic syndrome (MDS). These inhibitors form a covalent bond with DNMT enzymes
and the methyl group do not bind to DNA, resulting in genome hypomethylation. The decitabine
is DNA specific and azacitidine is DNA while RNA specific. Both drugs must be used in and
optimal dose to avoid inhibition of cell proliferation and DNA synthesis, their incorporation into
DNA and consequent demethylation effect is cell cycle dependent, shown that repeated exposure

with low doses present a better clinical result (CHRISTMAN, 2002; SATO; ISSA; KROPF, 2017).

DAC treatment increased MDS patients survival and progression-free survival when
compared to standard treatment, and has also shown effectiveness in leukemia patients resulting in
its approval in Europe to treat acute myelogenous leukemia (AML). The applicability of DAC
treatment in solid tumors is still a challenge due to the lower drug penetrance and lower
proliferative rate when compared to hematological cancer. However, there are evidences of DAC
efficiency in inhibit tumor growth in vitro and when combined with others chemotherapies in colon
cancer cell lines and non-small-cell lung cancer. In HNSCC, DAC have been shown to inhibit DNA
methylation and restore gene expression (SATO; ISSA; KROPF, 2017; WERNER; KELLY; ISSA,
2017).

DNA methylation can be assessed by different methods: 1) bisulfite conversion; 2) enzymes
with specificity for methylation and unmethylated cytosines; 3) antibodies with specificity for
methylated cytosines or 4) nanopore-based single DNA molecule sequencing (WERNER; KELLY;
ISSA, 2017). In this study we will analyze DNA methylation status by MassArray, consisting in
mass spectrometric analysis of DNA methylation (EpiTyper) combined by bisulfite conversion, in
vitro transcription and uracil-specific cleavage with mass-spectrometry-based quantification of
fragment lengths (Quantitative comparison of DNA methylation assays for biomarker development and

clinical applications, 2016).

Thus, the utility of DNA methylation as an interesting target tool may provide promising
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clinical applications, development of new biomarker, prediction of therapeutic response and/or
prognosis and identification of individuals who may benefit from the therapy (DEMOKAN;
DALAY, 2011).

In summary, the malignant transformation of normal cell to cancer cell is due to the
accumulation of genetic and epigenetic alterations, but their contribution differ from cancer type
and the carcinogens involved. The recent technologies mentioned above, allow for the
measurement of those alterations, such as DNA methylation and genetic mutations. The combined
analysis of those marks enables a more accurate patient risk assessment, refines diagnostic criteria
and prognostic factors to guide treatment decisions. The benefit of target epigenetic modifications
is to explore new therapeutic options for patients with significant epigenetic modifications leading
to new perspectives in personalized medicine (TAKESHIMA; USHIJIMA, 2019; WERNER; KELLY;
ISSA, 2017).
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3. GOALS

Main Goal: Utilize multiscale omics based on whole-exome sequencing, global DNA methylation
and gene expression profile to investigate cancer-related genes in tumor initiation and progression

of head and neck squamous cells carcinoma.

Specific Goal 1: Identify a new regulator gene on the pathogenesis of HNSCC by integrative
multiscale omics analysis of somatic mutation and gene promoter methylation through whole-

exome sequencing and global DNA methylation (Scientific Article 1).
Specific Goal 2: Investigate the role of DNA methylation on the regulation of a well known

oncogene, the transcription factor SOX2, by multiscale omics analysis based on gene expression

and global DNA methylation, in tumor progression (Scientific Article 2).
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loss of RYR2 in heard and neck cancer

datasets from The Cancer Genome Atlas (TCGA). Promoter methylatian was confirmed by MassARRAY analysis and protein
expressian was assessed by immunohistochemistry and immunofluerescence staining. We discovered a set of cancer-related genes

with fi t somatic

15 and high fi

4 9

y of promoter methylation. This included the ryanodine recepter 2 (RYR2), which

showed variable promoter methylation and expression in both tumor samples and cell lines. Immunohistochemical staining of
tissue sections unraveled a gradual loss of RYR2 expression from normal mucosa via dysplastic lesion ta invasive cancer and
indicated that reduced RYR2 expression in adjacent tissue and precanceraus lesions might serve as risk factor for unfavorable
prognasis and upcoming malignant canversion. In summary, our data indicate that impaired RYR2 functian by either somatic
mutation or epigenetic silencing is a commaon event in HNSCC pathogenesis. Detection of RYR2 expression and/or promoter
methylation might enable risk assassment for malignant conversion of dysplastic lesions.

What's new?

Multi-scale omics approaches provide a powerful toal ta unvavel cancer-related genes with the potential to serve as pragnostic
blomarkers and putative drug targets. This study shows that somatic mutatfons and eplgenetic silencing of the ryanaodine
receptar 2 (RYR2) are frequent in head and neck cancer. Loss of RYR2 expression was found during transition fram dysplastic
lesions to invasive tumors. Detection of somatic mutations or promoter methylation might thus improve risk assessment of
malignant conversion, which could enable timely and adequate treatment of premalignant lesions,

Introduction
Head aud meck cancer {(LINC) consliluwes a hiclerogencous
group af cancers at the upper aerodigestive tract and is one of
the most common malignancies worldwide! In the mujorily
of cases, HNCs are diagnosed as squamaus cell carcinama
(HNSCC) originaling [rom the mucosal cpithelia ol the oral
cavily, pharsns or laryny.” Cigarelle smoking and alcohol
abuse are major eliological risk laclors Tor HNSCC, while
human papillomavirus (HPY) infection is strongly associated
with oropharyngeal cancer risk and prognosis.™

Lhe standard of care [or 1INSCC includes surgical excision,
radiotherapy and platimum based chemotherapy, which often
cuust high morbidity wud roduced quality of [G” Despite malli-
modal and aggressive treatment regimens, the averall swivival of
palivnls with advianeed IINSCC ranains low due Lo the high
incidence of treatment resistance resulting fz toco-regional recnr-
rence or distunl melastasis.® 1lence, unravdling edlular and
malecular pri ncip]es of infrinsic or ;\cquired treatment resistance

has become a prime target for novel dryg discovery and design of
mare effective therapies.™” Faqually important is the identitication
ol key plavers in the pathogenesis of HNSCC, which could
improvee risk assessment of carly malignant conversion 1o [acili-
tate timely and adequate treatment of premalignant lesions and
pave e way 1o establish new strategies [or prevention,

Genomic sequencing approaches have heen conducted to
unrave] the mutativngl landscape of IINSCC and o provide o
comprehensive catalog of candidate genes responsible for the
inilialion snd progression of INSCCA"™ [ addition, global
gene expression profiling highlighted aberrant activity of gene
regulalory nelworks and signeling cascades, operaling in dis-
tinct HNSCC subtypes.'™

A [undamental problemn of an increasing sample size (or can-
cer gennme studies is the large list ot putative candidate genes of
which many appear highly suspicious om the basis of their

expression pattern, binlagical function or genomic properties.
Mosl canwer genome studies identified [requent somalic mut-
fions in genes encoding extremely large prateins, such as skeleral
or cardiac muscle prolkins (eg, TIN, rvanodine receptor
2 [RYR2] and RYR3), membrane-associated tnucing (e,
MUCI6 and MUCT), cvtoskeletal dyneins (eg, DNAHS and
DNALILL} or the neuronal synaplic vesicle prolein piccaln
(PCLOY. New algorithms have been developed Lo reduce the risk
of catensive false-positive findings that overshadow true driver
even
significant candidale genes or specilic mutational holspols in
HNSCC obtained by these tools only partially explains then bio

% However. it is worth noting that the limited number of

lugicd complesity and might hanper the devdopiment of nuvel
diagnastic markers and therapentic targets.]"'

Lo additon lo genumic mulalions, Qe accurnulalion of epige-
netic alterations has been identified as< a hallmark of HNSCC. F.pi-
gonelic alleralions and i parteular wberrant DNA methylation of
CpG units in the proximity at pl'edicted transcription start sites
(IS8} are common features of LINSCC and often vesult in gene
expression silencing and signaling pathwa}-' der\eg\]lation_'* ZIn
many cancers, epigenelic evenls linked Lo lumor suppressor gene
inactivation through promater hypermethylation are even mare
frequent than somatic mutations and could drive neoplastic initi
alion and malignant progression.” Su far, only a limited number
of studies conducted an integrative approach considering hoth
somalic mulatons amd gene promoler methylation W unravel
new key regulatars in the pathogenesis of HNSCO
Materials and Methods
Patient material
Patients of the Heidelberg Center tor Persanalized Oncalogy-
1lead und Neck Cancer (1UPO-1INCY cohorl (n - 87) were
treated between 2012 and 216 at the University Hospital
Heidelbery, Germany, and the cohot consists primarily of
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advanced HNSCC from the arapharyny (n = 36, 41.4%), aral
cavity (n — 22, 26.3%), and laryngealthypopharyngeal sites
(# - 18, 20.7%, Suppotling Informalion Iable S1). Patienl
samples were obtained under the protocal $ 2062011,
approved by e Lthics Commitlee of 1leiddberg Universily,
with written informed consent fram all participants. Qur
study was conducled i secordance with the Declaralion of
Helsinki. Median age at the time of diagnosis was 61.4 vears
{range: 39.7-82.5 yearsh, mosl pationts were male (n - 67,
7H.2%) and smokers (n — 60, 69%.), HPV-related tumars were
amosl exclusively found in the subgroup of oropharyngeal
squamons cell carcinoma (OPSCC; o = 22 aut of 36, A11%),
compared 1o 5.9% (= 3 out o 51} in nen-OPSCC.

Tresh-frazen specimens and tissue sections from formalin
fixed paraffin embedded (FFPE] samples of the HIPO HNC
cohort were provided by the NCL' lissue bank &l the Instilute
for Pathology. University of Heidelberg, Germany in accor
dance wilh is regulations and the approval of the Lthics
Committee of Heidelbers University. Tissue sections of
dysplustic lesions and malignant tmors for e validation
cohorts were provided by Departments of Otorhinolaryngnl-
opy [rom Ulm and Giessen. Germany and Ord Pathology,
Tederal University of Rie Grande do Sul, Porte Alegre, Rrazil
{Supporting Information Table $2) aller approval by the local
Fthics Committees (Ethics votes: 37313 and 9315, CEP
LFRCGS 237.008).

Isolation of analytes

Lresh-frozen tumor samples of the HIPO-HNC cohort were
obtained from surgical resection and were evaluated by a pathal
wgisl (W W) Lo conlirm the diaghosis and Lo estimale nooplastic
cell content. Blood samples were collected prior to surgery.
DNA and BNA [rom lwoor specinens and DNA [ron blood
samples were isolated at the central DREZ HIPO Sample
Processing Laboruwtory using the AllPrep DNA/RNAProlein
Mini Kit {Qiagen, Hilden, Germany) and the QTAamp DNA
Blood Mini Qlacube Kit (Qiagen) sccording o manulaclurer’s
pmmcols, Qualir}r control and quantl'ﬁcarion were ¢onducted
using @ (ubit 2.0 Fluorometer (Thermo Fisher Scientific,
Waltham, MA), the .-’\gilem 2104) Riaanalyzer [:\gilent Technol-
ogies, Sanla Clara, CA). and the NanoDrop spectropholomeler
(NanoDrap lechnologies, Wilminglon, DL),

Whole-exome sequencing and data analysis

Fxome capturing was pertormed using SureSelect Hurman All
Lxon in-solulion wplure reagents version 1 and  vetsion
& [Agilent Technologies} including UTRs and sequencing was
carried oul wilh u 1Seq 2300 instrurmcnt (Qumoing, San Diego.
CAL Mapping of paired end short veads was performed nsing
bwa-uln (version (16.2) on the LOOO genomes project’s phase
2 reterence sequence {ftp:fftp 1NtRIgenames.ehiac.ulcvol 1 /fip!
Lechnicalfrefcrenee!phase2_reference_assembly_sequencehs37dS,
fa.gz} including decoy sequences, Afterward, the Picacd soft-
ware {https;/’broadinstitute github.io/picard!, version 161} was

Int. J. Cancer: 00, 00-00 {2019) & 2019 VICC

used ta mark duplicate reads. Sunmary on detected high canfi-
dence indels and single nucleotide varant (SNV's} is provided
as Suppotling Information Tables $2 and 54,

Global gene expression profiling

Gene expression profiling was conducted with HumanHT-12
BeudChip  wrrys  (Mwning),  Biolin-labeled  complementary
RNA (cRNA] samples were prepared according to the rec-
omnended smnple labeling procedure based on (he modified
Fherwine pratocol.”> Tn hrief, 230-300 ng total RKA was used
or ¢DNA synlhesis, ollowed by an amplification/lubeling slep
tn synthesize biotin-lbeled <RNA using the NMumina™ ‘T'otal
Prep' RNA Amplification Kit (Life Technologies, Carlsbad.
CA) and Biotin-16-UTP (Rache Applied Science, Penzborg,
Germany). The cRNA was purified with the Tllumina™ Total
Prep™ RNA Amplification Kit (Life Technologies), [ollowing
quality control and quantification using the Agilent 2100 Bio
analyzer {Agilent Technologics) and NanoDrop spectrophotom-
eter (NanaDrop Technologies). Microarrays were scanned using
an iScan array scunner (Mluminad, The raw ulensily {IDAT)
files were impoited inte the R environment using the limma
packige® and normalized with the nege Qunelivn® with default
[rarameters.

Global DHA methylation analysis

DNA  concenlrations  were  delermined  wing  PicoGreen
(Maolecular Probes, Logene, ORY and the qualily was conlirmed
by agarose-pel analysis. Only samples with an average ragment
size =3 Kb weee sclected for further analysis. About 300 ng
genomic DNA from each samiple was hisultite converted using
the EZ-96 DNA Methylalion Kil (Zyma Rescarch Corporalion,
Trving, CCA) according to the manufacturer recommendations.

Aller wruplificativy wnd cuzymalic [raginenlation [ulluwiug the

instructions i the Tllomina Tnfinium HD Assay Methylation

Prolocel Guide, samples were wpplied o Infwiurn Human-
Methylationd3) ar MethylationFPTC BeadChips {Tllumina)
and hybridizalion was performed for 16-21 he at 48°C. Afler
eXLENSION, acrays were I"Iuores.:ently stained and scanned using
an iScan array scanner (Jllumina). Data analysis ways partonmed
in R studio version 1.1.423 and extraction of beta values was
perlormed using the minfi package version 1.24.0.%

MassARRAY analysls

Quanlitalive DNA methylation analysis by malris-assisled 1ime-
of flight mass spectrometry (MassARRAY, Agena Bioscience,
San Dicgo, CA) was performed as described previously® using
primers purchased trom Sigma Aldrich and listed in Supporting
Intormalivyg Table 8§50 We used ClustVis, u Drecy avuilable web
server at h):! hitt.cs.nteelclustvist? to analyze and to visualize
Lthe MassARRAY dala [rom the [UPO eohorl and LINSCC well
lings in a numeric data matrix. Hierarchical clustering was nsed

Lo genwerale heatmap plols with caleulaling all puirwise dislances
and the color gradient gives an overview of the numeric differ-
ences between samples. Objects with the smallest distance are
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merged in each step. Na scaling was applied to rows and col-
wmns represent individual samiples, which were chustered using
Luclidean distance and average Linkage,

HPY status

HPV statas was derermined for all cases by BSGP5+6
+-PCRAMPG wnd L6%1 mRNA deleclion sy describid previ-
ously. ™ HPV TANA- and RNA-positive cases were considered as
HPV-rclied while all other cases (DNA-negauve and DNA-
paositive but. RNA-negative) were considered as non-HPY-
relaled.

The Cancer Genome Atlas-HNC and pan-cancer data analysis
The Cancer Genome Atlas (TCGARHNC methylation data as
assayed by Tllumina 450 K Human Methylation Arvays were
downloaded in 2015 [rom the TCGA data portal (hips:filcga-
datancinih.govitegay for i — 279 patients. Downloaded ras idat
Mes were Joaded inlo R studio version 11423 and preprovessod
with minfi version 1.24.0. RYR2 promoter and gene body meth
vlulion palterns in normal and lunor saples of 23 TCGA
coharts were analyred vsing the MethCNA database (htip:
vgmasciedwen/MellCNAD? Level 3 RNAsey dala were
dawnlaaded as described previously.™ Raw counr data werg
rlop-ransfonned using DESeq2 packape in R and wsed for fur-
ther analysis.”

Immunchistochemical staining

JHC slaining was performed with the Immunodetection Kit
(L PRESS HRY Antirabbit, ¥ector Laborataries, Budingame,
(A}, according to manutacturer’s instructions. Endogenous per
oxidase aclivity was naclivaled by incubation ol Ussue slides
with 3% H,(, for 10 min at room temperature. For antigen
unasking slides were boied for 10 1nin in 10 1M Cilrale
buffer. Tmmunostaining was performed with the anti RYR2
antibody (PAS-38329. Theruo Fisher, Walthwn, MA) using die
DAR peroxidase substrate {Vectar Labavataries) and histological
slaining wilh hemuloxylin was done Lo visualize tssue archilec-
ture. Slides were mounted srith Eulkirt (Sigmn: St Touis, MO),
Quantification of the relative number of RYR2-positive cells was
dane by three independent evaluatars based on microscopic
inspection and calegorized as Score 1@ 0% posilive, Score 2t
1-334 positive cells, Seore 3: 34-66% posilive calls and Score 4
267% RYR2 positive cells.

Cell culture experiments

lalw, Cal27, SCC4, SCCY and SCC25 cells were purchased
fram the American Type Culture Collection [ATCC, https:f
www lgestundards-aleeorgs). Al cell lues were cullured in
Tulbecen's Maditied Fagle’s Medinm (DMEM, Sigma} sup
plemented with 10% [elal call serwun (Sigma), 2 mM c-gluiwmine
(Sigmal and 50 pgim] Penicillin-Streptomycin {Sigmaj in a
humidified atmosphere with 6% COa aL 37°C. Cell cultures
were routinely screened to exclude mycoplasma contamina-
tion (VenorGeM Classic Mycoplasma Detection Kit; Minerva

loss of RYR2 in heard and neck cancer

Bialabs, Berlin, Germany) accarding ta manufacturer’s ins-
tractions, and authentication was confirmed by the Multi
plex lluman Cell Line Authenlication Test (Multiplexion,
Supporting Tnformation Data S1).

Immunafluorescence staining

Clls were seeded on coverslips i 12-well plales {Greiner Bio-
One) and were either kept for 48 hr under normal growth candi-
lins or were lreated for 72 hr with DMSO or 1 pM Deditabine
(DAC; Sigma), Cells were fixed with 4% PTA for 15 min at 4°C,
incubated lor 30 min in 0.5% ‘L'riton X-100 and blocked lor
a0 min with "I-boffer ((L2% Tween 20, 1% BSA in PRS), Cells
were ncubated for | hr al voom lemperature with the anli-RYR2
antibady (Thermo Fisher, PAS-3832%; dilution 1:200) in T-buffer),
followed by incubation for 30 60 min with the secondary anti
body {Jackson lmmune Research, 111-165-008; dilution 1:200 in
T huffer). Nuclei were visualized with DAPT (Sigma. dilution
L1000}, Coverslips were mounted with VeclaMounl {Veclor
Tahoratories) and were analyzed by fluorescence micrascopy
(Olyrnpus BX-50F), Piclures were Lakeen [rum at least ive individ-
ual fields per experiment using the Olympus XCA0 camera. Cells
with @ perinuckeur und dol-like staining pallern were cownlad
manually as RYRZ-positive and divided by the toral atnount of
vells Lo caleulale the relalive Gaclion of RYR2-positve cells.

Quantitative RT-PCR analysis

Tolal RNA jsolalion was perlormed will the RNeasy Mini Kil
(Qiagen) (ollowing Lhe manufachwer’s mstruclions. For DNase
digestion RINase free DRase Sct (Qiagen) was used. Quantity
and quality of isolated total RNA were determined with the
Nanodrop 2000 Spectrophatometer 'Thermo Lisher), Lor cDNA
synthesis, RevertAid First Strand cDNA Synthesis Kit (Thermo
Fisherd was used. Abuul 1 pl Rundomn Llesamer Primuer was
added to 1 pg RNA diluted in 11 pl RN Ase free water and the
mixlure wis incubuted for § min at 70°C Lollowed by 3 in al
3. Subsequenll)', 4 pl tive fimes Reaction Butter, 2 pl 10 mM
NI, Lopl RiboLuck RNAse Inhibitor and L pl ReverlAid
Reverse Transcriptase were added and incubated for 66 min at
42°C. Quantitative RT-PCR (RQ-PCR) was performed using
10 ng <DNA and the SYBR Green PCR Mix (Therma Tisher} in
Lhe 7900HT Fasl Real-Time PCR System (Applied Biosystems.
Laster Cily, CA) according 1o manufaclurer’s instructivn, RYR2
primers were puwchased from Qiagen (RYR2: QuantiTect
Primer Assay, Qiagen) and amplificalion of LMNBE] was used as
an intermal reference (IMNBIL For: GUTGUTCOTCAACTATG
CTAAGAA;  LVMNBI-Bew:  'L'TTGACGCCCAGANTCCAC),
The cycle of threshold (CT) for RYR2 was normalized to the CT
value of LMNBL using the AACL incthod, For each primer,
efficiency was determined by a dilntion series fram 001 to
100 ng cDNA [rom SCCA cells,

Calcium imaging

About 200,000 SCCH cells were seeded an 35 mm glass bottam
dishes {MatTeld) and cultured in DMEM for 2 days. Cells were
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loaded with 3 pM aof the Ca* -sensitive tluorophare Fluo-4-AM
{Thermo Fisher) for 20 min at room temperature in Tyrode's
solutivn (140 mM NaCl, 5.4 mM KCL 1.8 mid CaCly. 1.1 mM
MuCl. 5 mh HEPES, 10 mM Glucose). Cells were washed with
fresh solution wnd Lell for 10 min for deeslerificalion before lak-
ing videns of cell clusters on a confacal micrascope (Olympus
IX8L Lluoviewl000), Using a 60X wuler bnunersion objective (L2
numerical aperture), images were continuously recarded at a res-
olution of 312x512 pixel and 4 nale of 2 ps per pixel w0 collect
100-164) images, Cytosalic Ca’ signals were recarded at resting
conditions and during simuation widh 10 mM Calleine (Sigina)
with or without 3 min preincubation with 1) pM Ryanodine
{Tocris), a polent RYRZ anlagonist. Fluo-4 was exciled aL
473 om and emission was collected betwween 4590 and 540 nm,
Tmages and videos were processed with Tmage] > Baseline fhiwo
rescence inlensily was delermined independently [ each mea-
surement and after subtaction of Caffeine induced ("
yuenching, For each selling, al least three independent arcas with
mare than 50 individual cells in total were examined on single

eddl level Relative eyloplastnic Ca?' levels ure given in AFEq
with Fy as basal Ca®~ level at rest after hackground subtraction.

Bioinformatics and statistical analysis
SNV calling was performed  wsing an in-houwse developed
worktloss based on samtoals-mpileap. This workflow was also
used in the frame of the JCGC PanCancer projuct and can be
accessed via the Dockstore webpage (hulps:/idockstare.orgicon
Lainersiquay.iofpancanceripeawg-dkiz-worklowr.™ = In  shorl,
the workflow first determines varants in the temor sample and
atterward checks, if these variants are also tound in the patient
malched contral sample o distinguish somatic [rom gormline
calls. Further anmotation of the variants was done using publicly
avaluble lracks, like 1000 Geuome variants, single vudvotide
palymarphisms (dbSNP], repeats and other elements. Functional
relevine: was wssessed using Lhe Aunovie software, and e vari-
ants were scared tor confidence.” Small insertions and deletions
were oblained from Plalypus (versivn 0.7.1) and urther anno-
tated and confidence assessed similarly as in SNV cal]ingfq
Mutational  siymificance  calewation  was  done  using
mutS:igC‘,-',"" PCA analysis and illustration by heatmaps were
dove with hilpsi/hiites.uteefclustyist.™
using Luclidean distance and avevage linkage. Coding non-
synonymous SNVs, which were found in the TCGA HNC and
LUPQ-LINC cohorls. were analyzed with several algorithmns
(MutationAssessar,’® Mutation Taster." P()IyF'hen 2% cann,™
SIPL BATLIMM Y} 1o predict e [undivual consequenae of
missense variations. Statistical analysis was done using GraphPad
(https:wwwgruphpudcomiquichealesfindex ) wud  1BM
SPSS Sratistics version 25. p Values <0015 were considered statis
Lically significant,

Columns are clustered

Data availability
The data discussed in this publication have been deposited in
NCBIs Gene Expression Omnibus (Edgar of af, 2002) and are
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accessible through GRO Serics accession number GST117973
{https:ivnvncblnlmnih.govigeoqueryiace.cgitacc—GSELITI73)
or have been submitled 10 ArrayLxpress (LE-MLAB-7478,
E MTAB 7468).

Results
Whole-exome sequencing and global DNA methylation
analysis
Whole-exmne sequendny dals were available for 86 palienls
af the HIPO-HKNC cohart and revealed 28,322 SNVs and
1,969 InDels i letal. The highest frequeney for somalic muta-
tions was identified for TRS3 in non-HPY-related tummes
(75.8%), while only one HPY related tumor had a 7753 muta
tion (Fig, 14). As expocted, frequent smatic mutations were
found in several genes {ey, TTN, MU, PCLO and RYR2)
encoding cxtremely large proteins. Candidate genes with the
highest mutational frequency in the HIPO HNC cohort and a
somalic mulation frequency of at least 3% of cases i the
TCGA-HNC cohart {ir — 510, http:diwww.chioportal.orgdi
ware selecled for further unalysis {Suppaorling luformation
Tig. S13.

CGene promoler methylalion was wssessed by plobal DNA
methylome array analysis and revealed a high heta valne (mean

and median »>Q.3) lor probes located I the proxinily of the
predicted TSS tor FATS, TTN, MUCTs, RYR2, USHZA, PAPPA2,
NSD{ and LRPIB (Fig. 16). DNA methylalion and lanseript
levels for candidale genes with highes! bela values were analyzed
for samples of the TCCA cohort (i = 279), which confinned a
high correlation for LAYL3, MUC16, RYR2, USH2:\, PAPPAZ
and LRPIB {Supporting Information Fig $2). While high
PAPPAZ, MUCIS or FALS promoler methylalion were posi-
tively correlated with their transcript levels, an inverse corela

lion wits delecled for RYR2 vr LRPIS, Ly addition, analysis of
TNA methylation parterns for narmal and tumor samples of
the TCGA-IINC cohorl by the MelhCNA online ool thup:
cgmascn.edu.cnihMethCNAY) demanstrated a prominent differ-

vnee Lot probes localed al the RYR2 promoter but not in the
gene lmd}»' (T-ig 1¢), A pan-cancer anal}«'sis with 7,731 tumor
samples and 741 controls from 23 TCOGA cohorts tevealed a
prominent difference in DNA methylation of prabes annotated
lor the RYR2 promoler but nol Lhe gene body (Supporting
Information Lig. $34) A more detailed analysis of cancer
cohorts for svhich DNA methylation data were available for at
leasl # - 20 control samples demonstraled thal RYR2 promoler
methylation is a common feature for most human cancers ana
Tyzed, bul is kess evident in kidney rend papillary cell carcinwma
{TCGA KIRP), kidney renal clear cell carcmoma {TCGA KIRC)
or Uryroid cardinoma {TCGA-TIICA). It is worlth noling that
these cancers are also characterized by a rather low trequency of
somalic mulalions in RYR2 (Supporling Informalion Fig. $3(0).
As ohserved previously for TCGA-HANC, several cancers
including prostale adenocarcinoma (TCGA-PRAD). pancrealic
adenocarcinama (TCGA-PAATY) and cervical cancer (TCGA-
CECS) exhibil a highly significant and inverse correlation
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Figure 1. Mutalional landscape anc gene prormoler melhylativn of ke HIPQ-HNC cohorl, (@) Oncomap indica’es the number ol somalic
mucations per sample, efialagical risk factors and mutation types ot most frecuently atfected genes based on whole-oxame secuencing datz of
the HIPQ-HNC corort (r = 86). {b) The graph summarizes mean heta values of probes ir the proximity of annctated transcriptional start s'tes for
mesl requenthy ralzlel candidale genwg in Lhe HIFO-HNC cahiorl based an globul DNA melhylainn amavs. (@) Bos plal depicls mezn bela
values tor prabes lecated 2:the S¥R2 promoster ar gene bady of normal fgrecn, @ = 59) or twmor samples {red, » = 529! frow the TCGA-HRC
zohor: {hitp: ffcgna.sca.ecuan/NethCRAS, [Coler figure can Je viewed at wilevon'irelibrzy.coml

hetween gene promoter methylation and RYR2 transcript levely
(Supporting [nformation Lig. S313).

RYR2 promoter methylation and transcription

Tnspection of the RYR2 promoter using the UCSC Genome
Drowser reveded a well-delined CpQ islund and thiree array pro-
hes (cgif3422911, cg1 8375360 and cgl 9764418) ave located at its
5'-region (Supporling Information Fig. $14). MussARRAY anal-
vsis based on six amplicons, which were designed to cover most
ol the Cpl islind. was conducted lo conlrm variable DNA
methylation far camples of the HTPO-HNC cahart, Mean values
ot MassARRAY data for Amplicon | and 2 were significantly

correlated with mean beta values of overlapping array probes
(Supporting lonformation Iig. S48), Hicrarchical clusteriog based
on quantitative MassARRAY data revealed two main clusters of
sumples with Jow 1o modetale (Cluster AL and A2} or high RYR?
promoter methylation {Cluster B; Fig. 22 and 2h). Tn line with
dala [rom control samples of the "TCGA-TIINC whort (Lig. 1c),
samples from normal mucosa (s — 4) revealed a law methvlation
value and resemble RYR2 promoter methylation pallerus. which
were closely related to HNSCC samples of Cluster A1

As expecled, RYRZ lramseripl levels were significantly
reduced in <luster B as compared to Clusters A1 and A2
(Fig. 2¢). LIPV-related tumors were enriched in Cluslers A2
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Figure 2. R¥A2 gene aromater methylation and expression in the H PO-4NC cal-ort. (¢) The heatmap was gemeratec by ursupervisec hierarchical
clusleting vl NassARRAY daLa for Ca6s frows) aaplying baclidear dislance and averzge lin‘age on columns {tases ol the FIMO-HNC culor,

= 77) ano indicates two Main slusters (Cluster A aad B). Clnster & s fither divided infa two subclusters 41 and &2, NM, norral inucasa (n = 4).
Box plo’s skow the cistribution of mean MassARRAY values (p) and of relative RY32 transcriptior rornelized to LMNE1 transcript levels ‘c’ for
sarniles in clusler A1, A2 ard B afl the HIPO-HNC cahnrl as well a5 he si Ldillerences in RYRZ pramilen methyla ion (&) am: raniscipl
levels {g) between HPY related and noHPY relesed tumors. Unpaired ¢ test: #9 value <0.0% and ##p valae <0.000%. |Colar Aig e can be viewed ar
wileyonlinelibrary.com]

and B, und were completely absenl in Clusler Al (Fig, 2a.  11PV-related as compared Lo non-1HPY-related lumers of the
Sllppnrring Tntormation Table S6), A signiﬁcanl]\-‘ higher HIPO-HAKNC cohart (I'-igs, 2 and 2¢j, and was confirmed in
RYR2 methylalion and Jower trunscripl levels were evident in - Lthe TCCGA-LINC cobort {Supporling lnformalion Fig. §5).
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Figure 3. RYR2 promoter metylation and arotein expression in HNSCC cell I'nes, Heatmaps were generated by uisupe-y'sed hierzrchical clustering

nf tAAS3AIRAY dafa far Cphs iraws) applying Elclidean distance and average lirkage on calumns {[INSC

I lires) and show diffarences in RYRZ

pramoter methylation for HHSCC cell lines under normal grawth condit'oms (@) anc. uason treatment with Decitzbine (DAC) or DEASO as contral [2).
& and ) Graphs shuow Lhe pertenlage ol RYRZ-posilive vells as Jelermined by Fsaining a-kl cuznlificalion of M independent lields per cell lines
ano treatmens, Bavs represent mean values  SD af three independent cxperiments. Unpaired ¢ test-+9 value «3.0% and #¢p valie «2.00%. |Calar

figure can be viewed at wileyonlinelib-ary.com)

We addressed whether variable RYRZ promoler methy
tion and expression also occur in HNSCC cell lines in vifra.
Genomic DNA [rom five well-established [INSCC cell lines
ARRAY analysis and RYR2 pramoter
methylalion was related o protein capression as delermined

was evalnated by Ma

by 1 slaining {ligs. 3¢ and 3b, Supporling lnformalion
Fig. S6A). HNSCC cell lines with low to moderate gene pro

moler methylation (SCC1, SCCY and SCC25) showed o promi-
nent and perinuclear RYR2 staining pattern in almosr all cells,
while vnly a subpopulatiun of RYR2-posilive cells wus delecled

Int, |. Cancer: 00, 00-00 {2019) & 2019 VICC

28



Schmitt ef &l

for those cell lines with gene pramater hypermethylation
{FaDu and Cal27). These data suggested a regulation of R¥R2
expression by gene promater methylalion in established
HNSCC cell lines. Tndeed, treatment of FaDu and Cal27 cells
with the DNMI-inhibitor DDAC increased RYRZ lranseripl
levels and the amount. af RYR2-positive cells as compared to
DMSO-treuted  controls {Lig. 3, Supporting  formalion
Figs. S6B and S6CI. DAC-induced RYR2 expression was
accornpanicd by deroethylation of CpGs in the proximal RYR2
promoter as determined by MassARRAY analysis (Fig, 3c}.

RYR2-related Ca’” release

RYR? is a wajor component of the fnlracellular Ca®
pathway in cardiomyocytes but is also expressed in nonexcitable
cells. To demonstrate RYR2 finction in HNSCC cell lines, SCC4
cells with prominent basal RYR2 expression were preloaded with
the Ca™ sensitive fluorophore Fluo 4 and subsequently stimu
lated with the potent RYR? agonist Caffeine.™ Single coll imag-
ing revealed that SCCA cells exhibit no Ca™ release under

release

control cunditivns., while Ca®' peaks were detected afier Callvine
administration (Supparting Tnformation Figs. ST} and S&E). Tt
is worlh noting that the relalive amounl of SCCA cells with
Caffeine-induced Ca®' release events (8%} coincided with the
amowl ol RYR2-posilive cells as delermined previously by [F
analysis (Tig, 38). Moreover, Cafteine-induced Ca™" release was
abolished in wost ol the analyzed SCCA calls (98%) upon pre-
incubation with the seleclive RYKZ inhibilor Ryanodine
{Supporting [nformation Fig. S6F). These dala provided compel-
ling experimental evidence that RYR2 s not anly expressed bat
also functions as Ca®* release channel in established HNSCC cell
lines.

Loss of RYR2 profein expression during malignant
pragression
We addressed the question of whether silencing ol RYR2
expression hecomes evident at a specific time point during
1INSCC pathogenesis, FFPE samples of Lhe 11IPO-1INC cohort
= 9) and a cohort of aral cancer patients fram Brazil
{UFRCGS, » - 7) that shared arvas of maligmant tumor ax well
as adjacent normal and dysplastic mucosae were selected for
THC slaining. [HC staining confirmed a posilive RYR2 expres-
sjon in most keralinocvles of adjacent Ussue, while arcas of
malignant tumors exhibited a more heterogeneous staining
pallern ranging [rom prominent staining in almost all lumor
cells to a complete loss of staining {Fig. 4a}. Most samples also
showed a stroby staining for stromal cdls in the lomor micro-
environment maost likely representing infiltrating immune cells.
Quantilicalivn of the relative wount vf RYR2-pusilive nor-
mal and dysplastic keratinocytes or cancer cells, vespecti
indicated u gradual decrease of RYR2 expression wilh dwp]mu
and an even further reduction in malignant tumors as compared
Lo nortnal mucosa or dysplastic lesions (Fig, 10). Reduced RYR2
expressinn in imasive tumors as compared to adiacent dysplas-
tic tissue was further confirmed with matched samples from

Int. J. Cancer: 00, 00-00 {2019) & 2019 VICC

independent cases of the HTPO-HNC ¢cohort (= 10}, fur which
no normal mucosa but dysplastic areas were detectable (Fig. 4¢).
In addilion. lissue scctions [rom an independent cohort with
nommalignant lesions were analyzed by THC staining and rev
caled @ RYR2 capression pullers which was similar 1o adjucent
dysplastic rissue of HNSCC (mean score 2.52 — (L8N, o — 26).
Yinally, we idenlified serial FIPL spechnens fom Lwo palicats,
who progressed from a nonmalignant dysplastic lesion to
1INSCC over a time period ol up o 5 years, Reprusenlalive pic-
tures of an THC staining of these samples support a gradual loss
ol RYR? cxprossion during malignant progression (Supporling
Infarmation lig, S7}.

Although the amount of cases was limiled (0 = 19), il is
worth noting that patients with a reduced RYR2 expression
score at the adjacent tissue had a sigmificantly reduced progres
sion-lree survival as compared 10 their countlerparts with a nor-
mal mucosa like score (Fig. 44).

Discussion
In our study, we conducled o slep-wise uppruach and unraveled
RYR2 as a candidate gene with a high frequency of somatic
mulalions and promoler hypenmwthylaion in sumples [rom
primary HNC patients. RYR2 is a major companent of the
intracellular Ca®* release pathway und is assodated wilh the sar-
coplasmic ar endaplasmic reticulum of several cell types, particu-
laely in cardiomyocytes. ™ Tn cardiomyoeytes, RYR2-medialed
Ca*' release is crucial for excilalion-contraction coupling and
mutations in RYR2 are assodated with fatal cardiac arrhythimias
and heaet failure.”"™ However, the functional role of RYR? In
nonexcitable cells under physiological and pathological condi
Lions remains conlroversial,

Although a high R¥R2 mutation frequency is a common fea

lure of numerous humun inalignancies (Supporling furmalivn
Fig. S3C), the relevance of RYR2 in the pathagenesis of cancer
has Deen guestioned on the basis of ils genuimic propertics as well
as predaminant expression and function in r.nrdinmyoq‘res.".'
Our data indicale that silencing of RYR2 wanscriplion by gene
promoter methylation is a commaon event during HNSCC patho-
penesis, but also other human cancers. However. in a substantial
amaunt of cases somatic mutations accur and two findings sup-
port the assumption thal cancer-relaled somatic muatations
might cflect RYRZ prolein funclion: (i) coding nonsyno-
nymous SNVs, which were found in the TCGA HNC and
HPO-LINC  cohorts, were analyced  wilh  well-cstablished
algorithms  {Mutation Assessor, MutationTaster, PulvPhen 2,
CADD, SIFL and FATIIMM) o predict a fum,uuu.il COnS-
quence of missense variations. For mare than two thirds of
delecled imissvnse viriations, s Jamaging or diseasc-vausing cou-
senuence with an mpact an protein function wwas predicted hy at
least 75% of these algorttuns {Supporling lfornation Lable $7).
and {8 100 HNC-linked missense variants are alsa listed in public
databuses  ¢hups:ffwwwnebinlmaihgoviclinvar and  hilps:s
databaseslovd.nlishared/genes/RYR2} and are related to cate-
cholaminergic  polymorphic  ventricular tachycardia, cardiac
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Flgure &, RYKE2 eapressivn in wrmal, dysplastic and malignse L lissues, (@) Represen.alive polures of an 4C slaining wilh FHYE lissue seclivns
deronstrate RYR2 cxpression patten's {brewn signall in adjacert tissue jLpper panell and matchad =alighant tumar fissue flower parcl) of
seleczed «<amples from the HIPO-HNC coort. Box plats summarize the disribution of the RYR2 imnuno-eactivity score (135) as de*ernined by
HIC staining af tissne seclians fmey he | IPO- INC (1 — ¥) 2nd UFRGS (1 = 7) cahnrls wilh malched a-ea< al normal m.snsa, dysplasia and
malignant tumor {&) or tissuc scctiens from independent cases ot the HIPO-HNC (v = 10} conart anc. validation cahorts (2 = 12, Ulm and
Giessen) wilh Malcked areas of dysplasiz @10 maligaant Limur (3. The RYRZ IRS represenls Lhe re.ative amounl ol RY22-3us ive kerali 1ouyles
ar tumor ce'ls fror absent (1) to =6/% (&), {d) Kaplan Meicr grzph shows a significant citference in progressian trec surdval (PrS) batween

WLl

subgroups of patients with nermal (IRS = 4, red line} or reduced RYR2 expression {IRS < 4. blue line} in adjacent tisse, Numrbers below the
graph reprpsent galenls al sk al the indicaled Lime painls, Wiltgxor lesl: <*p-valae €L00S5, <**p-velue <0.0005, [Color ligure can be vewed al

wileyanlinelibrary.com)

archyllunia or cardiovascular phenotype, Lor some of these mis-
sense variants, experimental data confirm their impact on RYR2
Tunklion, As an example, e missense piulation R176Q whids is
associated with arrhythmogenic right ventricular dysplasia type
2 causes struclural allerations which are linked 1o Jiamel dys-
fimetion.™ Tn 2 mouse knack in model, the R176Q mumtion
predisposes he hearl o catecholamine-induced  oscillatory
calcinm-release events that trigger a calcium-dependent ventricu-
lar urrhythmia ™

Our data suggest a potential role of RYR2-dependent Ca*
signaling in dillerentialion and Ussue homeoslasis, which

is supported by the [del thal KYR2Z was dotected by Denda
et al™ in epidermal keratinocytes with increased expression
in differentiating a3 compared lo proliferalive keralinocyles
in vitro. Ca** imaging after agonist and antagonist treatment
indicated that RYR2 is nol only expressed but also functional
in a HNSCC cell line with prominent basal R¥YR2 expression
as il iy in cpidermul keralinocyies™ Allered RYRZ aclivily
either due ta somatic mutation or epigenetic silencing might
impair differentistion and thereby might aceelerawe malignant
pragressian of transtormed keratinocytes in combination with
other oncogenic evenls. In line with this assumption. R¥R2
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promoter methylation is cammon in HPY-driven tumors,
which are often chavacterized by a nonkeratinizing and
basaloid histopathology as v.dl as the absence of delectable
premalignant dysplastic lesions.™

So fur, vnly a few studies addressed RYR2 regulation amd
function in epithelial tumor cells. RYR2 expression and
Calleine-stimulated Ca™' release were reporled for prostule
and breast cancer cell lines Mariar et al™® provided exper-
imental data that a RYR-rdaled Ca™ mobilizalion awgments
apoptasis of TNCaP cells, 2 RYR1- and RYR2-positive pros-
Late cancer cell line. In contrasl, @ strong RYR2 ap-regulation
was found in a breast cancer cell line upan EGE-induced
epilhelial-to-mesenchymal  lransition,™ a process which is
related with a higher risk for tumar cell dissemination and
treatment failure in many epithelial malignancies, including
HRSCC.™ Lhese controversial findings indicale a conlesl-
dependent function of RYR2 in epithelial and tumor cells
derived thereof, amd 1l will be a major challenge in Tulure
studies to unravel underlying molecular principles by loss of
Lunclion and gain-uf-lunclion approsches,

THC staining of tissue sections demonstrated a gradual loss

of RYR? prolein expression from adjacent normal mucosa vie
dysplastic lesions to cancer, which is most likely due ta an
inerease in promoler methyladon. Ow: (indings raise the allrac-
thve question, whether reduced RYRI expression andfor an
increase of promoter methylation in premalignaut lesions of the
head and neck region could serve as dingnostic biomarkers 1o
assess Lhe risk ol malignant conversion and Lo lacililale tmely
and adequate treatent, 'This issue remains an whunet medical
need of high clinical relevance,® but a large collection of prema
lignanl lissue samples [rom palients with or withoul subsequent

References

pe ol huad and neck caeon. Kar

Srncer 20LE; L1602,

e X, Alenrang T, Quer Mool sl J0Y
snvolverzzat in head <nd neck cancers: con:
hensive asscsamens ot
peti L Nan! Caneer Inst 200351080

4. Gilkzen ML, Chaturveci AK. Andewsor. WE, et al.

\l')T'(.HI.
L Sirade N,

n3F 40

o

: Oaecad MY analvsis o head ane. ne:

@

‘:.u._ﬂ AG € nh.n EE. Cwrant treaunent eptions

reLun head ane neck «

Gu £ Chiusea 3L e, ol Gonenic 13
uetastatic auw. weareant heed and

Int. J. Cancer: 00, 00-00 {2019) & 2019 VICC

e srpaamen s ol eacinona, LG S 00

1’0 109~ SIJ

ivorskip and quality of Ji% in 13 hcck Mh. Zro Z Khattii AL o al lurcigative 19

sten call musvker exprossion and

11

diagnusis of HNSCC will be required to finally answer this ques-
tion. horeover, reduced RYR2 expression n adjacent tissue of
primary HINSCC served as a risk faclor [or shorter progression-
free smvival. T.ow RYR2 expression may indicate the presence of
altered keratinveyle dilferentiation duv Lo geneliv sudor epige-
netic changes in the field surrounding the tumar. The concept
ol field cancerizaton, which is alttibuled to premalignunl elds
surrounding the primary tumor, has been shown o drive the

high rate ol local recwrence in 1IINSGCSS and molecular
studies hawe provided compelling experimental evidence that
Lhe mujorily of [PV -negative IINSCC, bul also otber epithelial
cangers, develap within local fields of premalignant cells that are
clonally related 1o the resected primary cancer.' How
samples size in pue study was limited and the patential assovia-
tion between low RYR2 expression in tumor adjacent tissue and
field cancerizalion or premalignant field requires lurther contir-
mation in a larger prospective study.
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DKFZ Multiplexion GmbH
Prof. Dr. Karin Hoppe-Seyler Virchowstr. 51

) 33048 Friedrichshafen
FOE5 Mol. Ther. virusassoz, Tumore Fon: +43(0) 7545 7759044
Im Neuenheimer Feld 280 E-Mail: info@ multiplexion.de
69120 www. multiplexion.com
Human Cell Line Authentication Report
Report ID 1543 Order ID 1627
Report Date 11.08.2016 Order Date 21.07.2016

Purchase No. 45516407

Dear Prof. Dr. Karin Hoppe-Seyler,

Many thanks for your order. The Multiplex human Cell line Authentication Test (MCA) was performed as described at
wwnw. multiplexion.de. Please find below the results.

Best regards,

Dr. Markus Schmitt

Information from Custom

Sample [Sample Name Cellline name |Ifother:exact DNA i Cross- Identity Genotype Code
ID name quality i ? Contamin- |a@nfirmed?
ation?

2971 FaDu FaDu ok anfirmed AATIRARATIRATITTAATIRAATRATIN
AARAARAAATTARALAAAT

2972 Cal27 CAL-27 ok CAL-27 100 yes no anfirmed ANWTTATASATATAAAATTIA TSN TTTIT
AAARARATATTTAATTITAL

2973 scce scC-4 ok scc-4 98 yes no anfirmed AATTATATAAAATIAATTA TR AATTTTTA
ARAAAKTATAWTTTTITAT

2974  SCC25 SCC-25 ok SCC-25 98 yes no anfirmed AWTTATAAATTIRAATAAATATRATINN
NNAAARATATTTTTAALALT

2975 scca scc-9 ok SCC-9 98 yes no anfirmed ATTTATRAATATRAATITAAARATTTRAT
TRATTWTTTAATTTITIAT

Legend:

DNAquality: ok, good DN A quality detected; imvalid, DN A was absent or degraded orfrom non-human species

Identity (%) Identity of submitted cell line to best hit of data bas ¢; identical: 962 and above, not indentical: <96. Pleas e note, 3 96% or 98% identity may

hint at loss of heterozygosity, which might be due to overlong pass aging.
Present indatabase? indicates whethersubmitted cell line & included in MCA data base. If not included, than no identity confirmation can be made.

Cross-contamination? indicates whether detected cell line & cross-contaminated by additional cells fraom another human cell line, the amntaminating czll line cannot
bespecifically identified

Identity confirmed? "anfirmed", identity wa confirmed by MCA (>95%); "false", submitted czll lineshows a cross-match with a czll line present in data base;
"uniquesequence”, cell line is not present in data base andshows agenotype amde that & not related to any cell line included inthe data bas e
(<95%)

Genoty pe Code 43-letter code for 24 SNP locations; W, uncertainsignal; N, no all

Multiplexion GmbH
CEOQ: Dr. Markus Schmitt Company Regster: Ulm HRE 730324
USt-ldent-No. DE233400605
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TP53 2%
TN 42%
FAT1 23%
CDKN2A 22%
CSMD3 21%
MucC16 20%
NOTCH1 18%
SYNE1 18%
LRP1B 18%
PCLO 16%
USH2A 13%
RYR2 12%
NSD1 12%
XIRP2 1%
CASP8 1%
PAPPA2 9%
FAT3 9%
PLEC 8%
MACF1 8%
DNAH7 8%
FBXW7 6%
NFE2L2 5%
Genetic Alteration

® |nframe Mutation (putative driver)  ® Inframe Mutation (unknown significance) ~ ® Missense Mutation (putative driver)

= Missense Mutation (unknown significance) I No alterations ~ ® Truncating Mutation (putative driver)

® Truncating Mutation (unknown significance)

Schmitt et al., Supplemental Figure S1
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Supplemental Table §1. Summary of clinical and histopathological features of the HIPO-HNC cohort

Sample ID WES Methylome MA IHCRYR2 Subsite Gender Age [years]
HNC1 yes yes yes oropharynx male 60,69
HNC2 yes yes yes oropharynx  female 57,48
HNC3 yes yes yes aropharynx male 61,44
HNCA yes yes yes yes oropharynx male 62,04
HMNCS yes yes yes aropharynx male 81,90
HNOS yes yes yes oropharynx male 64,66
HNC7 yes yes aropharynx male 48,21
HNCS yes yes oropharynx  female 62,99
HNCS yes yes yes nasal cavity male 45,84
HNC10 yes yes yes yes oropharynx male 54,79
HNC11 yes yes yes aropharynx male 64,52
HNC12 yes yes yes hypopharynx male 65,24
HNC13 yes yes aropharynx male 66,25
HNC14 yes yes yes nasal cavity male 66,07
HNC15 yes yes yes aropharynx male 52,88
HNC16 yes yes yes oropharynx male 56,51
HNC17 yes yes yes yes nasal cavity male 75,30
HNC18 yes yes yes laryns male 61,99
HNC19 yes yes yes nasal cavity male 67,64
HNC20 yes yes yes oral cavity male 59,88
HNC21 yes yes yes larynx male 53,90
HNC22 yes yes yes yes oropharynx male 54,59
HNC23 yes yes yes larynx male 66,21
HNC24 yes yes oral cavity female 76,27
HNC25 yes yes yes oral cavity male 72,43
HNC26 yes yes yes nasal cavity male 45,82
HNC27 yes yes yes aropharynx male 63,62
HNC28 yes yes yes oropharynx male 71,55
HNC29 yes yes oral cavity male 56,02
HNC30 yes yes oral cavity male 55,32
HMNC31 yes yes yes aropharynx male 67,75
HNC32 yes yes yes oropharynx male 55,76
HNC33 yes yes yes yes oropharynx  female 46,27
HNC34 yes yes yes oral cavity female 73,39
HMC35 yes yes yes aropharynx male 40,61
HNC36 yes yes yes oropharynx male 50,33
HNC37 yes yes yes larynx male 64,47
HNC38 yes yes yes yes oropharynx  female 54,57
HNC39 yes yes yes aropharynx male 56,60
HNC40 yes yes yes oral cavity male 60,44
HNC41 yes yes yes yes hypopharynx male 72,86
HNC42 yes yes yes oropharynx male 48,12
HNC43 yes yes yes larynx male 69,22
HNC44 yes yes yes oropharynx male 64,27
HNC45 yes yes oral cavity female 75,26
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Therapy

Pathological grading
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HNCAB
HNC47
HNCAS
HNC43
HNCS0
HNCS1
HNCS2
HMNCS3
HNCS4
HNCSS
HNCS6
HNCS7
HNCS8
HNCSS
HNCED
HNCGE1
HNC62
HNC6E3
HNCB4
HNCBS
HNCE6
HNCGE7
HNCEB
HNCES
HNC70
HNC71
HNC72
HNC73
HNC74
HNC7S
HNC76
HNC77
HNC78
HNC79
HNCED
HNCE1
HNCE2
HNCE3
HNCB4
HNCES
HNCE6
HNCE7

yes

yes
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yes
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yes
yes
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yes
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yes
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yes
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yes
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yes
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yes

yes

oral cavity
larynx
nasal cavity
oral cavity
oropharynx
larynx
oral cavity
nasal cavity
nasal cavity
larynx
hypopharynx
aropharynx
oral cavity
hypopharynx
oral cavity
aropharynx
laryns
aropharynx
larynx
larynx
oropharynx
aropharynx
larynx
oral cavity
oral cavity
oral cavity
oropharynx
aropharynx
oral cavity
larynx
larynx
oral cavity
oral cavity
nasal cavity
oral cavity
oral cavity
nasal cavity
aropharynx
nasal cavity
aropharynx
oropharynx
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male
female
male
male
male
male
female
male
female
female
male
male
male
male
female
male
male
female
male
male
female
male
male
male
male
male
male
male
male
male
male
female
male
male
female
female
male
male
female
female
male
male

77,99
59,26
55,70
57,21
46,86
59,07
67,68
55,55
59,49
82,52
68,44
56,94
73,68
59,59
68,06
61,46
63,52
56,65
60,88
61,75
72,35
51,55
49,45
74,59
63,29
39,68
62,53
57,12
56,31
50,78
55,68
63,45
70,08
58,01
52,00
65,56
75,85
56,84
68,07
66,58
61,39
56,85

WES=whole-exorme sequencing, MA=MassARRAY; IHC= imrmunchistochermistry, ECE=extracapsular extersion

non-HPV-relate EDONA negative or DNA positive but RNA negative; HPY-relateds DNA and RMA positive

S=surgery; RT=adjwvant radictherapy; RCT= adjwvant radiochemotherapy
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Supplemental Tahle 52. Histopathological features of the validation cohort (Ulm/Giessen/UFRGS)

Sample ID Subside Diagnose Normal mucosa
Giessen_1 larynx leukaplakia

Giessen_2 hypopharynx cls

Giessen_3 oral cavity CIs

Giessen_4 oral cavity cls

Giessen_5 larynx CIs

Giessen_6 oropharynx CIS

Giessen_7 larynx dysplasia

Giessen_8 larynx dysplasia

Giessen_9 larynx dysplasia

Giessen_10 larynx dysplasia

Giessen_11 oral cavity CIs

Giessen_12 larynx cls

Giessen_13 larynx dysplasia

Giessen_14 larynx dysplasia

Giessen_15 larynx dysplasia

Giessen_16 larynx SCC

Giessen_17 larynx SQC

Giessen_18 larynx cls

Giessen_19 larynx dysplasia

Giessen_20 larynx papillom atous keratosis
Giessen_21 larynx SQC

Giessen_22 larynx dysplasia

Giessen_23 larynx leukaplakia

Giessen_24 larynx leukoplakia

Giessen_25 larynx leukaplakia

Giessen_26 larynx dysplasia

Giessen_27 larynx dysplasia

Ulm_1 larynx SCC

Ulm_2 larynx SQC

Ulm_3 larynx SCC

Ulm_4 larynx sSQC

Ulm_5 larynx SCC

Ulm_6& larynx SQC

Ulm_7 larynx SCC

Ulm_8 hypopharynx/larynx sSQC

Ulm_9 pharynx SCC

Ulm_10 hypopharynx/larynx SQC

Ulm_11 larynx SCC yes
UFRGS_1 soc yes
UFRGS_2 50C yes
UFRGS_3 SCaC yes
UFRGS_4 s0C yes
UFRGS_S soc yes
UFRGS_6 50C yes
UFRGS_7 SCaC yes

CIS=carcinoma in situ; SCC=squamous cell carcinoma



Dysplasia

Malignant tumor

yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes

yes

yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
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Supplementary Table S4 is available in: https://onlinelibrary.wiley.com/doi/full/10.1002/ijc.32481

Supplemental Table S5. Summary of MassARRAY primers

Amplicon Forward primer! Reverse primer’

RYRZamp1 GGGTAGGGGAATGAGTTTAGGG CCAACT AAACCAAAATTAATACAAC
RYRZamp2 GGGTTGTGGATTATTTGTAGTAG CACAAAACCTOOCTACTCC
RYRZamp3 GGTAGTAGAAGTAGAAGGTAG CATOCTCAAAAAACACCOCOCTC
RYRZamp4 GAGGGGGTGTTTTTTGAGGATG OCACOCTACT CTACACCCTACC
RYRZamp5 GGTAGGGTGTAGAGTAGGGTGG CTTT CACAACACCTTAACT TAAA
RYR2amp6 GGTGGGEGETGATGGET GTAGG ACCACOCTACOCTTACACTTAC

* Forward prirmers are 5-tagged with AGGAAGAGAG
? Reverse primers are 5-tagged with CAGT AAT ACGACTCACTATA GGGAGAAGGCT
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Supplemental Table S6. Correlation of Clusters with low (&), moderate (B) and high (C) RYR2 gene prom

methylation with clinical and pathological features

Cluster Al Cluster A2
Features Category n % n %
Age [years] <61.72 6 46,2% 19 50,0%
>61.72 7 53,8% 18 50,0%
Gender female 4 30,8% 8 21,1%
male 9 69,2% 30 78,9%
Tobacco no 3 23,1% 13 34,2%
yes 10 76,9% 25 65,8%
Alcohol no 7 53,8% 20 52,6%
yes 6 46,2% 18 47,4%
HPV-related na* 13 100,0% 29 76,3%
yes 0 0,0% 9 23,7%
Subsite Larynx/Hypopharynix 1 7.7% 11 28,9%
MNasal cavity 4 30,8% 2 5,3%
Oral cavity 5 38,5% 11 28,9%
Oropharynx 3 23,1% 14 36,8%
Tumor size T1-2 4 30,8% 16 42,1%
T3-4 9 69,2% 23 60,5%
Lymph node metastasis N0 7 53,8% 13 34,2%
N+ 6 46,2% 25 65,8%
Pathological grading G1-2 10 76,9% 26 68,4%
G3 3 23,1% 12 31,6%
Resectionmargn RO 10 76,9% 32 84,2%
R1 3 23,1% 6 15,8%
Therapy S 3 23,1% 11 28,9%
SRT 6 46,2% 13 34,2%
SRCT 4 30,8% 14 36,8%

2DNA negative or DNA positive but RNA negative; ZONA and RNA positive; S=surge ry; RT=aduvant radiotherapy; RCT=adjwant ra

® Chisquare test; significant differences are indicated in bold
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! gene promoter

Cluster B

n % p value®
11 52,4% 0,94
10 47,6%

3 14,3% 0,516
18 85,7%

6 28,6% 0,733
15 71,4%

9 42,9% 0,737
12 57,1%

9 42,9% 0,001
12 57,1%

3 14,3% 0,005
1 4,8%

2 9,5%

15 71,4%

12 57,1% 0,259
9 42,9%

4 19,0% 0,111
17 81,0%

11 52,4% 0,289
10 47,6%

13 61,9% 0,155
8 38,1%

1 4,8% 0,226
8 38,1%

12 57,1%

wiochermotherapy
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Supplementary Table S7 is available in: https://onlinelibrary.wiley.com/doi/full/10.1002/ijc.32481
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5. CONCLUSION

Presently, no validated biomarkers exist to identify HNSCC patients with a higher
probability for treatment failure who would benefit from closer follow-up and different therapeutic
approaches. The current standard therapies for HNSCC are either rather toxic or have low response
rates. In order to improve patient survival and reduce treatment-related toxicity, the identification
of biomarkers is urgently needed. The establishment of reliable biomarkers would allow for the
potential to identify patients at high risk for tumor relapse and could be extremely beneficial for

treatment decision making.

Considering HNSCC heterogeneity, the analysis of combined multiple genes and/or DNA
alterations may provide a better coverage for biomarker detection. In this study, the combination
of genetic and epigenetic alterations showed the effect of DNA methylation in regulating two
different genes (RYR2 and SOX2) during tumor initiation and progression. The detection of DNA
methylation and respective gene expression might help to predict patients risk for malignant
transformation and worse outcome. In a near future, scientific advances on DNMT inhibitors and
DNA methylation may lead to a transition from cytotoxic to targeted therapies that could reverse

the cancer cells back to a more normal-like state, improving clinical success.

Recent studies have shown that epigenetic switch between SOX2 and SOX9 is regulated to
cell plasticity (LIN et al., 2016) immune evasion (MALLADI et al., 2016) and induced drug
resistance (SHARMA et al., 2018). Future studies exploring the combination of different regulatory

mechanisms and SOX2-related genes might help to better understand tumor complexity.

Pilot studies from our laboratory have shown that RYR2 is positive in highly mobile tumor
cells in vitro and has greater expression in tumor invasion areas when compared to the center of
the tumor. This, added to controversial finding in literature regarding RYR2 expression, suggests

a context-dependent function of RYR?2 that needs to be further explored.
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To better describe the profile of invasive cells regarding RYR2 and SOX2 expression,
genetic and epigenetic alterations, gene-related and drug resistance, a more sophisticated tool that
preserves the biological features of the original source and connects lab and clinical practices is
needed. Three-dimensional (3D) models have been proven to better reflect environmental cues and
mimic patho-physiological processes: cell-cell, cell-matrix interactions and cross-talk, in vivo
growth, differentiation and dedifferentiation conditions. The 3D spheroid model has showed to be
an adequate cost/benefit biotechnological tool to assess tumor cell invasion mechanisms, to

investigate drug response and improve personalized medicine.
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