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Genomic sequencing projects unraveled the mutational landscape of head and neck squamous cell carcinoma (HNSCC) and

provided a comprehensive catalog of somatic mutations. However, the limited number of significant cancer-related genes obtained

so far only partially explains the biological complexity of HNSCC and hampers the development of novel diagnostic biomarkers and

therapeutic targets. We pursued a multiscale omics approach based on whole-exome sequencing, global DNA methylation and

gene expression profiling data derived from tumor samples of the HIPO-HNC cohort (n = 87), and confirmed new findings with
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datasets from The Cancer Genome Atlas (TCGA). Promoter methylation was confirmed by MassARRAY analysis and protein

expression was assessed by immunohistochemistry and immunofluorescence staining. We discovered a set of cancer-related genes

with frequent somatic mutations and high frequency of promoter methylation. This included the ryanodine receptor 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 to invasive cancer and

indicated that reduced RYR2 expression in adjacent tissue and precancerous lesions might serve as risk factor for unfavorable

prognosis and upcoming malignant conversion. In summary, our data indicate that impaired RYR2 function by either somatic

mutation or epigenetic silencing is a common event in HNSCC pathogenesis. Detection of RYR2 expression and/or promoter

methylation might enable risk assessment for malignant conversion of dysplastic lesions.

Introduction
Head and neck cancer (HNC) constitutes a heterogeneous
group of cancers at the upper aerodigestive tract and is one of
the most common malignancies worldwide.1 In the majority
of cases, HNCs are diagnosed as squamous cell carcinoma
(HNSCC) originating from the mucosal epithelia of the oral
cavity, pharynx or larynx.2 Cigarette smoking and alcohol
abuse are major etiological risk factors for HNSCC, while
human papillomavirus (HPV) infection is strongly associated
with oropharyngeal cancer risk and prognosis.3,4

The standard of care for HNSCC includes surgical excision,
radiotherapy and platinum-based chemotherapy, which often
cause high morbidity and reduced quality of life.5 Despite multi-
modal and aggressive treatment regimens, the overall survival of
patients with advanced HNSCC remains low due to the high
incidence of treatment resistance resulting in loco-regional recur-
rence or distant metastasis.6,7 Hence, unraveling cellular and
molecular principles of intrinsic or acquired treatment resistance
has become a prime target for novel drug discovery and design of
more effective therapies.8,9 Equally important is the identification
of key players in the pathogenesis of HNSCC, which could
improve risk assessment of early malignant conversion to facili-
tate timely and adequate treatment of premalignant lesions and
pave the way to establish new strategies for prevention.

Genomic sequencing approaches have been conducted to
unravel the mutational landscape of HNSCC and to provide a
comprehensive catalog of candidate genes responsible for the
initiation and progression of HNSCC.10–12 In addition, global
gene expression profiling highlighted aberrant activity of gene
regulatory networks and signaling cascades, operating in dis-
tinct HNSCC subtypes.13–15

A fundamental problem of an increasing sample size for can-
cer genome studies is the large list of putative candidate genes of
which many appear highly suspicious on the basis of their

expression pattern, biological function or genomic properties.
Most cancer genome studies identified frequent somatic muta-
tions in genes encoding extremely large proteins, such as skeletal
or cardiac muscle proteins (e.g., TTN, ryanodine receptor
2 [RYR2] and RYR3), membrane-associated mucins (e.g.,
MUC16 and MUC4), cytoskeletal dyneins (e.g., DNAH5 and
DNAH11) or the neuronal synaptic vesicle protein piccolo
(PCLO). New algorithms have been developed to reduce the risk
of extensive false-positive findings that overshadow true driver
events.16 However, it is worth noting that the limited number of
significant candidate genes or specific mutational hotspots in
HNSCC obtained by these tools only partially explains their bio-
logical complexity and might hamper the development of novel
diagnostic markers and therapeutic targets.17

In addition to genomic mutations, the accumulation of epige-
netic alterations has been identified as a hallmark of HNSCC. Epi-
genetic alterations and in particular aberrant DNA methylation of
CpG units in the proximity of predicted transcription start sites
(TSS) are common features of HNSCC and often result in gene
expression silencing and signaling pathway deregulation.18–20 In
many cancers, epigenetic events linked to tumor suppressor gene
inactivation through promoter hypermethylation are even more
frequent than somatic mutations and could drive neoplastic initi-
ation and malignant progression.21 So far, only a limited number
of studies conducted an integrative approach considering both
somatic mutations and gene promoter methylation to unravel
new key regulators in the pathogenesis of HNSCC.22

Materials and Methods
Patient material
Patients of the Heidelberg Center for Personalized Oncology-
Head and Neck Cancer (HIPO-HNC) cohort (n = 87) were
treated between 2012 and 2016 at the University Hospital
Heidelberg, Germany, and the cohort consists primarily of

What’s new?
Multi-scale omics approaches provide a powerful tool to unravel cancer-related genes with the potential to serve as prognostic

biomarkers and putative drug targets. This study shows that somatic mutations and epigenetic silencing of the ryanodine

receptor 2 (RYR2) are frequent in head and neck cancer. Loss of RYR2 expression was found during transition from 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.

3300                              



advanced HNSCC from the oropharynx (n = 36, 41.4%), oral
cavity (n = 22, 25.3%), and laryngeal/hypopharyngeal sites
(n = 18, 20.7%, Supporting Information Table S1). Patient
samples were obtained under the protocol S-206/2011,
approved by the Ethics Committee of Heidelberg University,
with written informed consent from all participants. Our
study was conducted in accordance with the Declaration of
Helsinki. Median age at the time of diagnosis was 61.4 years
(range: 39.7–82.5 years), most patients were male (n = 67,
78.2%) and smokers (n = 60, 69%). HPV-related tumors were
almost exclusively found in the subgroup of oropharyngeal
squamous cell carcinoma (OPSCC; n = 22 out of 36, 61.1%),
compared to 5.9% (n = 3 out of 51) in non-OPSCC.

Fresh-frozen specimens and tissue sections from formalin
fixed paraffin embedded (FFPE) samples of the HIPO-HNC
cohort were provided by the NCT tissue bank at the Institute
for Pathology, University of Heidelberg, Germany in accor-
dance with its regulations and the approval of the Ethics
Committee of Heidelberg University. Tissue sections of
dysplastic lesions and malignant tumors for the validation
cohorts were provided by Departments of Otorhinolaryngol-
ogy from Ulm and Giessen, Germany and Oral Pathology,
Federal University of Rio Grande do Sul, Porto Alegre, Brazil
(Supporting Information Table S2) after approval by the local
Ethics Committees (Ethics votes: 374/13 and 95/15, CEP
UFRGS 237.008).

Isolation of analytes
Fresh-frozen tumor samples of the HIPO-HNC cohort were
obtained from surgical resection and were evaluated by a pathol-
ogist (W.W.) to confirm the diagnosis and to estimate neoplastic
cell content. Blood samples were collected prior to surgery.
DNA and RNA from tumor specimens and DNA from blood
samples were isolated at the central DKFZ-HIPO Sample
Processing Laboratory using the AllPrep DNA/RNA/Protein
Mini Kit (Qiagen, Hilden, Germany) and the QIAamp DNA
Blood Mini QIAcube Kit (Qiagen) according to manufacturer’s
protocols. Quality control and quantification were conducted
using a Qubit 2.0 Fluorometer (Thermo Fisher Scientific,
Waltham, MA), the Agilent 2100 Bioanalyzer (Agilent Technol-
ogies, Santa Clara, CA), and the NanoDrop spectrophotometer
(NanoDrop Technologies, Wilmington, DE).

Whole-exome sequencing and data analysis
Exome capturing was performed using SureSelect Human All
Exon in-solution capture reagents version 4 and version
6 (Agilent Technologies) including UTRs and sequencing was
carried out with a HiSeq 2500 instrument (Illumina, San Diego,
CA). Mapping of paired-end short reads was performed using
bwa-aln (version 0.6.2) on the 1,000 genomes project’s phase
2 reference sequence (ftp://ftp.1000genomes.ebi.ac.uk/vol1/ftp/
technical/reference/phase2_reference_assembly_sequence/hs37d5.
fa.gz) including decoy sequences. Afterward, the Picard soft-
ware (https://broadinstitute.github.io/picard/, version 1.61) was

used to mark duplicate reads. Summary on detected high confi-
dence indels and single nucleotide variant (SNVs) is provided
as Supporting Information Tables S3 and S4.

Global gene expression profiling
Gene expression profiling was conducted with HumanHT-12
BeadChip arrays (Illumina). Biotin-labeled complementary
RNA (cRNA) samples were prepared according to the rec-
ommended sample labeling procedure based on the modified
Eberwine protocol.23 In brief, 250–500 ng total RNA was used
for cDNA synthesis, followed by an amplification/labeling step
to synthesize biotin-labeled cRNA using the Illumina® Total
Prep™ RNA Amplification Kit (Life Technologies, Carlsbad,
CA) and Biotin-16-UTP (Roche Applied Science, Penzberg,
Germany). The cRNA was purified with the Illumina® Total
Prep™ RNA Amplification Kit (Life Technologies), following
quality control and quantification using the Agilent 2100 Bio-
analyzer (Agilent Technologies) and NanoDrop spectrophotom-
eter (NanoDrop Technologies). Microarrays were scanned using
an iScan array scanner (Illumina). The raw intensity (IDAT)
files were imported into the R environment using the limma
package24 and normalized with the neqc function25 with default
parameters.

Global DNA methylation analysis
DNA concentrations were determined using PicoGreen
(Molecular Probes, Eugene, OR) and the quality was confirmed
by agarose-gel analysis. Only samples with an average fragment
size >3 kb were selected for further analysis. About 500 ng
genomic DNA from each sample was bisulfite converted using
the EZ-96 DNA Methylation Kit (Zymo Research Corporation,
Irvine, CA) according to the manufacturer recommendations.
After amplification and enzymatic fragmentation following the
instructions in the Illumina Infinium HD Assay Methylation
Protocol Guide, samples were applied to Infinium Human-
Methylation450 or MethylationEPIC BeadChips (Illumina)
and hybridization was performed for 16–24 hr at 48�C. After
extension, arrays were fluorescently stained and scanned using
an iScan array scanner (Illumina). Data analysis was performed
in R studio version 1.1.423 and extraction of beta values was
performed using the minfi package version 1.24.0.26–30

MassARRAY analysis
Quantitative DNA methylation analysis by matrix-assisted time-
of-flight mass spectrometry (MassARRAY, Agena Bioscience,
San Diego, CA) was performed as described previously31 using
primers purchased from Sigma-Aldrich and listed in Supporting
Information Table S5. We used ClustVis, a freely available web
server at http://biit.cs.ut.ee/clustvis/32 to analyze and to visualize
the MassARRAY data from the HIPO cohort and HNSCC cell
lines in a numeric data matrix. Hierarchical clustering was used
to generate heatmap plots with calculating all pairwise distances
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. No scaling was applied to rows and col-
umns represent individual samples, which were clustered using
Euclidean distance and average linkage.

HPV status
HPV status was determined for all cases by BSGP5+/6
+-PCR/MPG and E6*I mRNA detection as described previ-
ously.33 HPV DNA- and RNA-positive cases were considered as
HPV-related while all other cases (DNA-negative and DNA-
positive but RNA-negative) were considered as non-HPV-
related.

The Cancer Genome Atlas-HNC and pan-cancer data analysis
The Cancer Genome Atlas (TCGA)-HNC methylation data as
assayed by Illumina 450 K Human Methylation Arrays were
downloaded in 2015 from the TCGA data portal (https://tcga-
data.nci.nih.gov/tcga) for n = 279 patients. Downloaded raw idat
files were loaded into R studio version 1.1.423 and preprocessed
with minfi version 1.24.0. RYR2 promoter and gene body meth-
ylation patterns in normal and tumor samples of 23 TCGA
cohorts were analyzed using the MethCNA database (http://
cgma.scu.edu.cn/MethCNA/).34 Level 3 RNAseq data were
downloaded as described previously.35 Raw count data were
rlog-transformed using DESeq2 package in R and used for fur-
ther analysis.36

Immunohistochemical staining
IHC staining was performed with the Immunodetection Kit
(ImmPRESS HRP Antirabbit, Vector Laboratories, Burlingame,
CA), according to manufacturer’s instructions. Endogenous per-
oxidase activity was inactivated by incubation of tissue slides
with 3% H2O2 for 10 min at room temperature. For antigen
unmasking slides were boiled for 10 min in 10 mM Citrate
buffer. Immunostaining was performed with the anti-RYR2
antibody (PA5-38329, Thermo Fisher, Waltham, MA) using the
DAB peroxidase substrate (Vector Laboratories) and histological
staining with hematoxylin was done to visualize tissue architec-
ture. Slides were mounted with Eukitt (Sigma, St Louis, MO).
Quantification of the relative number of RYR2-positive cells was
done by three independent evaluators based on microscopic
inspection and categorized as Score 1: 0% positive, Score 2:
1–33% positive cells, Score 3: 34–66% positive cells and Score 4:
≥67% RYR2 positive cells.

Cell culture experiments
FaDu, Cal27, SCC4, SCC9 and SCC25 cells were purchased
from the American Type Culture Collection (ATCC, https://
www.lgcstandards-atcc.org/). All cell lines were cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM, Sigma) sup-
plemented with 10% fetal calf serum (Sigma), 2 mM L-glutamine
(Sigma) and 50 μg/ml Penicillin–Streptomycin (Sigma) in a
humidified atmosphere with 6% CO2 at 37�C. Cell cultures
were routinely screened to exclude mycoplasma contamina-
tion (Venor®GeM Classic Mycoplasma Detection Kit; Minerva

Biolabs, Berlin, Germany) according to manufacturer’s ins-
tructions, and authentication was confirmed by the Multi-
plex Human Cell Line Authentication Test (Multiplexion,
Supporting Information Data S1).

Immunofluorescence staining
Cells were seeded on coverslips in 12-well plates (Greiner Bio-
One) and were either kept for 48 hr under normal growth condi-
tions or were treated for 72 hr with DMSO or 1 μM Decitabine
(DAC; Sigma). Cells were fixed with 4% PFA for 15 min at 4�C,
incubated for 30 min in 0.5% Triton X-100 and blocked for
30 min with T-buffer (0.2% Tween 20, 1% BSA in PBS). Cells
were incubated for 1 hr at room temperature with the anti-RYR2
antibody (Thermo Fisher, PA5-38329; dilution 1:200 in T-buffer),
followed by incubation for 30–60 min with the secondary anti-
body (Jackson Immuno Research, 111-165-008; dilution 1:200 in
T-buffer). Nuclei were visualized with DAPI (Sigma, dilution
1:1000). Coverslips were mounted with VectaMount (Vector
Laboratories) and were analyzed by fluorescence microscopy
(Olympus BX-50F). Pictures were taken from at least five individ-
ual fields per experiment using the Olympus XC30 camera. Cells
with a perinuclear and dot-like staining pattern were counted
manually as RYR2-positive and divided by the total amount of
cells to calculate the relative fraction of RYR2-positive cells.

Quantitative RT-PCR analysis
Total RNA isolation was performed with the RNeasy Mini Kit
(Qiagen) following the manufacturer’s instructions. For DNase
digestion RNase free DNase Set (Qiagen) was used. Quantity
and quality of isolated total RNA were determined with the
Nanodrop 2000 Spectrophotometer (Thermo Fisher). For cDNA
synthesis, RevertAid First Strand cDNA Synthesis Kit (Thermo
Fisher) was used. About 1 μl Random Hexamer Primer was
added to 1 μg RNA diluted in 11 μl RNAse free water and the
mixture was incubated for 5 min at 70�C followed by 5 min at
4�C. Subsequently, 4 μl five times Reaction Buffer, 2 μl 10 mM
dNTPs, 1 μl RiboLock RNAse Inhibitor and 1 μl RevertAid
Reverse Transcriptase were added and incubated for 60 min at
42�C. Quantitative RT-PCR (RQ-PCR) was performed using
10 ng cDNA and the SYBR Green PCR Mix (Thermo Fisher) in
the 7900HT Fast Real-Time PCR System (Applied Biosystems,
Foster City, CA) according to manufacturer’s instruction. RYR2
primers were purchased from Qiagen (RYR2: QuantiTect
Primer Assay, Qiagen) and amplification of LMNB1 was used as
an internal reference (LMNB1-For: GCTGCTCCTCAACTATG
CTAAGAA; LMNB1-Rev: TTTGACGCCCAGAATCCAC).
The cycle of threshold (CT) for RYR2 was normalized to the CT
value of LMNB1 using the ΔΔCT method. For each primer,
efficiency was determined by a dilution series from 0.01 to
100 ng cDNA from SCC4 cells.

Calcium imaging
About 200,000 SCC4 cells were seeded on 35 mm glass bottom
dishes (MatTek) and cultured in DMEM for 2 days. Cells were
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loaded with 5 μM of the Ca2+-sensitive fluorophore Fluo-4-AM
(Thermo Fisher) for 20 min at room temperature in Tyrode’s
solution (140 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl2, 1.1 mM
MgCl2, 5 mM HEPES, 10 mM Glucose). Cells were washed with
fresh solution and left for 10 min for deesterification before tak-
ing videos of cell clusters on a confocal microscope (Olympus
IX81 Fluoview1000). Using a 60× water immersion objective (1.2
numerical aperture), images were continuously recorded at a res-
olution of 512x512 pixel and a rate of 2 μs per pixel to collect
100–160 images. Cytosolic Ca2+ signals were recorded at resting
conditions and during stimulation with 10 mM Caffeine (Sigma)
with or without 5 min preincubation with 10 μM Ryanodine
(Tocris), a potent RYR2 antagonist. Fluo-4 was excited at
473 nm and emission was collected between 490 and 540 nm.
Images and videos were processed with ImageJ.37 Baseline fluo-
rescence intensity was determined independently for each mea-
surement and after subtraction of Caffeine-induced Ca2+

quenching. For each setting, at least three independent areas with
more than 50 individual cells in total were examined on single
cell level. Relative cytoplasmic Ca2+ levels are given in ΔF/F0,
with F0 as basal Ca

2+ level at rest after background subtraction.

Bioinformatics and statistical analysis
SNV calling was performed using an in-house developed
workflow based on samtools-mpileup. This workflow was also
used in the frame of the ICGC PanCancer project and can be
accessed via the Dockstore webpage (https://dockstore.org/con
tainers/quay.io/pancancer/pcawg-dkfz-workflow).38–40 In short,
the workflow first determines variants in the tumor sample and
afterward checks, if these variants are also found in the patient-
matched control sample to distinguish somatic from germline
calls. Further annotation of the variants was done using publicly
available tracks, like 1,000 Genome variants, single nucleotide
polymorphisms (dbSNP), repeats and other elements. Functional
relevance was assessed using the Annovar software, and the vari-
ants were scored for confidence.41 Small insertions and deletions
were obtained from Platypus (version 0.7.4) and further anno-
tated and confidence assessed similarly as in SNV calling.42

Mutational significance calculation was done using
mutSigCV.16 PCA analysis and illustration by heatmaps were
done with https://biit.cs.ut.ee/clustvis/.32 Columns are clustered
using Euclidean distance and average linkage. Coding non-
synonymous SNVs, which were found in the TCGA-HNC and
HIPO-HNC cohorts, were analyzed with several algorithms
(MutationAssessor,43 MutationTaster,44 PolyPhen-2,45 CADD,46

SIFT,47 FATHMM48,49) to predict the functional consequence of
missense variations. Statistical analysis was done using GraphPad
(https://www.graphpad.com/quickcalcs/index.cfm) and IBM
SPSS Statistics version 25. p Values <0.05 were considered statis-
tically significant.

Data availability
The data discussed in this publication have been deposited in
NCBI’s Gene Expression Omnibus (Edgar et al., 2002) and are

accessible through GEO Series accession number GSE117973
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE117973)
or have been submitted to ArrayExpress (E-MTAB-7478,
E-MTAB-7468).

Results
Whole-exome sequencing and global DNA methylation
analysis
Whole-exome sequencing data were available for 86 patients
of the HIPO-HNC cohort and revealed 28,322 SNVs and
1,969 InDels in total. The highest frequency for somatic muta-
tions was identified for TP53 in non-HPV-related tumors
(75.8%), while only one HPV-related tumor had a TP53 muta-
tion (Fig. 1a). As expected, frequent somatic mutations were
found in several genes (e.g., TTN, MUC16, PCLO and RYR2)
encoding extremely large proteins. Candidate genes with the
highest mutational frequency in the HIPO-HNC cohort and a
somatic mutation frequency of at least 5% of cases in the
TCGA-HNC cohort (n = 510, http://www.cbioportal.org/)
were selected for further analysis (Supporting Information
Fig. S1).

Gene promoter methylation was assessed by global DNA
methylome array analysis and revealed a high beta value (mean
and median >0.3) for probes located in the proximity of the
predicted TSS for FAT3, TTN,MUC16, RYR2, USH2A, PAPPA2,
NSD1 and LRP1B (Fig. 1b). DNA methylation and transcript
levels for candidate genes with highest beta values were analyzed
for samples of the TCGA cohort (n = 279), which confirmed a
high correlation for FAT3, MUC16, RYR2, USH2A, PAPPA2
and LRP1B (Supporting Information Fig. S2). While high
PAPPA2, MUC16 or FAT3 promoter methylation were posi-
tively correlated with their transcript levels, an inverse correla-
tion was detected for RYR2 or LRP1B. In addition, analysis of
DNA methylation patterns for normal and tumor samples of
the TCGA-HNC cohort by the MethCNA online tool (http://
cgma.scu.edu.cn/MethCNA/) demonstrated a prominent differ-
ence for probes located at the RYR2 promoter but not in the
gene body (Fig. 1c). A pan-cancer analysis with 7,731 tumor
samples and 741 controls from 23 TCGA cohorts revealed a
prominent difference in DNA methylation of probes annotated
for the RYR2 promoter but not the gene body (Supporting
Information Fig. S3A). A more detailed analysis of cancer
cohorts for which DNA methylation data were available for at
least n = 20 control samples demonstrated that RYR2 promoter
methylation is a common feature for most human cancers ana-
lyzed, but is less evident in kidney renal papillary cell carcinoma
(TCGA-KIRP), kidney renal clear cell carcinoma (TCGA-KIRC)
or thyroid carcinoma (TCGA-THCA). It is worth noting that
these cancers are also characterized by a rather low frequency of
somatic mutations in RYR2 (Supporting Information Fig. S3C).
As observed previously for TCGA-HNC, several cancers
including prostate adenocarcinoma (TCGA-PRAD), pancreatic
adenocarcinoma (TCGA-PAAD) and cervical cancer (TCGA-
CECS) exhibit a highly significant and inverse correlation

            3303

https://dockstore.org/containers/quay.io/pancancer/pcawg-dkfz-workflow
https://dockstore.org/containers/quay.io/pancancer/pcawg-dkfz-workflow
https://biit.cs.ut.ee/clustvis/
https://www.graphpad.com/quickcalcs/index.cfm
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE117973
http://www.cbioportal.org/
http://cgma.scu.edu.cn/MethCNA/
http://cgma.scu.edu.cn/MethCNA/


between gene promoter methylation and RYR2 transcript levels
(Supporting Information Fig. S3B).

RYR2 promoter methylation and transcription
Inspection of the RYR2 promoter using the UCSC Genome
Browser revealed a well-defined CpG island and three array pro-
bes (cg03422911, cg18375860 and cg19764418) are located at its
50-region (Supporting Information Fig. S4A). MassARRAY anal-
ysis based on six amplicons, which were designed to cover most
of the CpG island, was conducted to confirm variable DNA
methylation for samples of the HIPO-HNC cohort. Mean values
of MassARRAY data for Amplicon 1 and 2 were significantly

correlated with mean beta values of overlapping array probes
(Supporting Information Fig. S4B). Hierarchical clustering based
on quantitative MassARRAY data revealed two main clusters of
samples with low to moderate (Cluster A1 and A2) or high RYR2
promoter methylation (Cluster B; Fig. 2a and 2b). In line with
data from control samples of the TCGA-HNC cohort (Fig. 1c),
samples from normal mucosa (n = 4) revealed a low methylation
value and resemble RYR2 promoter methylation patterns, which
were closely related to HNSCC samples of Cluster A1.

As expected, RYR2 transcript levels were significantly
reduced in cluster B as compared to Clusters A1 and A2
(Fig. 2c). HPV-related tumors were enriched in Clusters A2

Figure 1. Mutational landscape and gene promoter methylation of the HIPO-HNC cohort. (a) Oncomap indicates the number of somatic
mutations per sample, etiological risk factors and mutation types of most frequently affected genes based on whole-exome sequencing data of
the HIPO-HNC cohort (n = 86). (b) The graph summarizes mean beta values of probes in the proximity of annotated transcriptional start sites for
most frequently mutated candidate genes in the HIPO-HNC cohort based on global DNA methylation arrays. (c) Box plot depicts mean beta
values for probes located at the RYR2 promoter or gene body of normal (green, n = 50) or tumor samples (red, n = 529) from the TCGA-HNC
cohort (http://cgma.scu.edu.cn/MethCNA/). [Color figure can be viewed at wileyonlinelibrary.com]
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and B, and were completely absent in Cluster A1 (Fig. 2a,
Supporting Information Table S6). A significantly higher
RYR2 methylation and lower transcript levels were evident in

HPV-related as compared to non-HPV-related tumors of the
HIPO-HNC cohort (Figs. 2d and 2e), and was confirmed in
the TCGA-HNC cohort (Supporting Information Fig. S5).

Figure 2. RYR2 gene promoter methylation and expression in the HIPO-HNC cohort. (a) The heatmap was generated by unsupervised hierarchical
clustering of MassARRAY data for CpGs (rows) applying Euclidean distance and average linkage on columns (cases of the HIPO-HNC cohort,
n = 72) and indicates two main clusters (Cluster A and B). Cluster A is further divided into two subclusters A1 and A2. NM, normal mucosa (n = 4).
Box plots show the distribution of mean MassARRAY values (b) and of relative RYR2 transcription normalized to LMNB1 transcript levels (c) for
samples in cluster A1, A2 and B of the HIPO-HNC cohort as well as the significant differences in RYR2 promoter methylation (d) and transcript
levels (e) between HPV-related and nonHPV-related tumors. Unpaired t-test: *p-value <0.05 and ***p-value <0.0005. [Color figure can be viewed at
wileyonlinelibrary.com]
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We addressed whether variable RYR2 promoter methyla-
tion and expression also occur in HNSCC cell lines in vitro.
Genomic DNA from five well-established HNSCC cell lines
was evaluated by MassARRAY analysis and RYR2 promoter
methylation was related to protein expression as determined

by IF staining (Figs. 3a and 3b, Supporting Information
Fig. S6A). HNSCC cell lines with low to moderate gene pro-
moter methylation (SCC4, SCC9 and SCC25) showed a promi-
nent and perinuclear RYR2 staining pattern in almost all cells,
while only a subpopulation of RYR2-positive cells was detected

Figure 3. RYR2 promoter methylation and protein expression in HNSCC cell lines. Heatmaps were generated by unsupervised hierarchical clustering
of MassARRAY data for CpGs (rows) applying Euclidean distance and average linkage on columns (HNSCC cell lines) and show differences in RYR2
promoter methylation for HNSCC cell lines under normal growth conditions (a) and upon treatment with Decitabine (DAC) or DMSO as control (c).
(b and d) Graphs show the percentage of RYR2-positive cells as determined by IF staining and quantification of five independent fields per cell lines
and treatment. Bars represent mean values � SD of three independent experiments. Unpaired t-test:*p-value <0.05 and **p-value <0.005. [Color
figure can be viewed at wileyonlinelibrary.com]
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for those cell lines with gene promoter hypermethylation
(FaDu and Cal27). These data suggested a regulation of RYR2
expression by gene promoter methylation in established
HNSCC cell lines. Indeed, treatment of FaDu and Cal27 cells
with the DNMT-inhibitor DAC increased RYR2 transcript
levels and the amount of RYR2-positive cells as compared to
DMSO-treated controls (Fig. 3d, Supporting Information
Figs. S6B and S6C). DAC-induced RYR2 expression was
accompanied by demethylation of CpGs in the proximal RYR2
promoter as determined by MassARRAY analysis (Fig. 3c).

RYR2-related Ca2+ release
RYR2 is a major component of the intracellular Ca2+ release
pathway in cardiomyocytes but is also expressed in nonexcitable
cells. To demonstrate RYR2 function in HNSCC cell lines, SCC4
cells with prominent basal RYR2 expression were preloaded with
the Ca2+-sensitive fluorophore Fluo-4 and subsequently stimu-
lated with the potent RYR2 agonist Caffeine.50 Single cell imag-
ing revealed that SCC4 cells exhibit no Ca2+ release under
control conditions, while Ca2+ peaks were detected after Caffeine
administration (Supporting Information Figs. S6D and S6E). It
is worth noting that the relative amount of SCC4 cells with
Caffeine-induced Ca2+ release events (86%) coincided with the
amount of RYR2-positive cells as determined previously by IF
analysis (Fig. 3b). Moreover, Caffeine-induced Ca2+ release was
abolished in most of the analyzed SCC4 cells (98%) upon pre-
incubation with the selective RYR2 inhibitor Ryanodine
(Supporting Information Fig. S6F). These data provided compel-
ling experimental evidence that RYR2 is not only expressed but
also functions as Ca2+ release channel in established HNSCC cell
lines.

Loss of RYR2 protein expression during malignant
progression
We addressed the question of whether silencing of RYR2
expression becomes evident at a specific time point during
HNSCC pathogenesis. FFPE samples of the HIPO-HNC cohort
(n = 9) and a cohort of oral cancer patients from Brazil
(UFRGS, n = 7) that shared areas of malignant tumor as well
as adjacent normal and dysplastic mucosae were selected for
IHC staining. IHC staining confirmed a positive RYR2 expres-
sion in most keratinocytes of adjacent tissue, while areas of
malignant tumors exhibited a more heterogeneous staining
pattern ranging from prominent staining in almost all tumor
cells to a complete loss of staining (Fig. 4a). Most samples also
showed a strong staining for stromal cells in the tumor micro-
environment most likely representing infiltrating immune cells.

Quantification of the relative amount of RYR2-positive nor-
mal and dysplastic keratinocytes or cancer cells, respectively,
indicated a gradual decrease of RYR2 expression with dysplasia
and an even further reduction in malignant tumors as compared
to normal mucosa or dysplastic lesions (Fig. 4b). Reduced RYR2
expression in invasive tumors as compared to adjacent dysplas-
tic tissue was further confirmed with matched samples from

independent cases of the HIPO-HNC cohort (n = 10), for which
no normal mucosa but dysplastic areas were detectable (Fig. 4c).
In addition, tissue sections from an independent cohort with
nonmalignant lesions were analyzed by IHC staining and rev-
ealed a RYR2 expression pattern which was similar to adjacent
dysplastic tissue of HNSCC (mean score 2.52 � 0.88, n = 26).
Finally, we identified serial FFPE specimens from two patients,
who progressed from a nonmalignant dysplastic lesion to
HNSCC over a time period of up to 5 years. Representative pic-
tures of an IHC staining of these samples support a gradual loss
of RYR2 expression during malignant progression (Supporting
Information Fig. S7).

Although the amount of cases was limited (n = 19), it is
worth noting that patients with a reduced RYR2 expression
score at the adjacent tissue had a significantly reduced progres-
sion-free survival as compared to their counterparts with a nor-
mal mucosa-like score (Fig. 4d).

Discussion
In our study, we conducted a step-wise approach and unraveled
RYR2 as a candidate gene with a high frequency of somatic
mutations and promoter hypermethylation in samples from
primary HNC patients. RYR2 is a major component of the
intracellular Ca2+ release pathway and is associated with the sar-
coplasmic or endoplasmic reticulum of several cell types, particu-
larly in cardiomyocytes.50,51 In cardiomyocytes, RYR2-mediated
Ca2+ release is crucial for excitation-contraction coupling and
mutations in RYR2 are associated with fatal cardiac arrhythmias
and heart failure.51,52 However, the functional role of RYR2 in
nonexcitable cells under physiological and pathological condi-
tions remains controversial.

Although a high RYR2 mutation frequency is a common fea-
ture of numerous human malignancies (Supporting Information
Fig. S3C), the relevance of RYR2 in the pathogenesis of cancer
has been questioned on the basis of its genomic properties as well
as predominant expression and function in cardiomyocytes.16

Our data indicate that silencing of RYR2 transcription by gene
promoter methylation is a common event during HNSCC patho-
genesis, but also other human cancers. However, in a substantial
amount of cases somatic mutations occur and two findings sup-
port the assumption that cancer-related somatic mutations
might effect RYR2 protein function: (i) coding nonsyno-
nymous SNVs, which were found in the TCGA-HNC and
HIPO-HNC cohorts, were analyzed with well-established
algorithms (MutationAssessor, MutationTaster, PolyPhen-2,
CADD, SIFT and FATHMM) to predict a functional conse-
quence of missense variations. For more than two-thirds of
detected missense variations, a damaging or disease-causing con-
sequence with an impact on protein function was predicted by at
least 75% of these algorithms (Supporting Information Table S7),
and (ii) 10 HNC-linked missense variants are also listed in public
databases (https://www.ncbi.nlm.nih.gov/clinvar/ and https://
databases.lovd.nl/shared/genes/RYR2) and are related to cate-
cholaminergic polymorphic ventricular tachycardia, cardiac
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arrhythmia or cardiovascular phenotype. For some of these mis-
sense variants, experimental data confirm their impact on RYR2
function. As an example, the missense mutation R176Q which is
associated with arrhythmogenic right ventricular dysplasia type
2 causes structural alterations which are linked to channel dys-
function.53 In a mouse knock-in model, the R176Q mutation
predisposes the heart to catecholamine-induced oscillatory
calcium-release events that trigger a calcium-dependent ventricu-
lar arrhythmia.54

Our data suggest a potential role of RYR2-dependent Ca2+

signaling in differentiation and tissue homeostasis, which

is supported by the fact that RYR2 was detected by Denda
et al.55 in epidermal keratinocytes with increased expression
in differentiating as compared to proliferative keratinocytes
in vitro. Ca2+ imaging after agonist and antagonist treatment
indicated that RYR2 is not only expressed but also functional
in a HNSCC cell line with prominent basal RYR2 expression
as it is in epidermal keratinocytes.55 Altered RYR2 activity
either due to somatic mutation or epigenetic silencing might
impair differentiation and thereby might accelerate malignant
progression of transformed keratinocytes in combination with
other oncogenic events. In line with this assumption, RYR2

Figure 4. RYR2 expression in normal, dysplastic and malignant tissues. (a) Representative pictures of an IHC staining with FFPE tissue sections
demonstrate RYR2 expression patterns (brown signal) in adjacent tissue (upper panel) and matched malignant tumor tissue (lower panel) of
selected samples from the HIPO-HNC cohort. Box plots summarize the distribution of the RYR2 immunoreactivity score (IRS) as determined by
IHC staining of tissue sections from the HIPO-HNC (n = 9) and UFRGS (n = 7) cohorts with matched areas of normal mucosa, dysplasia and
malignant tumor (b) or tissue sections from independent cases of the HIPO-HNC (n = 10) cohort and validation cohorts (n = 12, Ulm and
Giessen) with matched areas of dysplasia and malignant tumor (c). The RYR2 IRS represents the relative amount of RYR2-positive keratinocytes
or tumor cells from absent (1) to ≥67% (4). (d) Kaplan–Meier graph shows a significant difference in progression-free survival (PFS) between
subgroups of patients with normal (IRS = 4, red line) or reduced RYR2 expression (IRS < 4, blue line) in adjacent tissue. Numbers below the
graph represent patients at risk at the indicated time points. Wilcoxon test: **p-value <0.005, ***p-value <0.0005. [Color figure can be viewed at
wileyonlinelibrary.com]
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promoter methylation is common in HPV-driven tumors,
which are often characterized by a nonkeratinizing and
basaloid histopathology as well as the absence of detectable
premalignant dysplastic lesions.56

So far, only a few studies addressed RYR2 regulation and
function in epithelial tumor cells. RYR2 expression and
Caffeine-stimulated Ca2+ release were reported for prostate
and breast cancer cell lines.57,58 Mariot et al.59 provided exper-
imental data that a RYR-related Ca2+ mobilization augments
apoptosis of LNCaP cells, a RYR1- and RYR2-positive pros-
tate cancer cell line. In contrast, a strong RYR2 up-regulation
was found in a breast cancer cell line upon EGF-induced
epithelial-to-mesenchymal transition,58 a process which is
related with a higher risk for tumor cell dissemination and
treatment failure in many epithelial malignancies, including
HNSCC.60 These controversial findings indicate a context-
dependent function of RYR2 in epithelial and tumor cells
derived thereof, and it will be a major challenge in future
studies to unravel underlying molecular principles by loss-of-
function and gain-of-function approaches.

IHC staining of tissue sections demonstrated a gradual loss
of RYR2 protein expression from adjacent normal mucosa via
dysplastic lesions to cancer, which is most likely due to an
increase in promoter methylation. Our findings raise the attrac-
tive question, whether reduced RYR2 expression and/or an
increase of promoter methylation in premalignant lesions of the
head and neck region could serve as diagnostic biomarkers to
assess the risk of malignant conversion and to facilitate timely
and adequate treatment. This issue remains an unmet medical
need of high clinical relevance,61 but a large collection of prema-
lignant tissue samples from patients with or without subsequent

diagnosis of HNSCC will be required to finally answer this ques-
tion. Moreover, reduced RYR2 expression in adjacent tissue of
primary HNSCC served as a risk factor for shorter progression-
free survival. Low RYR2 expression may indicate the presence of
altered keratinocyte differentiation due to genetic and/or epige-
netic changes in the field surrounding the tumor. The concept
of field cancerization, which is attributed to premalignant fields
surrounding the primary tumor, has been shown to drive the
high rate of local recurrence in HNSCC,62,63 and molecular
studies have provided compelling experimental evidence that
the majority of HPV-negative HNSCC, but also other epithelial
cancers, develop within local fields of premalignant cells that are
clonally related to the resected primary cancer.64 However, the
samples size in our study was limited and the potential associa-
tion between low RYR2 expression in tumor adjacent tissue and
field cancerization or premalignant field requires further confir-
mation in a larger prospective study.
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