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Promoter DNA methylation patterns in oral, laryngeal
and oropharyngeal anatomical regions are associated with
tumor differentiation, nodal involvement and survival
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Abstract. Differentially methylated regions (DMRs) can be used
as head and neck squamous cell carcinoma (HNSCC) diagnostic,
prognostic and therapeutic targets in precision medicine work-
flows. DNA from 21 HNSCC and 10 healthy oral tissue samples
was hybridized to a genome-wide tiling array to identify DMRs in
adiscovery cohort. Downstream analyses identified differences in
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promoter DNA methylation patterns in oral, laryngeal and oropha-
ryngeal anatomical regions associated with tumor differentiation,
nodal involvement and survival. Genome-wide DMR analysis
showed 2,565 DMRs common to the three subsites. A total of 738
DMRs were unique to laryngeal cancer (n=7), 889 DMRs were
unique to oral cavity cancer (n=10) and 363 DMRs were unique to
pharyngeal cancer (n=6). Based on the genome-wide analysis and
a Gene Ontology analysis, 10 candidate genes were selected to
test for prognostic value and association with clinicopathological
features. TIMP3 was associated with tumor differentiation in
oral cavity cancer (P=0.039), DAPK] was associated with nodal
involvement in pharyngeal cancer (P=0.017) and PAX] was asso-
ciated with tumor differentiation in laryngeal cancer (P=0.040).
A total of five candidate genes were selected, DAPKI, CDHI,
PAXI, CALCA and TIMP3, for a prevalence study in a larger
validation cohort: Oral cavity cancer samples (n=42), pharyngeal
cancer tissues (n=25) and laryngeal cancer samples (n=52). PAX]
hypermethylation differed across HNSCC anatomic subsites
(P=0.029), and was predominantly detected in laryngeal cancer.
Kaplan-Meier survival analysis (P=0.043) and Cox regression
analysis of overall survival (P=0.001) showed that DAPK]
methylation is associated with better prognosis in HNSCC. The
findings of the present study showed that the HNSCC subsites
oral cavity, pharynx and larynx display substantial differences in
aberrant DNA methylation patterns, which may serve as prog-
nostic biomarkers and therapeutic targets.

Introduction

Head and neck squamous cell carcinoma (HNSCC) is the
6th most common malignancy and the 8th cause of cancer
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death worldwide (1,2). HNSCC includes carcinomas from
the oral cavity (OSCC), oropharynx (OPSCC), hypopharynx
(HPSCC), larynx (LSCC), the paranasal sinuses, and the
major and minor salivary glands. The etiology of HNSCC
involves a variety of toxic, environmental and viral agents (3).
Tobacco and alcohol exposure are the primary etiological
factors for HNSCC (4-6). Oncogenic human papillomavirus
(HPV) strains, primarily HPV-16, have been recognized
as risk factor for HNSCC, particularly for oropharyngeal
cancers (7-10). Men are more frequently diagnosed with
HNSCC compared with women, and the incidence of HNSCC
has a male-to-female ratio of 3:1 in the US (11). This incidence
has been changing as women increasingly expose themselves
to HNSCC risk factors, tobacco, alcohol and HPV-infection.
Park et al (12) showed that women with HNSCC are at a higher
risk of dying of the disease than men diagnosed with HNSCC
(HR=1.92; 95% CI, 1.07-3.43). However, HPV-associated
HNSCC is more common in men compared with women (13).
Patients with HPV* HNSCC have a better prognosis than
patients with HPV - HNSCC (14); HPV may have a role in
the clinical manifestation of this sex disparity. HNSCC is
commonly diagnosed in patients =60 years old, however, an
increasing number of patients are diagnosed with HNSCC at
younger ages (15). Most patients with HNSCC are diagnosed
at advanced stages of the disease (III or IV), which leads to a
poor prognosis outcome (16). HNSCC treatment is generally
multimodal including surgery, rand chemoradiation, yet the
overall survival (OS) of patients with HNSCC is relatively low,
~2.5 years after treatment, for all HNSCC sites and stages (17).

In the US, African Americans, Hispanics/Latinos and
low-income non-Latino-White individuals are at higher risk
of developing HNSCC. In Puerto Rico, the incidence of
HNSCC is 2.5 times higher than that in Hispanics/Latinos
living in the US. The HNSCC incidence of OSCC and OPSCC
is 72% higher in Puerto Rico than among Hispanics/Latinos
living in the US. Similarly, the incidence of LSCC in Puerto
Rico is 51% higher than that in Hispanics/Latinos living in
the US (18). Racial and ethnic health disparities are a serious
public health concern due to the HNSCC high mortality and
morbidity rates, higher treatment costs and the effect on quality
of life. Therefore, discovery of actionable targets for the early
detection, diagnosis and prognosis of HNSCC, and for guiding
treatment would have an immediate impact on reducing these
health disparities.

Epigenetic biomarkers, such as aberrant DNA methylation
changes, have been used as molecular classifiers for different
cancer types, having a predictive capacity for patient prog-
nosis and treatment response (19). Aberrant changes in DNA
methylation such as global DNA hypomethylation and specific
promoter DNA hypermethylation have been associated with
carcinogenesis (20). It has been proposed that aberrant changes
in DNA methylation patterns occur early in the carcinogenic
process (21).

Aberrant promoter methylation of tumor suppressor genes
(TSGs), for instance, CDHI, DAPK1, CDKN2A and RASSFIA,
have been detected in HNSCC that resulted in loss of expres-
sion and pathway deregulation (22-24). Several studies
have demonstrated DNA methylation cancer-related signa-
tures (25,26), suggesting the likelihood of differential DNA
methylation patterns among HNSCC anatomical subsites (27).

Using a candidate gene approach, the prevalence of the aber-
rantly methylated TSGs CDKN2A, pl4**F and CDKN2B
in HNSCC tumors was previously evaluated. Bernabe (28)
detected aberrant methylation of the TSGs CDKN2A and
CDKN2B in HNSCC tumors. A reduction of CDKN2A
expression in HNSCC tumors exhibiting methylated (M)
CDKN2A was detected with mRNA expression analysis (28).
Subsequently, the aberrant methylation of CDHI was evalu-
ated in HNSCC tumors confirming its occurrence, but hyperM
CDH] was predominantly detected in the larynx compared
with other HNSCC subsites (29). Preliminary data suggest that
a distinct pattern of aberrant DNA methylation changes may
occur in HNSCC anatomic subsites associated with HNSCC
heterogeneity and its diverse clinical manifestations.

The primary objective of the present study was to perform
a genome-wide DNA methylation analysis in HNSCC samples
from three anatomic subsites, oral cavity, oropharynx and
larynx, to identify potential DNA methylation targets with
prognostic value for HNSCC. Furthermore, a prevalence
assessment of selected candidate genes was performed,
and their prognostic value was evaluated in an independent
HNSCC cohort. It was hypothesized that a biomarker profile
based on aberrant DNA methylation specific to every anatom-
ical site, may help clinicians to better diagnose HNSCC, thus
providing a more accurate prognosis and identify targets for
novel treatments.

Materials and methods

HNSCC discovery cohort. Demographics and clinicopatho-
logical characteristics of the HNSCC discovery and prevalence
cohorts are shown in Table I. The HNSCC discovery cohort
included 21 HNSCC tissue samples from Puerto Rican patients,
including 10 OSCC, four OPSCC and seven LSCC samples.
The HNSCC discovery cohort samples were compared with 10
healthy oral tissue samples. The mean age of the discovery cohort
was 56.62 years (range, 24-76 years; SD, 12.62), and 90 and 10%
of patients were male and female, respectively. The HNSCC
anatomical subsite distribution included 48, 19 and 33% oral
cavity, pharynx and larynx, respectively. Most of the patients with
HNSCC were at advanced stages (III/IV; 67%) of the disease. A
total of 1/3 of the patients (33%) were HPV*. Most tumors showed
moderate differentiation (71%). Most samples were obtained from
heavy smokers (95%) and heavy drinkers (86%).

HNSCC prevalence cohort. The HNSCC prevalence cohort
included 119 HNSCC tissue samples from three anatomical
subsites: Oral cavity (n=42), pharynx (n=25) and larynx
(n=52). The HNSCC tissue samples of the prevalence cohort
were compared with seven healthy oral tissue samples. The
mean age of the HNSCC prevalence cohort was 61.2 years
(range, 24-98 years; SD, 12.6), and 89.9 and 10.1% were male
and female, respectively. The distribution of the HNSCC
anatomical subsites included 35.3, 21.0 and 43.7% oral cavity,
pharynx and larynx, respectively. Most of the patients with
HNSCC were at advanced stages (III/IV; 77%) of the disease.
Regarding HPV infection, 47.9% of patients were HPV*.
Most tumors showed moderate differentiation (65.5%). Most
samples were obtained from heavy smokers (87%) and heavy
drinkers (84%).



ONCOLOGY LETTERS 27: 89, 2024 3

Table I. Clinicopathological characteristics of the head and
heck squamous cell carcinoma discovery cohort (n=21) and
the prevalence cohort (n=119).

Discovery Prevalence
Characteristics cohort cohort
Age, years 56.62+12.62  61.21+12.63
(24-76) (24-98)

Sex, n (%)

Male 19 (90.5) 107 (89.9)

Female 2(9.5) 12 (10.1)
Site of primary tumor, n (%)

Oral cavity 10 (47.6) 42 (35.3)

Pharynx 4(19.1) 25 (21.0)

Larynx 7 (33.3) 52 (43.7)
Tumor stage, n (%)*

Early (I/IT) 7(33.3) 25 (21.0)

Advanced (III/IV) 14 (66.7) 92 (77.3)
HPV-16 status, n (%)*

HPV-16* 7 (33.3) 57 (47.9)

HPV-16 12 (57.1) 62 (52.1)
Differentiation, n (%)°

Poor 2(9.5) 9 (7.6)

Moderate 15(71.4) 78 (65.5)

Well 4(19.1) 31 (26.1)
Heavy smoking, n (%) 20 (95.2) 104 (87 .4)
Heavy drinking, n (%) 21 (100.0) 97 (81.5)

“Data was not available for 2 patients. "Data was not available for 1
patient. Data are shown as mean + SD (range). HPV, human papil-
lomavirus.

The HNSCC tissue samples for both discovery and
prevalence cohorts were obtained from Puerto Rican patients
with HNSCC presenting at the School of Medicine Head and
Neck Cancer Clinic at the Puerto Rico Medical Center, a
tertiary teaching medical center. Patients that were diagnosed
with HNSCC through tissue biopsy, and whose tumors were
surgically removed signed an informed consent. The tumor
tissue collected for the study was analyzed for quality by a
pathologist. Oral mucosa samples were obtained from healthy
Puerto Rican patients undergoing a routine tooth extraction at
the School of Dental Medicine, Department of Surgery after
having signed an informed consent. All procedures had the
approval of the University of Puerto Rico, Medical Sciences
Campus Institutional Review Board (IRB; approval no.
MSC-IRB protocol 2770103), and the Johns Hopkins School
of Medicine IRB (approval no. NA_00020633). The medical
information of the patients with HNSCC was obtained from
medical records and pathological reports, including date of
diagnosis, site of the primary tumor, tumor grade, date and
site of tumor recurrence (if applicable), and date and cause of
death. The treatment of choice was surgery followed in some
cases by postoperative radiation or chemoradiation. Follow-up
information was prospectively collected from either medical

records or the Puerto Rican Cancer Registry. Fig. 1 shows an
integrated diagram describing the experimental study design.

DNA extraction. Genomic DNA was isolated from all HNSCC
and healthy tissues using the DNA Isolation kit for cells and
tissues (catalog no. 11814770001; Roche Diagnostics, Ltd.)
following the manufacturer's instructions. DNA concentration
and quality were measured with the NanoDrop 8000 UV-Vis
Spectrophotometer (Thermo Fisher Scientific, Inc.). DNA
sample preparation and hybridization to oligonucleotide arrays
was carried out at the Head and Neck Cancer Research labora-
tory, Johns Hopkins School of Medicine.

Detection of HPV-16. Genomic DNA from all HNSCC samples
was analyzed for HPV-16 infection. The HPV-16 status was
previously detected by immunohistochemistry, end-point PCR
and a TagMan-based quantitative (qQ)PCR assay, targeting
HPV-16 E6 and E7 viral oncogenes. All the HNSCC samples
that were classified as HPV-16*had amplification of E6 and E7
viral oncogenes detected through a qPCR assay. HPV-16 E6
and E7 specific primer and probe sets, and qPCR and thermal
cycling conditions were previously described (10).

Genome-wide DNA methylation analysis

DNA sonication. Two different genomic DNA amounts from
HNSCC and healthy samples from the discovery cohort
(0.5 and 1 pg) were used as input DNA for sonication to
generate 200-800-bp long DNA fragments. DNA sonication
was performed in a Covaris E220 ultrasonicator (Covaris,
LLC), and analysis of sonicated DNA was performed on the
BioAnalyzer 2100 (Agilent Technologies, Inc.) with an Agilent
High Sensitivity DNA Kit (catalog no. 5067-4626; Agilent
Technologies, Inc.) to verify DNA concentration, quality and
purity.

Methylated DNA immunoprecipitation. DNA from HNSCC
and healthy samples from the discovery cohort was subjected
to methylated DNA immunoprecipitation (MeDIP) using the
MagMeDIP kit (Diagenode SA) following the manufacturer's
instructions. Two different starting DNA quantities were
used (0.5 and 1 ug) for every sonicated sample. A total of
10% of every sample was transferred to a 1.5-ml tube (input
DNA) and used as control of the starting DNA material. The
remaining 90% of the sonicated DNA was subjected to MeDIP
and labeled as immunoprecipitated DNA (IP DNA). [P DNA
samples were exposed to a 5-methylcytosine antibody, which
recognizes methylated cytosines in the DNA to enrich every
sample with methylated DNA. Every tumor or control (healthy)
DNA sample had an IP DNA and an input DNA. Samples
were subjected to a qPCR assay to determine the efficiency
of the MeDIP assay efficiency in enriching methylated DNA.
IP DNA samples were compared with input DNA samples to
determine if enrichment of methylated DNA occurred. Both
DNA samples were tested using four primer pairs included in
the MagMeDIP kit (Diagenode SA; Table SI).

The qPCR master mix included the following: 6.25 ul
SYBR Green Supermix, 0.5 yul primer pair (10 xpM), 3.5 ng
either IP DNA or input DNA, and 3.25 ul water. The final
reaction volume was 12.5 ul. The thermocycling conditions
involved a denaturation step at 95°C for 7 min, followed by
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Figure 1. Flow chart showing the integrated experimental design of the present study. HNSCC, head and neck squamous cell carcinoma; HPV, human papil-
lomavirus; MeDIP, methylated DNA immunoprecipitation; CHARM, comprehensive high-throughput arrays for relative methylation; qMSP, quantitative

methylation-specific PCR; PMR, percentage of methylated reference.

40 cycles at 95°C for 15 sec and at 60°C for 1 min, an incu-
bation step for 95°C for 1 min to denature the DNA, and a
melting curve analysis as established by the manufacturer
instructions. The efficiency of MeDIP enrichment was
calculated using the following equation: % (meDNA-IP/total
input)=21(Ca0%input-3.32)-CqmeDNA-IPI X100 The MeDIP recovery was
% (meDNA-IP/total input). Samples that showed >50% DNA
methylation enrichment were subjected to hybridization and
scanning into the 3x720K CpG Island Plus RefSeq Promoter
Array (Roche Diagnostics, Ltd.; Fig. S1).

DNA labeling and hybridization. After the MeDIP assay, all
DNA samples (IP DNA and input DNA) were subjected to
a genome-wide amplification (WGA) assay (Sigma-Aldrich;
Merch KGaA) to increase the amount of DNA in every sample.
After the WGA assay, DNA samples were purified using the
QIAquick PCR Purification Kit (Qiagen Sciences, Inc.).
DNA concentration was measured with the NanoDrop 8000
UV-Vis Spectrophotometer (Thermo Fisher Scientific, Inc.).
Every DNA sample (IP DNA and input DNA) was labeled
with fluorophores using the NimbleGen Dual-Color DNA
Labeling Kits (Roche Diagnostics, Ltd.). IP DNA was labeled
with CyS5 fluorophore, and the input DNA was labeled with the
Cy3 fluorophore. Labeled IP DNA and input DNA samples
were combined and hybridized into the 3x720K CpG Island
Plus RefSeq Promoter Array. Hybridization was accomplished

using the NimbleGen Hybridization Kit (Roche Diagnostics,
Ltd.) following standard operating protocol. The 3x720K CpG
Island Plus RefSeq Promoter Array allowed hybridization of
three samples simultaneously and covered 27,728 annotated
CpG islands, 22,532 RefSeq gene promoters, and regulatory
elements from the HG18 build. Each promoter array included
several positive, negative and non-CpG control regions to
calculate experimental performance. Analysis of RefSeq gene
promoters involved regions 2.4 kb upstream of the transcription
start site (TSS) and 0.6 kb downstream of the TSS for overall
coverage of 3 kb of each promoter per gene. Each array was
scanned in the NimbleGen MS2 Microarray Scanner (Roche
Diagnostics, Ltd.) following the manufacturer's protocol.

Differential methylation bioinformatics. NimbleGen's
DeVa's software (Roche Diagnostics, Ltd.) was used to
create .xys files from the array's scanned images. The images
allowed a peak discovery algorithm to generate an initial list
of differentially methylated regions (DMRs) when tumor
samples were compared with control samples. The .xys files
were used as input data for the analysis using Comprehensive
high-throughput arrays for relative methylation (CHARM)
bioinformatics package within the R 4.1.2 statistical program-
ming (30). CHARM software is a bioinformatics package
used to discover DMRs between samples, calculate the
percentage of methylation, verify array quality and control
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for batch effects. Besides, DMRs were identified with Bump
Hunting (version 1.44.0) (31), a statistical genomics tool to
identify differential peaks in methylation data. Methylation
Bump Hunting is a data analysis pipeline that effectively
models measurement error, removes batch effects, detects
regions of interest, and attaches statistical uncertainty to
regions identified as differentially methylated (32). The
bioinformatical analysis pipeline used in the present study
included analysis of TSS and CpG Islands independently
among tumor and control samples (Data S1). Frequency of
genes was analyzed for tumor and control samples. Genes
with a frequency of =20% in tumor samples were selected.
Likewise, commonly occurring genes between tumor and
control samples were analyzed. A detailed bioinformatical
pipeline description for peak discovery algorithm can be
found in Data S1. In summary, the raw intensity data from
the array were analyzed and the data was transformed into a
log ratio of the intensities of methylated probes vs. unmethyl-
ated probes, which represents the M-value. An M-value ~0
represented a similar intensity between the methylated and
unmethylated probes. Positive M-values implied that more
molecules within the tested probe were methylated than
negative M-values, which represented less methylation (32).
An M-value cut-off was established to define which CpG
targeted sites were aberrantly methylated in tumor samples
compared with control samples. CpG targeted sites with an
M-value =2.0 were classified as methylated and were further
analyzed. CpG sites with an M-value <2.0 were classified
as unmethylated. CpG targeted sites were also subjected
to a low-stringency P-value threshold (P<0.05) and ranked
by fold-change between tumor and control samples. A list
of DMRs was created using the CpG sites methylation level
for every HNSCC subsite. These lists determined the regions
in the genome that were differentially methylated between
HNSCC and normal samples.

DMR validation in TCGA. DMRs identified through bioin-
formatical analyses were cross-referenced with available
methylation-related databases, including publicly available
HNSCC TCGA methylation database and peer-reviewed
accessible databases, as previously described (33). Briefly,
the Bump Hunting method was used to perform an epig-
enome-wide analysis of the HNSCC methylome to identify
DMRs of biological interest using methylation arrays. Two
separate epigenome-wide analyses were carried out using
Bioconductor's minfi package (version 1.48.0), as previ-
ously described (34). Briefly, an unbiased epigenome-wide
DNA methylation analysis was performed using the minfi
package in Bioconductor to identify DMRs in 274 primary
chemotherapy-naive HNSCC samples (TCGA dataset) and
32 frequency-matched uvulopalatopharyngoplasty (UPPP)
controls (Johns Hopkins Head and Neck Cancer Research
laboratory). The significant DMRs (P<0.001) were identified
in a CpG island located <200 bp upstream and downstream
from the 5' end of the gene. The DMRs results obtained with
MeDIP were validated with DMRs results from HNSCC
TCGA samples. Significant DMRs common to both sample
sets were subjected to Gene Ontology (GO) analysis with
Database for Annotation, Visualization and Integrated
Discovery version 6.7 (https://david.ncifcrf.gov/tools.jsp).

Candidate gene selection. Based on the genome wide DMR
analysis, TCGA comparison and GO bioinformatics analysis,
the 10 genes DAPKI, PITX2, PAX5, TIMP3, SFRPI, CALCA,
SOCS1, CDHI, MAGI2 and PAXI were selected for down-
stream validation as candidate biomarker genes for HNSCC,
using quantitative methylation-specific PCR (qMSP).

DNA bisulfite modification. Bisulfite modification was used
to convert unmethylated cytosine residues of genomic DNA
into uracil while leaving the methylated cytosines unchanged.
For all HNSCC and healthy samples, including discovery
and prevalence cohort, 1 ug genomic DNA was treated with
sodium bisulfite using the EZ DNA Methylation-Gold Kit
(catalog no. D5005; Zymo Research Corp.) according to the
manufacturer's protocol.

gMSP. All HNSCC and healthy DNA samples, including the
discovery and prevalence cohorts, were subjected to qMSP.
Tumor and healthy bisulfite-modified DNA samples were used
as a gMSP assay template, a fluorescence-based real-time PCR
assay was previously described (35). Primers and probe set
sequences selected had been previously described to amplify
the promoter regions of DAPKI, PITX2, PAX5, TIMP3,
SFRPI, CALCA, SOCSI, CDHI, MAGI2 and PAXI, and a
reference gene, ACT[. Primers and probe set sequences are
shown in Table SII (36-43). All gMSPs were carried out in
duplicates in a 48-well reaction plate with a final volume of
25 ul. Each reaction contained 600 nM forward and reverse
primers, 200 nM probe (Integrated DNA Technologies, Inc.),
1x TagMan Universal PCR Master Mix, no UNG (Thermo
Fisher Scientific, Inc.) and 2 ul bisulfite-modified DNA. qMSP
amplifications were performed in a StepOne Real-Time PCR
System (Thermo Fisher Scientific, Inc.) using the following
conditions: 95°C for 10 min, followed by 40 cycles of 95°C
for 15 sec and an annealing temperature of 58°C for 1 min.
Each reaction plate included HNSCC bisulfite-modified DNA
samples, a positive, fully methylated DNA control sample
(bisulfite-converted Universal Methylated Human DNA
Standard; Zymo Research Corp.) and no-template controls.
Serial dilutions (30-0.003 ng) of bisulfite-converted Universal
Methylated Human DNA standard were used to construct
a calibration curve for each plate. After amplification, the
percentage of methylated reference (PMR) for each candidate
gene in each sample was calculated using the following equa-
tion: [(HNSCC sample Cq value gene of interest/ HNSCC
sample Cq value B-actin)/(fully methylated sample Cq value
gene of interest/fully methylated sample Cq value (-actin]
x100.

PMR values obtained from samples from the discovery
cohort were used to draw receiver operating characteristic
(ROC) curves to obtain sensitivity and specificity values for
every candidate gene. ROC curves were drawn using STATA
(version 15; StataCorp LP). Based on sensitivity and specificity
values, a suitable PMR cut-off value was chosen for every
candidate gene. Prevalence cohort samples were classified
as methylated (M) or unmethylated (UM) based on the PMR
cut-off value for every candidate gene. Promoter methylation
of PITX2, PAX5 and TIMP3 was tested in 29 OSCC samples.
Promoter methylation of SFRPI, CALCA and SOCSI was
tested in 19 OPSCC samples. Promoter methylation of CDH]I,
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Table II. Predictive accuracy of DAPKI, PITX2, PAX5, TIMP3, SFRP1, CALCA, SOCS1, CDHI, MAGI2 and PAX] for head and

neck squamous cell carcinoma.

Target genes ROC P-value Sensitivity, % Specificity, % Methylation cut-off value
DAPK1 0.92 0.0009 88.89 100.00 12.36
PITX2 1.00 <0.0001 100.00 100.00 16.37
PAXS 0.96 <0.0001 88.89 100.00 15.71
TIMP3 1.00 <0.0001 100.00 100.00 4.52
SFRP1 0.96 0.0005 100.00 90.00 12.47
CALCA 0.90 0.0006 85.71 100.00 26.37
SOCS1 0.52 0.4750 57.14 90.00 4.06
CDH1 0.82 0.0054 75.00 90.00 16.15
MAGI2 0.96 0.0001 87.50 100.00 20.86
PAX1 1.00 <0.0001 100.00 100.00 2941

ROC, receiver operating characteristic curve.

MAGI2 and PAXI was tested in 39 LSCC samples. Promoter
methylation of DAPK was used as an internal control and was
evaluated in all HNSCC samples.

Statistical analysis. Data from independent groups were
compared using Fisher's exact test or y*-test, as appropriate.
Odds ratio (OR) calculations for clinicopathological param-
eters were performed using binary logistic. OS was measured
in months from the date of diagnosis until death (if applicable).
Survival analyses were performed using Kaplan-Meier curves.
Log-rank Mantel-Cox and Gehan-Breslow Wilcoxon tests
were used to determine the significance between two survival
curves. Prognostic factors that have impact on HNSCC
survival were analyzed in a Cox regression analysis. Statistical
analyses were performed using SPSS (version 22; IBM Corp.).
P<0.05 was considered to indicate a statistically significant
difference.

Results

DMRs in HNSCC tumor samples from the discovery cohort.
Results from the discovery cohort show that the three HNSCC
subsites had in common 2,565 DMRs that included genes
previously associated with HNSCC (Table SIII). Some of the
identified DMRs corresponded to genes previously described
as having a pivotal role in HNSCC carcinogenesis, such
as BRCA2, CDKN2A, CDKNIB (P27), DAPKI,MAPKI,
MAPKI0, MLHI, RASSFI, HOXC6, VEGFB, WNTI and
WNTSB (44-55). Among these genes, several of them have
roles in essential pathways for cell cycle regulation (RASSFI
and CDKNIB), cell proliferation (MAPKI and MAPKI10) and
apoptosis (DAPKI).

The genome-wide analysis also unveiled 889 DMRs
unique for OSCC, 363 DMRs for OPSCC and 738 DMRs
for LSCC (Fig. S2). Results from the 450K Infinium DNA
methylation array from 274 HNSCC TCGA samples and 32
frequency-matched UPPP control samples from John Hopkins
Head and Neck Cancer Research Laboratory were used to
validate subsite-specific DMRs identified in the MeDIP

experiment. A GO analysis was used to describe the func-
tion of the most critical DMRs. Based on the DMR and GO
analyses, DAPKI, PITX2, PAX5, TIMP3, SFRPI, CALCA,
SOCSI, CDHI, MAGI2 and PAXI were selected as candidate
genes to be further evaluated.

The promoter methylation status of the 10 candidate genes
in all HNSCC and healthy samples from the discovery cohort
was analyzed. Samples were subjected to gqMSP analysis for all
candidate genes. A total of nine candidate genes showed differ-
ential methylation between HNSCC and healthy samples. The
candidate gene SOCSI showed no difference in the promoter
methylation status between HNSCC and healthy samples.
Table IT shows values obtained for sensitivity, specificity, ROC
curve and PMR cut-off value for every candidate gene.

In the OSCC samples, M PITX2 and PAX5 were detected
in 58.6 and 79.3% of the samples, respectively. Also, M TIMP3
was confirmed in 79.3% of the samples, and M DAPKI was
detected in 51.7% of the samples. In the OPSCC samples,
M SFRPI, CALCA and SOCSI were detected in 84.2,
78.9 and 15.8% of the samples, respectively. M DAPKI was
detected in 63.2% of the samples. As for LSCC samples, M
CDHI1, MAGII and PAX1 were detected in 58.9, 64.1 and 74.4%
of the samples, respectively. M DAPKI was detected in 66.7%
of the LSCC samples.

A total of five candidate genes were selected, DAPKI,
CDHI, PAX1, CALCA and TIMP3, for validation in a HNSCC
prevalence cohort based on predictive accuracy of the genes.
Each candidate gene's predictive accuracy to detect HNSCC
was calculated by ROC curve analysis. The sensitivity and
specificity values were used to select the PMR cut-off value
for every candidate gene. PAX/ and TIMP3 had ROC values
of 1.00, 100% sensitivity and 100% specificity; DAPKI had
a ROC value of 0.92, 88.9% sensitivity and 100% specificity;
CALCA had a ROC value of 0.90, 85.7% sensitivity and 100%
specificity; and CDHI had a ROC value of 0.82, 75% sensi-
tivity and 90% specificity.

A PMR value was calculated for every candidate gene for
all HNSCC and healthy samples in the prevalence cohort.
PMR values obtained from the prevalence cohort were
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Figure 2. Scatterplots of the PMR values obtained by gMSP in the analysis of selected candidate genes in the discovery cohort. The PMR for every candidate
gene was expressed as a ratio of the amplification from the target gene to the amount amplified from the reference gene B-actin, then multiplied by 100. The
black line represents the PMR cut-off value for each candidate gene. PMR, percentage of methylated reference; qMSP, quantitative methylation-specific PCR;
LSCC, larynx squamous cell carcinoma; OSCC, oral cavity squamous cell carcinoma; OPSCC, oropharynx squamous cell carcinoma.

compared with the PMR cut-off value for e every candidate
gene obtained from the discovery cohort (Fig. 2). Prevalence
cohort samples with a=PMR value than the PMR cut-off value
for every candidate gene were classified as M. Prevalence
samples with a lower PMR than the PMR cut-off value for
every candidate gene were classified as UM. The prevalence
of M candidate genes in HNSCC and normal samples from
the prevalence cohort is shown in Table SIV. Promoter aber-
rant methylation of DAPKI was detected in 58.0% of the
HNSCC samples (P=0.005), M CDHI was detected in 50.0%
of the HNSCC samples (P=0.112), methylation of PAXI was
confirmed in 82.0% of the HNSCC samples (P=0.001), M
CALCA was confirmed in 44.0% of the HNSCC samples
(P=0.036), while M TIMP3 was confirmed in 76.0% of the
HNSCC prevalence cohort samples (P=0.003).

Association analysis between HNSCC clinicopathological
characteristics and aberrant methylation of DAPKI, CDHI,
PAXI, CALCA and TIMP3 (Table IIT) shows that the frequency
of M PAX1 was significantly different across HNSCC anatomic
subsites (P=0.029), being the highest frequency of detection in
LSCC. No significant association was found between aberrant

M genes (DAPKI, CDHI, CALCA and TIMP3) with sex, age,
smoking, alcohol abuse, HPV infection and tumor staging.
Concurrent methylation of two to five candidate genes was
found in 15% of the patients with HNSCC (Fig. S3).

The prognostic value of DAPKI, CDHI, PAXI, CALCA
and TIMP3 was assessed using Kaplan-Meier. Kaplan Meier
survival analysis showed that patients with HNSCC and
aberrant M DAPK had a better OS (61.0 months) compared
with UM DAPKI OS (24 months; P=0.043). No significant
association with the OS of patients with HNSCC and aberrant
methylation of CDHI, PAXI, CALCA and TIMP3 was found
(Fig. 3).

A Cox regression analysis of OS was also performed to
evaluate the association between aberrant methylation of
the five candidate genes DAPKI, CDHI, PAXI, CALCA
and TIMP3, and the risk of death from HNSCC (Table IV).
Clinicopathological indicators such as age, tumor stage and
differentiation, smoking, drinking and HPV infection were
included in the analysis to assess their effect on HNSCC
survival outcomes in this cohort. DA PK methylation (P=0.001;
HR, 0.096; 95% CI, 0.03-0.37); HPV" tumors (P=0.006; HR,
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Figure 3. Overall survival of patients with HNSCC according to the aberrant promoter methylation status of DAPKI, CDHI, PAX1, CALCA, and TIMP3.
Kaplan-Meier survival curve analysis of patients with HNSCC and aberrantly meth genes vs. patients with HNSCC and unmeth genes. The black line repre-
sents patients with meth HNSCC and the dashed black line represents patients with unmeth HNSCC. Median survival in each curve is represented in months.
Meth, methylated; unmeth, unmethylated; HNSCC, head and neck squamous cell carcinoma.
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Table I'V. Cox regression analysis of overall survival.

Variables P-value HR [95% CI]
DAPK]I meth 0.001* 0.096 [0.03-0.37]
CDH1 meth 0.110 2.990 [0.78-11.48]
PAX1 meth 0.825 1.230 [0.20-7.55]
TIMP3 meth 0951 1.040 [0.30-3.66]
CALCA meth 0.259 0.500 [0.15-1.68]
HPV-16 0.006* 9.720 [1.94-48.72]
Tumor site

Larynx 0.765 1.360 [0.18-9.98]

Oral Cavity 0.920 0.870 [0.06-13.30]

Pharynx 0.033* 14.170 [1.25-161.15]
Tumor differentiation

Well 0.226 2.760 [0.53-14.27]

Moderate 0.013* 8.560 [1.58-46.46]
Tumor stage

I 0.997 1.000 [0.05-19.80]

II 0.324 3.080 [0.03-28.90]

I 0.668 1.500 [0.24-9.37]
Positive lymph nodes 0.401 0.490 [0.09-2.61]
Heavy smoking 0.969 0.940 [0.05-16.71]
Heavy drinking 0.523 1.720 [0.33-9.10]
Age 0.002* 1.110 [1.04-1.18]

“Indicates a statistically significant difference (P<0.05). Meth, meth-
ylated; HPV, human papillomavirus; HR, hazard ratio; CI, confidence
interval.

9.72; 95% CI, 1.94-48.42); tumor site (P=0.033; HR, 0.96;
95% CI, 0.03-0.37); tumor differentiation (P=0.013; HR, 8.56;
95% CI, 1.58-46.46); and age (P=0.002; HR, 1.11; 95% ClI,
1.04-1.18) showed significant HRs.

Discussion

HNSCC is a heterogeneous disease comprising tumors from
multiple anatomic subsites, each differing in prognosis and
treatment strategy. Aberrant DNA methylation changes have
been shown useful as molecular classifiers in several tumor
sites because of their predictive capacity for disease detec-
tion, patient prognosis and treatment response (56-58). The
discovery of epigenetic alterations is critical for a better
understanding of HNSCC initiation and progression. Thus, the
identification of genes epigenetically inactivated as potential
prognostic biomarkers for HNSCC is urgent.

In the current study, an epigenomic analysis of a
well-defined HNSCC cohort was shown. A genome-wide
DNA methylation analysis showed that HNSCC tumors have
2,565 DMRs common to all HNSCC subsites. Several critical
DMRs associated with a specific HNSCC anatomical subsite
were identified. A total of 889, 363 and 738 DMRs unique to
OSCC, OPSCC and LSCC were identified, respectively. These
DMRs were associated with critical cellular pathways, often
deregulated in multiple cancer types, including HNSCC (59).

Among those DMRs, 10 candidate genes (DAPKI, PITX2,
PAXS5, TIMP3, SFRPI, CALCA, SOCSI, CDHI, MAGI2 and
PAX]) were selected and evaluated further for their predictive
and prognostic value.

Kaplan-Meier survival analysis (P=0.043) and Cox regres-
sion analysis of OS (P=0.001) showed that DAPKI methylation
is associated with better prognosis in HNSCC. DAPK1, a medi-
ator of a wide range of cellular processes including growth,
apoptosis, autophagy and oxidative stress (60,61), was identi-
fied as aberrantly methylated in all HNSCC subsites. DAPK]
prediction analysis suggested high levels of specificity and
sensitivity for HNSCC detection, which was later confirmed
in the HNSCC prevalence study (P=0.005). Epigenetic
inactivation of DAPKI may be a key event in head and neck
carcinogenesis (62). Aberrant methylation of DAPK] has been
confirmed in the cancer of the OSCC (63-65), pharynx (66)
and larynx (67). Aberrant methylation of DAPKI has been
shown to occur in advanced HNSCC (stages III and I'V) tumors
with positive lymph node involvement, resulting in a poor
prognosis (67). Likewise, downregulation of DAPK]I expres-
sion has also been shown in HNSCCs (68,69). Loss of DAPK1
expression, mediated by promoter hypermethylation, has been
associated with deregulation of autophagy in cancer cells and
resistance to radiotherapy and chemotherapy treatments (70).
Thus, aberrantly methylated DAPKI may be associated with
HNSCC carcinogenesis and progression.

Preliminary data from our research group suggested that
aberrantly M CDH was associated with worse outcome (death)
in LSCC. The present study shows that CDH1 is frequently M
in LSCC. CDH1, a tumor invasion/suppressor gene, transcribes
a 120-kDa glycoprotein, E-cadherin (71), that is essential for
establishing and maintaining intercellular connections (72).
Squamous carcinoma cells are characterized by poor cellular
adhesion, loss of epithelial morphology and increased cellular
motility (73). Downregulation of E-cadherin expression,
either by genetic mutation or epigenetic dysregulation, leads
to alterations in cell-to-cell adhesion and increases the meta-
static potential of squamous cell carcinoma. M CDH1 has
been associated with invasive LSCC tumors (Grade 3 and 4)
and metastasis (74). M CDH1 has also been detected in tissue
samples of surrounding mucosa of OSCC, suggesting that M
CDHI may be a key contributor to HNSCC carcinogenesis.
Downregulation of CDHI expression has been observed in
HNSCC, and loss of CDHI expression was associated with
invasive HNSCC (75). Low CDHI mRNA levels were detected
in patients with tongue cancer (76), but no statistically signifi-
cant association with clinicopathological characteristics nor
patient outcome were found. A meta-analysis of 23 studies
showed that CDHI methylation was notably more frequent in
HNSCC tissue than healthy controls, thus, supporting the role
of CDH] as a diagnostic biomarker (77). That meta-analysis
showed that Asians display a higher frequency of MCDH1
than Caucasian or African subgroups and suggested that
ethnicity may account for the differences in CDHI methyla-
tion frequency (77). In the present study, it was confirmed that
CDH1 is methylated at high levels in LSCC tumors and could
act as a promising prognostic biomarker of LSCC.

The findings of the current study suggest that M PAX] is
also a promising biomarker for LSCC. M PAX] was mostly
detected in LSCC and was significantly different than control
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samples (P<0.001). The frequency of M PAX1 was significantly
different across HNSCC subsites, showing a higher frequency
in LSCC (P=0.029) corroborating the genome-wide analysis.
The results of the present study show that aberrant methyla-
tion of PAX/ had predictive accuracy for identifying HNSCC
samples (ROC, 1.00; 100% specificity and sensitivity). PAX]
belongs to the highly conserved PAX gene family, which are
developmentally controlled and encode transcription factors
regulating embryogenesis in vertebrates (78). The expression
of PAX] during the development process is limited to the skel-
eton, thymus and parathyroid glands (79). PAX1, among other
PAX genes, has critical roles in the development of the thymus
and the parathyroid gland (80). PAXI dysregulation causes a
hypoplastic thymus with defects in thymocyte maturation and
a delay in separation from the oropharynx (81), suggesting that
loss of PAXI dysregulates proliferation of the thymus (82).
Loss of PAXI expression, mediated by aberrant promoter
methylation, has been detected in multiple cancer types,
including cervical, colorectal and esophageal cancer, and in
HNSCC (83,84). It has been shown that PAX/ is aberrantly
M in HSCCC, including PAX1 aberrant methylation associa-
tion with a higher risk of HNSCC (85,86). PAXI methylation
has been mostly studied in OSCC and associated with larger
tumor size (87-89).

PAXI methylation has been studied in HPV* cervical
cancer in which HPV infection disrupts epigenetic regulation
through a series of aberrant methylation changes in the host
genome (90). Likewise, HPV-induced aberrant methylation
may affect the carcinogenic activity and clinical manifesta-
tion of HPV* HNSCC and distinguish it from HPV- HNSCC.
Currently in Taiwan, M PAXI is used for cervical cancer
screening due to its association with increasing cervical
dysplasia. Likewise, the association of M PAXI with HPV
infection in cervical cancer suggests that HPV may regulate
PAX1 methylation; thus, further analysis of the significance of
M PAXI in HPV* patients with HNSCC is warranted.

Among other candidate genes evaluated, CALCA, a
potent vasodilator, and an essential inflammatory response
molecule (91), was predicted as particularly M in OPSCC.
Detection of aberrantly M CALCA in HNSCC showed to be
highly accurate with 100% specificity and 85% sensitivity
(P=0.0006). M CALCA was detected in 79% of the 19
OPSCC tumor samples, corroborating the predictive anal-
ysis. Additional assessment in 50 HNSCC samples showed
that M CALCA was predominant in 48% of HNSCC samples
(P=0.036). M CALCA has been detected in leukemia,
testicular, bladder, non-small cell lung, thyroid, and head
and neck cancer (92-97). In leukemia, M CALCA has been
associated with disease relapse and poor prognosis (98,99).
Likewise, studies in non-small lung carcinoma reveal that
M CALCA was more common in squamous cell carcinomas
than adenocarcinomas (100). Furthermore, M CALCA was
associated with a poor prognosis in non-small lung carcinoma
independent of the tumor stage (101). Aberrant methyla-
tion of CALCA in HNSCC has been studied mostly in oral
cancer samples. Guerrero-Preston et al (102) showed a higher
frequency of M CALCA in OSCC, although the prognostic
value for HNSCC was not discussed. An additional study
showed that M CALCA was associated with metastasis and a
poorer prognosis in OSCC (103). Thus, the prognostic value

of CALCA in HNSCC demands further study, particularly in
OPSCC.

M TIMP3, a tissue inhibitor of metalloproteinase 3,
was significantly detected in HNSCC (76%; P=0.003). The
frequency of M TIMP3 was higher in OSCC (85%) compared
with other subsites and corroborated the genome-wide anal-
ysis. Previous studies have shown M TIMP3 in HNSCC (104)
in addition to various tumor types, including kidney, brain and
esophageal cancer (105,106). TIMP3 is a critical regulator of
inflammation (107,108), and loss of TIMP3 expression has been
associated with an increase in cell proliferation, tumor growth,
angiogenesis and metastasis (109-112). No significant asso-
ciation was identified between M TIMP3 and HNSCC clinical
features in the cohort of the present study. Previous studies
have detected M TIMP3 more frequently in tumor tissue of
patients with early-stage (I/II) HNSCC compared with healthy
saliva samples (113,114) but they did not find a clinical asso-
ciation with cancer. A study characterizing the epigenome in
HPV* patients with HNSCC showed that aberrant TIMP3 was
predominant in HPV* patients (115). The authors showed that
M TIMP3 was associated with positive lymph node spread,
and consequently, with a poorer prognosis. Therefore, further
studies of M TIMP3 in HPV* and HPV" patients with HNSCC
are warranted.

The current study also assessed the aberrant methylation
of SFRPI, MAGI2, PITX2 and PAX5 in HNSCC. In OSCC,
M PAXS5 was detected in 79.3% of tumor samples, and M
PITX2 was detected in 58.6% of OSCC samples. M MAGI2
was detected in 64.1% of LSCCs, and aberrant M SFRPI
was detected in 84.2% of oroOPSCC samples. The predictive
accuracy of SFRPI, MAGI2, PITX2 and PAXS5 was significant,
and it should be further explored in a larger HNSCC cohort to
assess their predictive value accurately.

Cox regression analysis of OS revealed that HPV" patients
with HNSCC were at a higher risk of dying of cancer (P=0.006;
HR, 9.72; 95% CI, 1.94-48.42) compared to HPV* patients
with HNSCC. Previous studies have shown that HPV* tumors
have higher methylation levels due to an overexpression
of DNMT?3a (116-118). HPV* tumors commonly inactivate
CDKNZ2A by hypermethylation, whereas HPV tumors mostly
inactivate CDKN2A by deletions or mutations (119). Likewise,
studies have shown that HPV" tumors have a global hypo-
methylation state and higher genomic instability compared
with HPV* tumors (120-122). It has been proposed that the
machinery of HPV* cells re-establish developmental methyla-
tion patterns as a defense mechanism to abolish transcription
of the virus (122), which results in increased DNA methylation.
Differences in DNA methylation patterns between HPV* and
HPV HNSCC must be substantiated and analyzed for their
potential clinical translation into targeted treatment options.

In summary, the findings of the current study suggest that
distinctive aberrant DNA methylation profiles arise within
every head and neck cancer anatomic subsite, thus explaining
the disease heterogeneity and possible association with disease
progression or response to treatment. It was also shown that
DAPKI, CDHI, PAXI, CALCA and TIMP3 are frequently
aberrantly M in patients with head and neck cancer and influ-
ence survival. PAX] hypermethylation was different across
HNSCC anatomic subsites (P=0.029), and predominantly
detected in LSCC. Kaplan-Meier survival analysis (P=0.043)
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and Cox regression analysis of OS (P=0.001) showed that
DAPKI methylation is associated with better prognosis in
HNSCC.

The main limitation of the current study was the small
sample size. Further studies with larger cohorts are needed
to validate the results obtained. Determination of the global
epigenetic landscape of HNSCC will require large cohorts
of samples and coordinated research efforts to predict better
biomarkers for disease outcome and targeted therapeutic inter-
ventions. Furthermore, epigenomic studies in which HNSCC
tumors are stratified by anatomic site and HPV positivity are
needed to better understand the modulation of the host epig-
enome by HPV modifying, and subsequent impact in disease
progression and severity.
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