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Aim: The goal of this study was to comprehensively interrogate and map DNA methylation across 16 CpG-
dense regions previously associated with oral and pharyngeal squamous cell carcinoma (OPSCC). Materials
& methods: Targeted multiplex bisulfite amplicon sequencing was performed on four OPSCC cell lines and
primary non-neoplastic oral epithelial cells. Real-time quantitative polymerase chain reaction (RT-qPCR)
was performed for a subset of associated genes. Results: There was clear differential methylation between
one or more OPSCC cell lines and control cells for the majority of CpG-dense regions. Conclusion: Targeted
multiplex bisulfite amplicon sequencing allowed us to efficiently map methylation across the entire region
of interest with a high degree of sensitivity and helps shed light on novel differentially methylated regions
that may have value as biomarkers of OPSCC.
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Oral and pharyngeal cancer accounted for an estimated 51,540 new cancer diagnoses and 10,030 deaths in the
USA in 2018 [1], of which more than 90% were squamous cell carcinoma (OPSCC) [2]. The prognosis for OPSCC
is relatively poor, with an overall 5-year survival around 65% [3]. Additionally, many of these patients experience a
high degree of morbidity as a result of treatment [4], particularly for patients with advanced disease. This underscores
the need for development of biomarkers for early detection of primary and recurrent disease.

Epigenetic dysregulation is recognized as playing a key role during the genesis of OPSCC [5,6], although
the focus of the scientific literature has largely been on promoter hypermethylation, despite the increasingly
recognized importance of gene body [7] and even intergenic methylation [8,9] in transcriptional regulation and
cancer development. A number of studies have investigated the potential utility of oral rinse methylation panels
for early detection [10–21]. However, these studies reflect the aforementioned emphasis on promoter methylation,
with the bulk of these studies having focused on methylation panels based on a relatively limited set of candidate
gene promoters and little heed paid to potentially important roles of CpG island methylation outside of this
context. Thus, expansion of our understanding of non-canonical differential methylation associated with OPSCC
can greatly expand the available targets for biomarker development.

We previously identified several novel CpG-dense regions – the majority of which are situated outside of the
promoter region – that were differentially methylated in OPSCC based on Infinium HumanMethylation450 array
data [22]. To advance our understanding of the epigenetic landscape of OPSCC, we sought to further characterize
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differential methylation across the novel differentially methylated CpG-dense regions that were identified in our
previous study by performing multiplexed targeted bisulfite amplicon sequencing (BSAS) [23,24] – a powerful but
underutilized tool allowing for deep coverage and efficient interrogation of DNA methylation in regions of interest
– and corresponding expression analysis of 4 OPSCC cell lines relative to non-neoplastic oral epithelial cells.

Materials & methods
Cell culture
We cultured four OPSCC cell lines originating from four distinct sites in the upper aerodigestive tract: H413
(buccal; Sigma-Aldrich, MO, USA; authenticated 24 November 2006) [25]; Detroit 562 (pharynx metastatic to
pleura; obtained 7 May 2016 from ATCC, VA, USA; authenticated 17 February 2015) [26]; FaDu (hypopharynx;
obtained 7 May 2016 from ATCC; authenticated 27 February 2014) [27]; and Cal 27 (tongue; obtained 7 May
2016 from ATCC; authenticated 26 November 2014) [28]. ATCC cell lines were authenticated by ATCC through
morphological assessment, cytochrome C oxidase subunit I DNA barcoding, and short tandem repeat analysis; cells
were tested for mycoplasma contamination using the Hoechst staining and agar culture methods. Sigma-Aldrich
obtained the H413 cell line from the European Collection of Authenticated Cell Cultures; cells were authenticated
using short tandem repeat analysis and tested for mycoplasma contamination using the Hoechst staining, agar
culture and mycoplasma-specific PCR. Primary human oral epithelial cells pooled from three healthy donors
were used as a nonmalignant control (CELLnTEC, Bern, Switzerland) and were tested for contamination using
mycoplasma-specific RT-PCR prior to use.

OPSCC cells were cultivated in supplier-recommended media with 10% fetal bovine serum and 1%
penicillin/streptomycin at 37◦C with 5% CO2 in sterile 10 cm Nunclon™ Delta surface cell culture dishes
(Thermo Fisher Scientific, MA, USA). Briefly, H413 was grown in Dulbecco’s modified Eagle’s medium/Nutrient
F-12 Ham (DMEM-F12; Sigma-Aldrich), Detroit 562 and FaDu were grown in Eagle’s minimum essential medium
(ATCC) and Cal 27 was grown in Dulbecco’s modified Eagle’s medium (ATCC). Primary oral epithelial cells were
cultured in fully-defined CnT-Prime media (CELLnTEC) and 1% penicillin/streptomycin/Fungizone, at 37◦C
with 5% CO2. After reaching 80–90% confluence, 1,000,000 cells were frozen and stored at -80◦C and retained
for DNA isolation; an additional 1,000,000 were collected in RNAlater R© for expression analysis.

Targeted bisulfite amplicon sequencing
Primer design for bisulfite PCR

Bisulfite PCR primers for BSAS of the CpG-dense regions – defined according to the Hidden Markov model
approach [29] – were designed using an approach similar to those previously described [30]. Briefly, 4.5–5 kb
genomic DNA (gDNA) including the flanking sequence of a target region was analyzed by MethPrimer [31] to
design primers for bisulfite PCR. To facilitate the primer validation process, each amplicon was designed, when
possible, to have a unique size so as to be distinguishable via Bioanalzyer HS DNA chip assay (Agilent, CA, USA).
BSAS can support amplicons up to 800 base pair (bp). For sequencing of CpG-dense regions >800 bp, multiple
overlapping amplicons were designed to provide coverage of the entire region. Of the 22-targeted regions, 24 pairs
of primers were initially designed to over the entire regions, of which, 18 primer sets covering 16 of the regions
were successfully designed and implemented (Supplementary Table 1).

Multiplexed bisulfite PCR

gDNA was quantified by Qubit dsDNA HS assay kit (Thermo Fisher Scientific). 500 ng of gDNA was sodium
bisulfite modified using the EZ DNA Methylation Kit (Zymo Research, CA, USA), resulting in elution of 25 μl
of bisulfite modified DNA for each sample. NEB Multiplex PCR 5X Master Mix (New England BioLabs, MA,
USA) was used to test the specificity and amplification efficiency of bisulfite PCR, and primer pairs were divided
into different groups according to their amplification efficiency. A manual hot-start approach was used according
to the manufacturer’s recommendation. Multiplexed bisulfite PCRs were performed for each sample using 2 μl of
bisulfite-modified DNA as template in 25 μl reactions, and the number of PCR cycles for the different groups were
set from 36 to 40 according to primer efficiency.

Library preparation & sequencing

Library preparation and sequencing was performed by the University of Cincinnati Genomics, Epigenomics and
Sequencing Core. Pooled column-purified PCR products were transferred to microTUBE (Covaris, MA, USA)
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and sheared for 480 s at 4C using a Covaris S2 focused-ultrasonicator (duty cycle = 10%, intensity = 5 and cycles
per burst = 200). Based on the Bioanalyzer analysis, the majority of amplicons were fragmented to 50–300 bp
with a peak size around 150 bp. Using the PrepX DNA Library kit and Apollo 324 NGS automated library
preparation system (WaferGen, CA, USA), a ChIP-seq script was selected for sequencing library preparation. This
script excludes inserts less than ∼100 bp from the library but retains larger ones for sequencing. In brief, fragmented
DNA samples with overhangs were first converted to blunt ends through an end repair procedure and adenylated
at 3′ ends for TA ligation to sequencing adaptors. The ligated library was then indexed and enriched by five cycles
of PCR using sample-specific index and universal PCR primers, followed by automated purification using AMPure
XP beads (Beckman Coulter, CA, USA). To check the quality and yield of the library, 1 μl of purified PCR library
was analyzed via Bioanalyzer DNA High Sensitivity chip. To accurately quantify the pooled library concentration
for cluster generation, the library was 1:104 diluted with dilution buffer (10 mM Tris-HCl, pH 8.0 with 0.05%
Tween 20), and qPCR quantified using the NEBNext Library Quant Kit (New England Biolabs, MA, USA) on
an ABI 9700HT real-time PCR system (Life Technologies, NY, USA).The quantified pooled library was used for
cluster generation on a cBot system (Illumina, CA, USA). Libraries were clustered onto a flow cell at the final
concentration of 16 pM using the TruSeq SR Cluster kit v3 (Illumina) and were sequenced for 50 cycles using the
TruSeq SBS kit on a HiSeq system (Illumina), generating on average 2.5 million-pass filter reads per sample.

Bioinformatic analysis of BSAS
Clustered sequencing reads were demultiplexed using CASAVA 1.8. Demultiplexed fastq files were imported into
CLC Genomics Workbench v10.0.1 (Qiagen, Hilden, DEU), reads were trimmed and mapped to the reference
amplicons (Supplementary Figure 1), and methylation levels were called using the bisulfite sequencing plugin. For
each of the targeted regions, we calculated the average and the standard deviation of the observed methylation levels at
each CpG site across the triplicates of each cell line, which were plotted using the R package ggplot2 [32]. Additional
annotation was added to a subset of methylation maps presented in the manuscript: cytogenic band location
and gene context were added to the using images obtained for each region from UCSC Genome Browser [33];
and overlapping and proximal regulatory elements were identified and added to the plots using data from the
Encyclopedia of DNA Elements ChIP-seq [34] and ORegAnno [35] annotation.

mRNA expression analysis
RNA was isolated from each respective cell line using the RNeasy micro kit (Qiagen) according to the manu-
facturer’s suggested protocol, and residual DNA was depleted by treating the isolate with DNase I. Following
isolation, RNA concentration was determined using a Qubit 3.0 fluorometer (Thermo Fisher Scientific). Rela-
tive expression was measured via real-time quantitative PCR (RT-qPCR) using TaqMan Gene Expression assays
(Thermo Fisher Scientific) for CIT (assay ID: Hs00294611 m1), PTHLH (assay ID: Hs00174969 m1), KCNQ1
(assay ID: Hs00923522 ml), ANKRD33B; assay ID: Hs03845457 s1), ZCCHC14 (assay ID: Hs00296622 m1)
and MARCH4 (assay ID: Hs00863129 m1). GAPDH (assay ID: Hs03929097 g1) and RNA18S5 (assay ID:
Hs99999901 s1) housekeeping genes were used as endogenous controls. Each sample was reverse transcribed using
the High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific) and run in triplicate for each assay
on a StepOnePlus real-time PCR system (Thermo Fisher Scientific). A no template control and no amplification
control were included on each plate for each assay to monitor the level of background signal and presence of
contaminating DNA in the sample, respectively.

The geometric mean of the threshold cycle (CT) values for GAPDH and RNA18S5 was used to determine
relative expression of each transcript of interest for each cell line. Expression was further quantified using the
comparative CT method (2-��C

T) [36] and reported as log 2 fold-difference for each OPSCC cell line relative to
expression relative to the primary oral epithelial control cells. Correlation between mean methylation of each region
and associated mean gene expression was tested using Spearman’s correlation coefficient. Tests were two-sided and
significance was considered where p < 0.05.

Results
We bisulfite amplicon sequenced 16 OPSCC-associated CpG-dense regions that we had previously identified on the
Infinium HumanMethylation450 platform [22]. The majority (14/16) did not involve the 5′-untranslated region
(UTR), of which nine were situated in the gene body, four were situated in intergenic sequences and one was in
the 3′-UTR of its host gene. Interestingly, half (8/16) of the CpG-dense regions overlapped or solely resided in
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intronic sequences. The median length of each region was 281.5 bp (range: 135–1270 bp), each of which included a
median of 18.5 CpGs (range: 11–112). The median sequencing coverage was >1000×, although average coverage
depth of the CpG-dense regions ranged from 62× to 13297×. A complete description of each region is provided
in Table 1.

We employed targeted BSAS to allow us to comprehensively interrogate and the methylation of each region and
map it in its entirety. Average methylation for each cell line at each of the 16 CpG-dense regions is presented in
Table 2, in which differential mean methylation was observed for at least one OPSCC cell line relative to the oral
epithelial control cells for 14 of the 16 regions, with the notable exceptions being the regions associated with DKK1
(chr10:53743705–53744974) and one of the intergenic regions (chr1:8194584–8194818). Select methylation
maps with detailed annotation are presented in Figures 1–6 for a subset of CpG-dense regions associated with
CIT, PTHLH, KCNQ1, ZCCHC14, MARCH4 and ANKRD33b genes. Methylation maps for all 16 CpG-dense
regions are provided in Supplementary Figure 2, and p-values from formal t-tests of differential methylation
for each OPSCC cell line relative to non-neoplastic oral epithelial cells at each individual CpG is presented in
Supplementary Table 2. The methylation maps generated from the BSAS data also suggest that even within these
CpG-dense regions, methylation levels can vary – this was particularly evident among the intergenic sequences
chr1:10818517–10818704 and chr12:110319267–110319654, and the region spanning the putative non-coding
RNA JD505160 (chr1:8194584–8194818), where differential methylation occurred toward either the beginning
or end of the respective sequences. The regions spanning intron 5 of SLC6A5 (chr11:20588323–20588561) and
intron 1 of INPP5A (chr10:134210902–134211265) exhibited more complex patterns of variability between
OPSCC cells and controls that differed in terms of magnitude and direction in a locus-specific manner. Average
methylation restricted to CpGs represented on the HumanMethylation450 beadarray is provided in Supplementary
Table 3, to allow for further comparison with the differential methylation analysis at these sites that we previously
performed using OPSCC tumor-adjacent normal pairs from The Cancer Genome Atlas (TCGA) [22].

On the basis of the observed differential methylation of CpG-dense regions associated with a protein-coding gene,
we measured expression of six associated genes (CIT, PTHLH, KCNQ1, ZCCHC14, MARCH4 and ANKRD33b)
for each of the OPSCC cell lines relative to that of the oral epithelial control cells (Figure 7). Expression of KCNQ1,
MARCH4 and PTHLH (for 3/4 cell lines) was increased for the OPSCC cells relative to the oral epithelial controls,
CIT and ZCCHC14 was decreased, and ANKRD33b was variable, with two cell lines exhibiting upregulation
while the other two were downregulated. There were significant positive correlations between methylation of the
respective CpG-dense regions residing intron 1 of PTHLH and the 5′-UTR of MARCH4 and expression of the
associated gene while there were significant inverse correlations with expression of the associated gene for the regions
spanning intron 9 of CIT and intron 2 of KCNQ1 (Table 3).

Discussion
We successfully designed multiplexed targeted BSAS assays for 16 novel CpG-dense regions identified in our
previous study [22]. This allowed us to comprehensively and efficiently interrogate and map the methylation
landscape of these regions in OPSCC. This was particularly important for deciphering the epigenetic landscape
of these regions given the incomplete coverage of the Infinium HumanMethylation450 beadarray (likewise with
the more recent Infinium HumanMethylationEPIC beadarray) that was used for the initial discovery in our prior
work.

The methylation maps revealed variability in methylation across CpG-dense regions within OPSCC cell lines, as
well as between OPSCC cell lines, as would be expected given the known epigenetic variability in HNSCC [37,38].
Overall, we observed good agreement between methylation at the CpG-dense regions measured via BSAS in our
cell lines relative to non-neoplastic oral epithelial cells and our previous differential methylation analysis in tumor
and paired normal using Infinium HumanMethylation450 array data from TCGA [22] in terms of directionality and
magnitude. The notable exception, however, is for the region situated within intron 1 of PTHLH (chr12:28015205–
28015607), where methylation was substantially higher for three of the four OPSCC cell lines with no measurable
methylation at any of the CpG loci in the control cells. This was in sharp contrast to the differential methylation
analysis using paired OPSCC tumor-normal pairs from TCGA, in which we found average methylation to be 19%
lower in tumors compared with adjacent normal tissue in this region. However, it should be noted that while the
overall median difference between tumor-normal pairs suggests downregulation, the range of differences between
pairs in TCGA was from -38% to 37%. One of the regulatory elements that binds in this region is PRDM14, which
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Figure 1. Methylation landscape of a CpG-dense region in intron 9 of CIT in oral and pharyngeal squamous cell carcinoma cell lines and
primary non-neoplastic oral epithelial cells. (A) The cytogenic band location is displayed at the top of the figure, (B) followed by the
position of the CpG-dense region within the gene – highlighted in green – and (C) overlapping and proximal regulatory elements
annotated in ORegAnno, with the area spanned by the CpG-dense region highlighted in green. (D) CpGs are represented by each point
on each line in the methylation plot, and are accompanied by vertical bars representing standard error. CpGs corresponding to those
represented on the Infinium HumanMethylation450 bead array are shown below the methylation plot.
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Figure 2. Methylation landscape of a CpG-dense region in intron 1 of PTHLH in oral and pharyngeal squamous cell carcinoma cell lines
and primary non-neoplastic oral epithelial cells. (A) The cytogenic band location is displayed at the top of the figure, (B) followed by the
position of the CpG-dense region within the gene – highlighted in green – and (C) overlapping and proximal regulatory elements
annotated in ORegAnno, with the area spanned by the CpG-dense region highlighted in green. (D) CpGs are represented by each point
on each line in the methylation plot, and are accompanied by vertical bars representing standard error. CpGs corresponding to those
represented on the Infinium HumanMethylation450 bead array are shown below the methylation plot.

is a putative histone methyltransferase that has been shown to play a key role in cell development and pluripotency
via both gene suppression and activation in murine models [39].

We observed decreased methylation of the CpG-dense region in intron 2 of KCNQ1 in OPSCC, which correlated
with increased expression. This region resides within a DNase I hypersensitivity site and overlaps several transcription
factor binding sites (NFkB, c-Jun, Ini1, JunD, FOSL2 and PU.1) annotated as part of the Encyclopedia of DNA
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Figure 3. Methylation landscape of a CpG-dense region in intron 2 of KCNQ1 in oral and pharyngeal squamous cell carcinoma cell lines
and primary non-neoplastic oral epithelial cells. (A) The cytogenic band location is displayed at the top of the figure, (B) followed by the
position of the CpG-dense region within the gene – highlighted in green – and (C) overlapping and proximal regulatory elements
annotated in ORegAnno, with the area spanned by the CpG-dense region highlighted in green. (D) CpGs are represented by each point
on each line in the methylation plot and are accompanied by vertical bars representing standard error. CpGs corresponding to those
represented on the Infinium HumanMethylation450 bead array are shown below the methylation plot.

Elements (ENCODE) [34]. We observed the opposite in the CpG-dense region in intron 9 of CIT, where the
OPSCC cancer lines exhibited higher methylation that correlated with lower expression. This region overlaps a
binding site for methylation-sensitive YY1 – a transcription factor that can either activate or repress gene expression
depending upon its target and interaction [40]. Conversely, the region situated in the 5′-UTR of MARCH4 was
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Figure 4. Methylation landscape of a CpG-dense region in exon 4 of ANKRD33B in oral and pharyngeal squamous cell carcinoma cell
lines and primary non-neoplastic oral epithelial cells. (A) The cytogenic band location is displayed at the top of the figure, (B) followed by
the position of the CpG-dense region within the gene – highlighted in green – and (C) overlapping RE1 silencing transcription factor
(REST/NRSF) binding site annotated in Encyclopedia of DNA Element (black bar), with the area spanned by the CpG-dense region
highlighted in green. (D) CpGs are represented by each point on each line in the methylation plot, and are accompanied by vertical bars
representing standard error. CpGs corresponding to those represented on the Infinium HumanMethylation450 bead array are shown
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positively correlated with expression. Here, one OPSCC cell line (Detroit 562) exhibited markedly increased
methylation while the other HNSCC cell had subtly elevated methylation. This is a region upstream of the
promoter overlapping a number of transcription factor binding sites.
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Figure 5. Methylation landscape of a CpG-dense region in the 3′-untranslated region of ZCCHC14 in oral and pharyngeal squamous cell
carcinoma cell lines and primary non-neoplastic oral epithelial cells. (A) The cytogenic band location is displayed at the top of the figure,
(B) followed by the position of the CpG-dense region within the gene – highlighted in green – and (C) overlapping and proximal
regulatory elements annotated in ORegAnno, with the area spanned by the CpG-dense region, highlighted in green. (D) In the
methylation plot, CpGs are represented by each point on each line and are accompanied by vertical bars representing standard error.
CpGs corresponding to those represented on the Infinium HumanMethylation450 bead array are shown below the methylation plot.

There were numerous strengths to our study. Multiplexed BSAS represents a powerful tool for targeted methy-
lation analysis, particularly given the potential for substantially longer amplicon lengths (up to 800 bp) compared
with pyrosequencing (>120 bp [41]) or Sanger sequencing (300–500 bp [42]), with a higher level of sensitivity and
accuracy [23]. This allowed us to comprehensively interrogate methylation across each region with deep coverage,
Additionally, use of the multiplexed BSAS assays allowed us to simultaneously and efficiently interrogate multiple
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Figure 6. Methylation landscape of a CpG-dense region in the 5′-untranslated region of MARCH4 in oral and pharyngeal squamous cell
carcinoma cell lines and primary non-neoplastic oral epithelial cells. (A) The cytogenic band location is displayed at the top of the figure,
(B) followed by the position of the CpG-dense region within the gene – highlighted in green – and (C) overlapping and proximal
regulatory elements annotated in ORegAnno, with the area spanned by the CpG-dense region highlighted in green. (D) In the
methylation plot, CpGs are represented by each point on each line and are accompanied by vertical bars representing standard error.
CpGs corresponding to those represented on the Infinium HumanMethylation450 bead array are shown below the methylation plot.

CpG regions, affording much higher throughput and enhances cost–effectiveness [23]. However, there were also
some limitations. Although the coverage depth was good overall, this was variable across genes, with comparatively
lower coverage in the regions in intron 1 of INPP5A (62×) and intron 2 of KCNQ1 (106×). One strategy to address
this kind of variation moving forward would be to separate low amplification efficiency primer pairs from the high
ones, and perform multiplexed PCR separately if necessary and/or increasing the sequencing depth with minimal
increase of sequencing cost. However, this depth is still sufficient, particularly given the clonal nature of the cells
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Table 3. Correlation between gene expression and methylation of select targeted regions.
Differentially-methylated CpG-dense region Associated gene Genomic context Difference in %

methylation of cancer
lines vs control cells

Correlation between expression and
methylation

Spearman (�) pcorrelation

chr12:118725604–118725889 CIT Intron 9 57% -0.9 0.04

chr12:28015205–28015607 PTHLH Intron 1 44% 0.9 0.04

chr11:2511970–2512178 KCNQ1 Intron 2 -50% -1.0 �0.0001

chr16:85998896–85999146 ZCCHC14 3′UTR -9% 0.2 0.75

chr2:216945117–216945376 MARCH4 5′UTR 2% 0.9 0.04

chr5:10702368–10702990 ANKRD33B Exon 4 78% 0.3 0.64
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Figure 7. Expression of select genes associated with CpG-dense regions for the oral and pharyngeal squamous cell carcinoma cell lines
relative to that of primary oral epithelial control cells.
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being assayed, to provide an accurate snapshot of the respective methylation profiles. We should also note that the
second of the two amplicons (toward the 3′ end) for the region spanning exon 4 of ANKRD33b (chr5:10702368–
10703458) was less efficient/specific than the first, resulting in increased variability – and accordingly decreased
mapping resolution – for the latter segment of the sequence, as is evident from the larger error bars. The expression
analysis is limited in that it is strictly correlative and our BSAS assays only provide information on the regions of
interest and do not provide information on methylation landscape of other regulatory regions of the associated
genes. The RT-qPCR expression analyses also assumed regulation in cis and thus gave no information on the trans
impact of other genes. Finally, this study was limited to four human papillomavirus (HPV)-negative OPSCC cell
lines and thus is not likely to be representative of all OPSCC, particularly HPV-positive oropharyngeal cancers,
which are recognized as a biologically distinct entity. It should also be noted that the cancer cells were immortalized
cell lines while the oral epithelial control cells were primary cell culture, which could potentially influence results.
However, the similarity of the results using cell culture to our previous findings in human tumor and oral rinse
samples helps alleviate this concern. Finally, while the immortalized cell lines are not likely to represent intratumoral
heterogeneity [43], use of clonal cell lines, as opposed to tumor tissue, allowed us to assess the pure populations of
OPSCC and epithelial cells without admixture of other cell types.

Targeted BSAS allows us to map methylation across the entire region of interest with a high degree of sensitivity,
helping shed light on novel differentially methylated regions, particularly those residing outside of the gene promoter
context. BSAS, which has been under-utilized to date, represents a potentially powerful tool for targeted methylation
analysis in the context of scientific discovery/validation and clinical/translational and public health applications.

Future perspective
We believe that multiplex BSAS assays for the regions covering methylation panel comprised of CpG-dense regions
that we had identified in our previous work [22] may have potential utility for oral rinse-based cancer screening
and/or post-treatment follow-up surveillance and thus are actively working on strategies to optimize the remaining
six regions for future testing and are currently in the process of longitudinally collecting oral rinse samples during
post-treatment follow-up surveillance from OPSCC patients in an effort to evaluate these CpG-dense regions as
novel predictors for early detection of recurrent and new primary OPSCC.

Executive summary

• Targeted multiplex bisulfite amplicon sequencing (BSAS) allowed us to comprehensively and efficiently map
methylation across the entire region of interest with a high degree of sensitivity.

• Coupling BSAS with expression analysis shed additional light on novel differentially methylated regions
associated with oral and pharyngeal squamous cell carcinoma.

• There is notable variability across some of the regions, both between and within cell lines.

• All six of the selected regions with detailed annotation overlap with transcription factor binding sites.

• Methylation of the CpG-dense regions situated in intron 1 of PTHLH and the 5′-UTR of MARCH4 were positively
correlated with expression of the associated gene.

• Methylation of the CpG-dense regions situated in intron 9 of CIT and the intron 2 of KCNQ1 were inversely
correlated with expression of the associated gene.

• This work further underscores the potential importance of aberrant methylation of outside of the canonical gene
promoter context.

• These BSAS assays for the CpG-dense regions may have potential downstream utility for oral rinse-based cancer
screening and/or post-treatment follow-up surveillance of oral and pharyngeal squamous cell carcinoma.
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