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Epigenomic dysregulation-mediated
alterations of key biological pathways and
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gingivo-buccal oral cancer
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Abstract

Background: Gingivo-buccal oral squamous cell carcinoma (OSCC-GB) is the most common cancer among men in
India and is associated with high mortality. Although OSCC-GB is known to be quite different from tongue cancer
in its genomic presentation and its clinical behavior, it is treated identically as tongue cancer. Predictive markers of
prognosis and therapy that are specific to OSCC-GB are, therefore, required. Although genomic drivers of OSCC-GB
have been identified by whole exome and whole genome sequencing, no epigenome-wide study has been
conducted in OSCC-GB; our study has filled this gap, and has discovered and validated epigenomic hallmarks of
gingivobuccal oral cancer.

Methods: We have carried out integrative analysis of epigenomic (n = 87) and transcriptomic (n = 72) profiles of
paired tumor-normal tissues collected from OSCC-GB patients from India. Genome-wide DNA methylation assays
and RNA-sequencing were performed on high-throughput platforms (lllumina) using a half-sample of randomly
selected patients to discover significantly differentially methylated probes (DMPs), which were validated on the
remaining half-sample of patients.

Results: About 200 genes showed significant inverse correlation between promoter methylation and expression, of
which the most significant genes included genes that act as transcription factors and genes associated with other
cancer types. Novel findings of this study include identification of (a) potential immunosuppressive effect in OSCC-
GB due to significant promoter hypomethylation driven upregulation of CD274 and CD80, (b) significant
dysregulation by epigenetic modification of DNMT3B (upregulation) and TETT (downregulation); and (c) known
drugs that can reverse the direction of dysregulation of gene expression caused by promoter methylation.

Conclusions: In OSCC-GB patients, there are significant alterations in expression of key genes that (a) regulate
normal cell division by maintenance of balanced DNA methylation and transcription process, (b) maintain normal
physiological signaling (PPAR, B cell receptor) and metabolism (arachidonic acid) pathways, and (c) provide immune
protection against antigens, including tumor cells. These findings indicate novel therapeutic targets, including
immunotherapeutic, for treatment of OSCC-GB.
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Background

Cancer of oral cavity and lip has the highest incidence
(http://cancerindia.org.in/globocan-2018-india-factsheet/)
and the highest mortality among men in India [1]. About
90% of the oral malignancies are squamous cell carcin-
omas (SCC) — one of the most common histologic forms
of head and neck squamous cell carcinoma (HNSCC) [2].
Oral squamous cell carcinoma of the gingivo-buccal re-
gion (OSCC-GB), comprising buccal mucosa, gingivo-
buccal sulcus, lower gingiva, and retromolar trigone, is the
major subtype in India [3, 4]. Chewing of betel-quid con-
taining areca nut (areca catechu) with or without tobacco,
and also use of tobacco in other smokeless forms are
prominent risk factors [4]. Delayed presentation (~ 60%
patients report at T3 or T4 stages) due to lack of aware-
ness and a high rate of locoregional recurrence are major
impediments to efficient management of oral cancer in
India [5]. Currently, the treatment of OSCC-GB is surgical
resection followed by adjuvant radiotherapy with or with-
out chemotherapy [2]. There has been no significant de-
crease in the incidence of oral cancer for many decades
[2]. Despite aggressive multi-modality treatment, ad-
vanced oral cancer has a high rate of locoregional recur-
rence and poor prognosis with an overall 5-year survival
rate of ~ 60%, which reduces further if associated with
metastasis [5]. There is a felt need to identify better prog-
nostic and predictive markers to complement clinico-
pathological findings in OSCC-GB.

In addition to genetic alterations, significant epigenetic al-
terations have been found to be associated with many can-
cer types [6]. Promoter hypermethylation, mainly in CpG
islands, can lead to downregulation of tumor suppressor
genes and also dysregulation of downstream signaling path-
ways; these indications can serve as predictive markers of
cancer [7]. Global epigenomic alterations during the initi-
ation and progression of cancer are indeed hallmarks of
cancer [8].

We have previously identified a set of driver genes for
OSCC-GB, with significantly enhanced burden of som-
atic mutations and copy number alterations, some of
which are unique compared to drivers of other subtypes
of head and neck cancers [9, 10]. Unique findings in
OSCC-GB have also been reported by transcriptome-
wide studies [11, 12]. OSCC-GB, therefore, deserves to
be investigated separately. Differential methylation pro-
files of squamous cell carcinoma of different anatomic
sites of the head and neck region have also been de-
scribed [13-18], but none pertaining to the gingivo-
buccal region of oral cavity. Among cancers of the oral
cavity, tongue cancer is the most prevalent in western
countries. Although OSCC-GB, the predominant type of
oral cancer in India, is known to be quite different from
tongue cancer in its molecular genetic presentation and
its clinical behavior, it is treated identically as tongue
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cancer. Therefore, in addition to gaining deeper basic in-
sights on epigenomic and transciptomic alterations in
OSCC-GB, it is necessary to obtain predictive markers
of prognosis and therapy that are specific to OSCC-GB.

Methods

Study participants

Tumor and adjacent histologically normal tissue samples
were collected in RNAlater, with written informed consent,
from 101 OSCC-GB patients (details in Table 1), recruited at
ACTREC, RADCH, and CNCIL TNM staging of each tumor
sample was done following the 7th edition of the American
Joint Committee on Cancer (AJCC) [19]. Because the quality
of biospecimens collected from the 101 patients varied,
methylation and transcriptomic analyses could be performed
on samples from 87 and 72 patients, respectively.

DNA extraction and bisulfite treatment

DNA was isolated using DNeasy Blood and Tissue Kit
(QIAGEN). The purity and concentration was estimated
using NanoDrop 2000 (Thermo Fisher Scientific). Approxi-
mately 500 ng genomic DNA from each sample was used
for sodium bisulfite conversion using the EZ DNA methyla-
tion Gold Kit (Zymo Research, USA). Genome-wide DNA
methylation was assayed using iScan (Illumina), for paired
tumor and adjacent normal samples of 25 patients (all be-
longing to the “discovery” subset) using the Infinium Hu-
man Methylation450 BeadChip and of 62 patients (18
belonging to the “discovery” and 44 to “validation” subsets)
using the Infinium MethylationEPIC BeadChip; these chips
interrogate 485577 and 865918 CpQG sites, respectively, of
which 452512 CpG sites are common. For all assays, we
followed the manufacturer’s protocols.

Processing of DNA methylation data

Raw array data (IDAT files) were analyzed using the R pack-
age “minfi” and also using Illumina GenomeStudio Methyla-
tion module. The CpG-specific methylation level (5 value),
for each sample, was calculated as a ratio of fluorescent signal
intensity of the methylated (1) and total of signal intensities
from the methylated (777) and unmethylated (u) alleles as:

M ,0
ax(m, 0) ; 0<p(unmethylated) <1(fully methylated)

= Max(u,0) + Max(m,0) + a’

We have used the recommendation of the BeadChip
manufacturer (Illumina) and set & = 100.

To reduce false positive inference, we have ignored any
CpG probe (a) for which detection p was > 0.01; (b) “NA”-
masked value; (c) that mapped to multiple locations on the
human reference genome (hgl9 with decoy sequence) when
aligned using Bowtie 2 (v. 2.34.1) with “end-to-end” align-
ment mode and allowing for maximum 2 mismatches; (d)
overlapped with a repetitive element [repeat masker (v. 4.0.5)
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Table 1 Demographic and clinical characteristics of gingivo-buccal oral squamous cell carcinoma patients included in this study

Clinical characteristics Methylation discovery

Methylation validation ~ Expression discovery — Expression validation

set set set set
(n =43) (n=44) (n = 36) (n = 36)

Age (in years)

Range 26-74 26-65 26-70 32-72

Mean 5081 = 1277 487 £ 99 5033 £ 11.19 49.08 + 1043

<40 9 7 7 5

40-45 7 11 6 12

46-50 6 8 4 6

51-55 3 7 7 4

56-60 5 5 5 1

> 60 13 6 7 8
Gender

Male 39 36 31 28

Female 4 8 5 8
Risk-habit

Tobacco chewing 16 22 17 18

Tobacco chewing and (smoking and/or 25 17 15 13

alcohol)

Smoking and/or alcohol 1 4 3 4

None 1 1 1 1
Tumour stage*

T 0 10 10 8

T2 12 13 1 10

T3 4 0 1 1

T4 27 21 14 17
Lymph node invasion*

NO 18 22 17 14

N+ 25 22 19 22

*All patients were MO (no metastasis) at first presentation when tissue samples were collected for analysis

(http://www.repeatmasker.org/) from UCSC hgl9]; (e) poly-
morphic (MAF > 0.01) SNPs (dbSNP build 150) located
within 10 bp of the interrogated CpG site; (f) spanned known
regions of small insertions and deletions (indels) in the hu-
man genome (UCSC hgl9); or (g) was located on a sex
chromosome. Both intra-array (Infinjum I and Infinium
II) and inter-array (between samples) normalizations were
performed: (a) subset quantile within array normalization
(SWAN) and (b) inter-array quantile normalization (using /3
values).

Identification of epigenome-wide differential DNA
methylation

Of the 87 patients, approximately 50% (43 patients, ran-
domly selected) were used as a discovery cohort and the
remaining (44 patients) were used as a validation cohort.
We computed /3 values of the 452512 probes common to
the two types of beadchip used for the 43 patients. S

values of the additional 380341 probes for 18 patients
whose samples were assayed using the MethylationEPIC
BeadChip were computed and considered as “EPIC only”
discovery-set. Wilcoxon signed rank test, corrected for
multiple testing by the Benjamini-Hochberg method, was
performed for each CpG site to test equality of distribu-
tions of S values between tumor and adjacent normal
samples of patients. The CpG sites with Benjamini-
Hochberg corrected p < 0.05 (merged set) or 0.02 (EPIC
only set) and average |AB| = 0.2 (tumor vs adjacent nor-
mal) were considered as significantly differentially methyl-
ated sites (DMPs). The stringency of the criteria used by
us to identify significant DMPs is higher than those popu-
larly used [13, 18]; this was done to avoid false positive in-
ferences. A CpG site was considered hypermethylated if
average AB was > 0.2 or hypomethylated if average AfS was
< - 0.2. Probes that were significantly differentially meth-
ylated in tumors compared with adjacent normal samples
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were used for the validation. A DMP was considered to be
validated if for that DMP, in the validation cohort, the
Benjamini-Hochberg corrected p was < 0.05 and the aver-
age |AB| was > 0.2 (tumor vs adjacent normal). A signifi-
cantly differentially methylated region (DMR) was defined
as a gene region with a single or multiple unidirectional
DMPs. The methylation level of a DMR was quantified as
average of S values of DMPs that mapped to it.

RNA extraction and library preparation

RNA sequencing was performed on tumor and paired
adjacent normal samples from 72 OSCC-GB patients.
From each patient, total RNA was extracted from tumor
and normal tissue samples using AllPrep DNA/RNA
Mini Kit (QIAGEN). The quality and concentration of
isolated total RNA were checked using Agilent 2100
Bioanalyzer and NanoDrop 2000 (Thermo Fisher Scien-
tific). The OD260/0OD280 ratio was > 2, and RNA Integ-
rity Number (RIN) was > 7.0 for all sequenced samples.
Ribosomal RNA (rRNA) was removed from the RNA
samples, using Ribo-Zero Magnetic Kit (epicentre). Se-
quencing libraries were prepared from rRNA-depleted
samples using TrueSeq RNA Sample Preparation Kit
(lumina). Each triplex c¢DNA library pool was
sequenced as 100-bp paired-end on HiSeq-2000 or
HiSeq-2500 (Illumina). Protocols suggested by the man-
ufacturers were used for all assays.

Identification of transcriptome-wide differential gene
expression

The 100-bp paired-end reads were aligned to the human ref-
erence transcript (build hgl9) and reference genome (hgl9
with decoy sequence) using the Tuxedo suite (TopHat2 (v.
2.1.1) [20], Bowtie 2 (v. 2.34.1) [21]), and SAMtools (v.
0.1.19) [22], with default settings. To minimize false positive
inferences, multi-mapped and non-concordant reads were
removed using SAMtools [22]. Duplicate reads were identi-
fied using MarkDuplicates from PICARD (https://github.
com/broadinstitute/picard) software (v 2.17.0) and discarded.
Mapped transcripts were assembled using Cufflinks (v. 2.2.1)
[23], with default parameters.

The set of 72 patients were randomly split into two
equal subsets; these subsets were separately used for dis-
covery and validation. Normalized gene expression
(FPKM) values were estimated for the samples in both
discovery and validation cohorts (each cohort n = 36)
using cuffnorm. In the discovery cohort (n = 36), differ-
ential gene expression analysis between tumor and nor-
mal pairs was performed using cuffdiff with default
values. Genes discovered to be significantly differentially
expressed were considered for validation. Such a gene
was declared as validated if the paired sample ¢ test to
compare mean expression levels in tumor and normal
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was significant (p < 0.05, after Benjamini-Hochberg
multiple-testing correction).

Integrative analysis of DNA methylation and gene
expression

To investigate the correlation between DNA methylation
and gene expression in OSCC-GB patients, we have consid-
ered only those genes for which differential methylation in
the promoter and differential expression level were both sta-
tistically significant. Such a gene was further examined to as-
certain whether there was an opposite relationship between
mean values of promoter methylation and gene expression
in tumors compared to normals (ie., hypomethylation and
overexpression, or hypermethylation and underexpression).
A validated gene that did not satisfy this property was dis-
carded from further analysis. For each accepted gene, the
Spearman correlation coefficient (p) was then calculated be-
tween the methylation level of DMRs (/5 values) and expres-
sion (FPKM) values observed in the patients. Genes for
which the correlation coefficients were significant (Benja-
mini-Hochberg multiple-testing corrected p < 0.05) were
used in pathway enrichment analysis.

Pathway enrichment analysis

A gene found to be significantly dysregulated and differ-
entially methylated in the promoter was functionally an-
notated using the ClueGO plugin of Cytoscape (v. 3.7.0)
[24]. Gene Ontology (GO) terms and KEGG pathways
were used in this analysis. To obtain significantly
enriched categories of the GO terms and KEGG path-
ways, right-sided hypergeometric tests were performed;
p values were corrected for multiple-testing using the
Benjamini-Hochberg method.

Relationship with drug-induced gene expression

To investigate whether expression levels of genes found
epigenetically altered can be altered in the opposite dir-
ection by a known drug, we have mined the Compara-
tive Toxicogenomics Database (http://ctdbase.org/) of
the DSigDB conglomerate database (http://tanlab.ucden-
ver.edu/DSigDB/DSigDBv1.0/).

Results

DNA methylation and expression patterns
Epigenome-wide DNA methylation, assayed on paired
tumor and adjacent normal tissue samples from 43
OSCC-GB patients (discovery cohort) and validated in
an independent set of 44 patients (validation cohort),
identified 25321 significant DMPs, of which 20023 were
validated, of which 11387 were present on both Infinium
450K and EPIC BeadChip arrays, while the remaining
8636 DMPs were present on EPIC BeadChip array only.
Of these 20023 validated DMPs, 11522 (~ 58%) were
hypermethylated and 8501 (~ 42%) were hypomethylated
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(Fig. 1). There is considerable variation in the proportion
of DMPs across chromosomes; this proportion was highest
for chromosome 8 and lowest for chromosome 16. With
the exception of chromosomes 8 and 21, on all other chro-
mosomes, the proportion of hypermethylated DMPs was
higher than those hypomethylated (Fig. 1la); particularly
high proportions of hypermethylated DMPs were observed
for chromosomes 19 (82%), 17 (75%), and 22 (74%). Dis-
tinctly different patterns were observed between CGI (CpG
islands) and non-CGI regions of the genome. Nearly half of
the DMPs (~ 54%; 10744 of 20023) were enriched in non-
CGI, open sea region of the genome. While about two-thirds
of the DMPs in non-CGI regions were hypomethylated, al-
most all (~ 99%) DMPs located in the CGIs (~ 27% of all
DMPs) were hypermethylated (Fig. 1b, c).

About 23% (4653 of 20023) of all DMPs mapped to pro-
moter regions [1500 nt upstream of transcription start site
(TSS) and from TSS to first exon] of known protein-coding
genes. DNA methylation profiling identified and validated
6156 gene-regions that map to 4861 protein-coding genes.
(It may be noted that multiple gene-regions can map to the
same gene.) Significant differential methylation was observed
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in the promoter regions of 2318 genes, of which 1606 were
hypermethylated and 712 were hypomethylated. About 38%
(= 2318 of 6156) differentially methylated gene-regions be-
long to the promoter region of genes (Fig. 1d, e).

We discovered 2207 protein-coding genes to be significantly
differentially expressed, at least by two-fold (mean of |log2
(fold change)| > 1), in tumors compared with paired normal
samples, of which 1734 (78.6%) genes [804 (~ 46%) upregu-
lated and 930 (~ 54%) downregulated] were validated (cor-
rected p < 0.05; mean of |log2 (fold change)| > 1). Of the 1734
significantly differentially expressed genes, the maximum
number of genes were on chromosome 1 (184 genes),
followed by chromosomes 2 (127), 19 (125), 3 (110), and 11
(109).

Significant alteration of gene expression by epigenetic
alteration associated with OSCC-GB

We validated that 307 genes were both significantly dif-
ferentially methylated in promoters and also significantly
differentially expressed. Of these, 209 genes were found
to have significant negative correlation between S and
FPKM values (Additional file 1: Table S1). Of these 209
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genes, epigenetic downregulation due to significant promoter
methylation was observed in 156 genes. The 10 genes with
strongest negative correlation included ZNF132, ZNF626,
ZSCANIS8, ZNF844, SH2D2A, PHYHDI, IGF2BP2, ZNF829,
ZNF880, and ZNF229 (Additional file 1: Table S1). Except
SH2D2A and IGF2BP2, all genes were epigenetically
downregulated.

Unsupervised hierarchical cluster analysis by Ward’s
method using the Af5 values of 209 significantly differentially
methylated genes identified two major clusters of patients
(Fig. 2), comprising 15 and 29 patients, respectively. We note
that the proportion of patients (55%) in the larger cluster
who belongs to higher stages (T3 and T4) is greater com-
pared to patients in the smaller cluster (33%). Further, about
a third of the patients in the larger cluster presented with
lymph node metastasis (N2); none of the patients in the
smaller cluster presented with metastasis (Fig. 2).

Drug-induced reversal of epigenetic dysregulation
Of the 209 genes that we identified to be epigenetically dysreg-
ulated, the expression levels of 148 genes (Additional file 2:
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Table S2) are altered by known drugs in the direction opposite
to that of epigenetic alteration; the total number of such
expression-altering drugs is ~ 350. Of all significantly epige-
netically downregulated (upregulated) genes in OSCC-GB,
known drugs could upregulate (downregulate) 105 (43) genes.

Enriched pathways in OSCC-GB patients

Pathway enrichment analyses using 209 significantly dys-
regulated genes associated with epigenetic modifications
in their promoter regions identified significant (corrected
p < 0.05) enrichment of five KEGG pathways (Table 2 and
Fig. 3) and twenty-two GO terms (Additional file 3: Table
S3). Significantly enriched KEGG pathways included
PPAR signaling (earlier found with significant gene ex-
pression alterations in OSCC-GB [15] and OSCC-tongue
[25]), arachidonic acid metabolism (earlier implicated in
OSCC using transcriptomic data [26] and in OSCC-GB
on post-treatment disease-free survival length using som-
atic mutation data [27]), and B cell receptor signaling
pathway (commonly implicated in chronic lymphocytic
leukemia [28], but also in OSCC [29]). The enriched GO

Disease Status Last Follow Up
Tobacco Chewing

Gender Tumour Grade

HMa le G1
Female G2
G3
Vital Stats
IAIive Relapse Type
Deceased Locoregional Recurrence

Distant Metastasis
Tumour Stage NA

the respective clinical information)

Fig. 2 Integrated unsupervised hierarchical clustering and heatmap using A values of differentially methylated genes in promoter region from
OSCC-GB patients depicts two major clusters of patients with distinct phenotypic features. (white box in the top panel indicates unavailability of
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Table 2 Significantly enriched pathways in OSCC-GB patients based on 209 genes significantly differentially methylated in their

promoter regions and related information

KEGG pathway No. genes % Associated genes Corrected p value Names of associated genes
PPAR signaling pathway 4 541 0.036 CD36, CYP27A1, OLR1, PPARG
Arachidonic acid metabolism 3 476 0.046 EPHX2, GPX3, LTC4S

Acute myeloid leukemia 3 4.55 0.038 PER2, PIK3CD, ZBTB16
Longevity regulating pathway 4 449 0.034 ADCY6, PIK3CD, PPARG, SESNT
B cell receptor signaling pathway 3 4.23 0.037 CD72, IFITM1, PIK3CD

terms included negative regulation of GO to G1 transition,
process related to apoptosis such as regulation of
leukocyte apoptotic process or negative regulation of den-
dritic cell apoptotic process, chemokine-mediated signal-
ing pathway, and many other immune-related processes,
including natural killer cell-mediated cytotoxicity, type I
interferon signaling pathway. (Additional file 3: Table S3).
The negative regulation of the cell cycle during GO and
G1 phases was shown in a previous study on OSCC [30].
The chemokine-mediated signaling pathway was earlier
found altered in lung cancer [31].

Comparison with TCGA data

The genome-wide DNA methylation profile observed in
the OSCC-GB patients was validated using publicly avail-
able TCGA HNSCC data. In TCGA, all sub sites of
HNSCC were included. There is considerable heterogen-
eity in regional presentation within the oral cavity [16].
We have, therefore, considered data pertaining to the 31
OSCC-GB patients in the TCGA dataset (raw .IDAT files
from the GDC Legacy Archive). In TCGA, OSCC-GB data
were generated using the HM-450 K array while samples
of our validation cohort patients were assayed using the
HM-EPIC array platform. We, therefore, considered only
those DMPs (CpG mapped to the promoter region of
genes) that were common (80.4% of all promoter DMPs)
to both arrays. Spearman’s correlation between f values of
the 3741 common promoter DMPs of TCGA (# = 31) and
our data (n = 44) of OSCC-GB patients was very high [p =
0.8574; p < 2.2 x 107*°] (Additional file 4: Figure S1). Pat-
terns of clustering of patients based on S values of the
common promoter DMPs were, therefore, largely similar
(Additional file 4: Figure S2), thereby providing greater
confidence to the inferences drawn from our data.

Discussion

Gingivo-buccal oral squamous cell carcinoma, an ana-
tomical and clinical subtype of head and neck squamous
cell carcinoma (HNSCC) is the leading cancer among
men in India. Epigenomic reprogramming, more specif-
ically epigenomic gene repression, is a significant hall-
mark of oral cancer. Epigenome-wide DNA methylation
profiling of 87 OSCC-GB patients (43 patients used as a
discovery cohort and the remaining 44 as the validation

cohort), using DNA methylation microarrays, identified
20023 significantly differentially methylated tumor-
specific DMPs that mapped to 4861 protein-coding
genes. Of these genes, 1606 were hyper- and 712 hypo-
methylated in the promoter regions. Gene expression
was significantly negatively correlated with DNA methy-
lation in the promoter regions of 209 genes, of which
156 (~ 75%) were found epigenetically downregulated.

The ten genes with that showed high significant nega-
tive correlation between promoter methylation level and
gene expression included mostly (7 of 10) zinc finger pro-
tein genes (ZNF132, ZNF626, ZSCANIS, ZNF844,
ZNF829, ZNF880, and ZNF229) located on chromosome
19 (19q13; ZNF626 on 19pl2). These genes encode
C2H2-type of zinc finger proteins. Except ZNF880, all six
zinc finger proteins are Kriippel-type family of transcrip-
tion factors. A cluster of Kriippel-type zinc finger protein
genes (including ZNF132 and ZSCAN18, earlier known as
ZNF447) on chromosome 19q13 was earlier found signifi-
cantly epigenetically downregulated in oropharyngeal
squamous cell carcinoma [32]. The remaining three genes
are SH2D2A, PHYHDI1, and IGF2BP2, of which IGF2BP2
is noteworthy. IGF2BP2 encodes an insulin-like growth
factor-2 mRNA-binding protein and belongs to a con-
served family of RNA-binding, oncofetal proteins. This
protein modulates cell polarization, adhesion, and migra-
tion in tumor-derived cells and is strongly associated with
cancer metastasis and the expression of oncogenic factors
that include KRAS, MYC, and MDRI1 [33]. Upregulation
of IGF2BP2 is associated with HNSCC ([34]. ZNF829
hypermethylation is associated with colorectal cancer [35].
Overall, methylation of transcription factor and RNA
binding genes and consequent alteration of expression
seem important correlates of OSCC-GB.

Other significantly epigenetically downregulated genes
are OSR1, SELENBPI, TGFBR3, and ZBTBI16 [36-39].
Among significantly downregulated genes with promoter
hypermethylation, CDON, ID4, and CPEB1 were associ-
ated with neuroblastoma, breast cancers, and hepatocel-
lular carcinoma, respectively [40—42]. Upregulation with
significant promoter hypomethylation of CD274, earlier
known as PD-LI, was observed to be associated with
OSCC-GB. Immunoexpression of the protein encoded
by PD-L1 was found significantly increased in OSCC
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Fig. 3 An integrative circos plot of epigenomic and transcriptomic alterations in OSCC-GB. The outermost track displays the human genome
(hg19) ideogram by chromosome number. The second track depicts frequency distribution of epigenome-wide significantly differentially
methylated CpG sites. The third track provides the distribution of coding genes, with differential methylation in their promoter regions.
Hypermethylation and hypomethylation are represented by red and green colors, respectively. The fourth track presents transcriptomic profiles in
autosomes—upregulated and downregulated genes are shown in purple and blue, respectively. The inner most track represents the 209 genes
that showed significant inverse correlation between promoter methylation and expression. Of these 209, 36 (17.2%) genes are on chromosome
19. Heights of blue bars are proportional to the correlation coefficients. The color-coded links represent genes from the significantly dysregulated
pathways (n = 5). Gene names from the pathways are shown outside the ideogram. (Cyan, arachidonic acid metabolism; Yellow, longevity
regulating pathway; Orange, PPAR signaling pathway; Green, B cell receptor signaling pathway; Purple, acute myeloid leukemia)
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patients compared with normal or oral leukoplakia (oral
pre-cancer) [43]. Upregulation of another immune
checkpoint gene CD80, observed in oral cancer [18], was
found to be driven by significant promoter hypomethyla-
tion in OSCC-GB patients. CTLA4 that encodes an im-
mune checkpoint receptor, was found to be transcribed
in OSCC-GB tumour tissue by five- to six-fold (adjusted
p < 0.05) higher than normal tissue (six-fold higher in
discovery cohort; five-fold higher in validation cohort).
However, this upregulation could not be ascribed to pro-
moter hypomethylation of CTLA4 in our patients, contrary
to the finding of a previous study on OSCC [18]. Our ob-
servation of significant epigenetic upregulation of TRPM?2
and LCK is consistent with earlier reports on oral cancer
and oral lichen planus (oral pre-cancer) [44, 45]. We have
also observed epigenetic upregulations of SULFI and
SEMAS3C earlier found upregulated in gastric cancer [46]
and breast cancer [47], respectively. However, our finding
of upregulation of SEMA3C is not consistent with an earlier
report on oral cancer [47]. Our observations that DNMT3B,
a gene responsible for de novo methylation process, is sig-
nificantly upregulated with promoter hypomethylation and
TET1, involved in DNA methylation process and gene acti-
vation, and is downregulated with promoter hypermethyla-
tion are worthy of further consideration.

We have also replicated some earlier observations on oral
cancer and oral pre-cancer and in other cancers. These in-
clude epigenetic downregulation of GAS7, OSRI,
SELENBPI, TGFBR3, and ZBTBI6, earlier found associated
with OSCC/HNSCC; epigenetic upregulation of TRPM?2
and LCK (a proto-oncogene), earlier observed overex-
pressed in patients with OSCC or oral lichen planus (oral
pre-cancer); altered expression of epigenetically downregu-
lated (CDON, ID4, ZSCANI8, CPEBI, and NUPRI) or epi-
genetically upregulated (SULFI and SEMA3C) genes earlier
associated with several cancer types.

An important result of our study is that the immune
checkpoint gene CD274 (earlier known as PD-L1I) is sig-
nificantly upregulated due to significant promoter hypo-
methylation. The protein encoded by PD-LI, a ligand of
PD-1 receptor expressed on the surface of activated T
cells, is expressed on the surface of antigen-presenting
cells (APCs) which mostly include dendritic cells or
macrophages. The induction of PD-L1 expression on the
surface of tumor cells helps them evade immune re-
sponse inhibition of the cytotoxic T cells and hence pre-
venting apoptosis by the immunosuppressive properties
of PD-L1/PD-1 interactions in the tumor microenviron-
ment [48]. Immunotherapy against immune checkpoints
PD-L1 has shown promising results in treating meta-
static HNSCC patients [49]. Therefore, our finding
prompts consideration of PD-1/PD-L1 immune check-
point as a potential target for cancer therapy in OSCC-
GB patients. The programmed death ligand 2 or PD-L2
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(now known as PDCD1LG2) along with PD-L1 interacts
with PD-1 to inhibit T cell activation and to downregu-
late the expression of anti-apoptotic molecules and the
production of pro-inflammatory cytokines [48]. We have
observed significant upregulation of PDCDILG2 in
tumor samples. However, differential expression of this
gene is driven by mechanisms other than differential
methylation in OSCC-GB patients. In a recent study, it
was shown that cis-PD-L1/CD80 interactions can dis-
rupt PD-L1/PD-1 binding [50]. This study [50] also ob-
served that the binding was not affected by the
simultaneous overexpression of CD80 and CD86. Similar
to the previous study on OSCC patients [18], we have ob-
served significant upregulation of CD80—driven by pro-
moter hypomethylation—and CD86 in OSCC-GB
patients. In addition, we have identified significant upreg-
ulation of CTLA4, and no significant alteration of expres-
sion or promoter DNA methylation of CD28 (which
promotes the T cell activation). Therefore, in OSCC-GB
patients, ligand-receptor interactions, such as, PD-L1/PD-
1 or PD-L2/PD-1 and CTLA4/CD80 or CTLA4/CD86
may have crucial role in suppressing the effector T cell re-
sponses and hence immune evasion. These findings pro-
vide cues to further investigation that may be indicative of
deployment of immune therapy in OSCC-GB.

We have noted upregulation of DNMT3B in OSCC-
GB tumor samples driven by promoter hypomethylation.
The product of DNMT3B acts as de novo DNA methyl-
transferase by transferring a methyl group from S-
adenosylmethionine to the C-5 position of cytosine to
form 5-methylcytosine (5mC), in the absence of a tem-
plate [51]. Overexpression of DNMT3B often correlates
with the epigenetic inactivation of tumor suppressor
genes leading to tumor formation [52], including oral
tumor [53]. On the contrary, the protein encoded by
TETI acts as demethylase which plays a key role in
DNA demethylation by catalyzing the conversion of
5mC into 5-hydroxymethylcytosine (5hmC). It also me-
diates subsequent conversion of 5hmC into 5-
formylcytosine (5fC) and 5-carboxylcytosine (5caC),
which are further converted to unmethylated cytosine
through the base excision repair pathway [54]. Loss of
TETI expression through promoter CpG methylation
frequently occurs in tumor cells, which results in tumor
pathogenesis via inactivation of tumor suppressor genes
[55]. Epigenetic downregulation of TETI, observed in
OSCC-GB patients, was earlier found associated with
head and neck cancer [56]. Therefore, our finding that
epigenetic modifications upregulate DNMT3B and
downregulate TET1I, that likely plays an important role
in OSCC-GB tumorigenesis, is novel.

We have identified that expression levels of about 71%
(148 of 209) of the genes that are epigenetically dysregu-
lated in OSCC-GB could be reversed by known drugs
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(Additional file 2: Table S2). The genes whose expres-
sion levels were altered by drugs included CD274, CD80,
DNMT3B, TET1, PPARG, and PIK3CD. The drugs that
induced reversal of expressions of these genes include
dasatinib, calcitriol, tamoxifen, and aspirin. It is interest-
ing that OSCC-GB caused by epigenetic alterations in
important cancer genes is potentially actionable by
known drugs.

Pathway analysis based on 209 significantly differentially
genes identified PPAR signalling, arachidonic acid metab-
olism, and B cell receptor signaling pathways. The peroxi-
some proliferator-activated family of receptors (PPARs)
are ligand-activated transcription factors. Epigenetic
downregulation of PPARG (from the PPAR signaling path-
way) and its ligands have earlier been shown to play a role
in tumorigenesis. We have observed that PPARG is dys-
regulated in OSCC-GB patients and earlier also reported
as dysregulated in HNSCC patients [57-59]. As a chemo-
preventive agent, PPARG ligands act as targets for several
types of cancer [57]. Synthetic PPARG ligands have been
shown to decrease incidence of carcinogen-induced
tongue tumors in a dose-dependent manner [59]. DNMT
inhibitors (DNMTIs) are a promising class of anti-cancer
therapies that renew transcription of a previously silenced
gene [60]. As a matter of fact, DNMTTIs are being used to
reverse epigenetic downregulation of PPARG, instead of
PPARG ligands that show cytotoxicity. We have earlier
shown [28] that survival benefits accrue to OSCC-GB pa-
tients who carry mutations in genes of the arachidonic
acid metabolism (AAM) pathway. Our present finding of
downregulation of oxidative stress-related genes EPHX2
and GPX3, belonging to the AAM pathway, in OSCC-GB
patients, is therefore notable; similar findings were also re-
ported in cancer of the oral cavity [61]. Some genes that
we found to be epigenetically upregulated in OSCC-GB
patients, such as PIK3CD and IFITMI, were earlier re-
ported to be upregulated in thyroid cancer [62] and
HNSCC [63]. IFITM1 plays an important role in invasion
at early stages of HNSCC [63].

In OSCC-GB patients, we have observed a strong posi-
tive correlation of methylation levels of promoter DMPs
between our study and the TCGA HNSCC study. Clusters
of OSCC-GB patients of this study and patients included
in TCGA, based on promoter DMPs that were common
between the two studies, were similar. This is indicative of
the robustness of the inferences of this study.

Conclusions

In sum, we have identified epigenetic alterations of key
genes that regulate the feedback process of DNA methy-
lation for the maintenance of normal cell division. Epi-
genetic alteration of transcription factor genes and
RNA-binding genes and consequently expression dysreg-
ulation were strongly associated with OSCC-GB.
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Epigenetic activation of immunosuppressive PD-L1/PD-
1 and CD80/CTLA4 interactions, which leads to inhib-
ition of the cytotoxic T cells-mediated apoptotic process,
was observed in gingivo-buccal oral cancer patients. Sig-
naling (PPAR and B cell receptor) and the arachidonic
acid metabolism pathways were found enriched in
OSCC-GB. Our results provide novel therapeutic targets,
including immunotherapy, for treatment of gingivo-
buccal oral squamous cell carcinoma.
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