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RESEARCH PAPER

Identification of HPV16-p16INK4a mediated methylation in oral potentially 
malignant disorder
Maria Rosa Buenahoraa, Gloria Inés Lafaurie b, and Sandra J. Perdomo c

aUnit of Oral Clinical Epidemiology, School of Dentistry, El Bosque University, Bogotá, Colombia; bUnit of Basic Oral Investigation, School of 
Dentistry, El Bosque University, Bogotá, Colombia; cCellular and Molecular Immunology Research Group, Universidad El Bosque, Bogotá, 
Colombia

ABSTRACT
To evaluate the possible involvement of epigenetic modulation by HPV16-p16INK4a in oral poten-
tially malignant disorder (OPMD). We generated DNA-methylation profiles, according to p16INK4a 

expression and HPV16 genotype (positive or negative), of OPMD samples and p16INK4a-HPV16 
negative samples (used as control), using reduced-representation bisulphite sequencing (RRBS- 
Seq- Illumina) technology. Twelve samples, four for each group, as follows: 1) p16INK4a+ HPV16 
+; 2) p16INK4a+ HPV16-; 3) p16INK4a- HPV16-, were analysed in triplicate for DNA-methylation 
profiles. Fifty-four per cent of DMRs were hypermethylated and 46% were hypomethylated. An 
increase in methylation of loci in OPMD was independent of the presence of HPV. The hyper-
methylated genes in HPV+ samples were associated with signalling pathways such as NICD traffics 
to nucleus, signalling by NOTCH1 (p = 0.008), Interferon-gamma (p = 0.008) and Interleukin-6 
signalling (p = 0.027). The hypomethylated genes in HPV infection were associated with TRAF3- 
dependent IRF activation pathway (p = 0.002), RIG-I/MDA5 mediated induction of IFN-alpha/beta 
pathways (p = 0.005), TRAF6 mediated IRF7 activation (p = 0.009), TRIF-mediated TLR3/TLR4 
signalling (p = 0.011) and MyD88-independent cascade release of apoptotic factors (p = 0.011). 
Protein association analysis of DMRs in OPMD revealed 19 genes involved in the cell cycle 
regulation, immune system, and focal adhesion. Aberrantly methylated loci in OPMD were 
observed in p16INK4a positive samples which suggests that a shift in global methylation status 
may be important for cancer progression. The results suggest that HPV infection in OPMD induces 
modulation of genes related to the immune system and regulation of the cellular cycle.
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Introduction

Oral potentially malignant disorder (OPMD) 
includes lesions with altered epithelium that have 
a higher probability of progression to squamous cell 
carcinoma and these changes involve epithelial dys-
plasia [1]. For OPMD, the prevalence of HPV has 
been found to be between 26.2% and 28% [2,3]. The 
risk of malignant transformation of OPMD to oral 
squamous cell carcinoma (OSCC) has been 
reported to be between 4.3% and 17.9% [4].

OSCC is one of the most frequent cancers 
worldwide and represents more than 300.000 new 
cases annually [5]. Likewise, OSCC has 
a significant burden of disease in terms of treat-
ment and prognosis and most tumours are 
detected in advanced stages where the 5-year sur-
vival rate is almost 50–60% [6]. Interestingly, these 

tumours develop in patients without a history of 
smoking and alcohol use [7,8], which could indi-
cate the presence of an additional etiologic agent 
for human papillomavirus (HPV) [9].

HPV-positive head and neck squamous cell car-
cinoma (HNSCC) differs distinctly from HPV- 
negative tobacco-related HNSCC, especially in 
the oropharyngeal region [10]. However, OSCC 
does not show a clear difference between HPV- 
associated cancer and tobacco-associated cancer 
and its impact is still under study [11]. Specific 
DNA-methylation patterns are showing increased 
promise as biomarkers, with some investigators 
claiming superiority to other markers with regards 
to establishing differences in clinical behaviour 
and prognosis [12].

The transition from normal epithelium to pre-
malignant tissue and carcinoma is partly caused by 
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an accumulation of genetic, epigenetic, and cellu-
lar alterations [13]. Oral carcinogenesis is 
a complex process involving genetic changes, 
changes in excitatory and inhibitory cell signals 
that generate rapid cell division, increase of blood 
vessels for greater growth and changes in signal-
ling causing invasion of tissues [14].

Somatic mutations and chromosomal copy 
number alterations with loss of heterozygosity 
(LOH) have been identified in OPMD progression, 
with LOH being the most effective factor in pre-
dicting progression to oral cancer [15]. Several 
studies show the convergence of several genes 
and signalling pathways known for their onco-
genic capabilities, in OPMD progression. Altered 
genes are involved in induction of signalling path-
ways related to proliferation, apoptosis, angio-
genic, and immunomodulatory processes [16–18].

Epigenetic factors such as HPV infection pro-
duce alterations in DNA methylation and play 
a key role in the malignant transformation of pre-
cancerous lesions; these changes lead to the silen-
cing of tumour suppressor genes and the 
overexpression of oncogenes [19]. Differential pat-
terns of methylation in promoter regions in the 
tumour suppressor genes and greater levels of 
CpG methylation in HPV-positive tumours com-
pared with HPV-negative oropharyngeal and oral 
cell carcinomas have been reported [20,21].

High-risk HPV16 is the most prevalent geno-
type found in OSCC [22] and it is a strong risk 
factor for malignant transformation [23]. 
Molecular profiling of HPV16 positive tumours 
of the head and neck and those that are HPV- 
associated is commonly associated with p16INK4a 

overexpression especially in oropharyngeal squa-
mous cell carcinoma [24]. Overexpression of p16 
INK4a is caused by a viral E7 protein and it indi-
cates that the virus is transcriptionally active, and 
it is often used as a surrogate marker for HPV 
infection and viral oncoprotein activity [25]. 
Unlike normal cells, cancer cells exhibit alterations 
in methylation patterns that induce changes in 
cycle regulation and cell growth [26]. p16/Rb/ 
cyclin-D1 pathway is a key regulator of the cell 
cycle, which controls the passage of cells from G1 
to S phase by binding cyclin D-dependent kinases 
(CDK4 and CDK6) and causes inactivation/phos-
phorylation of Rb (Retinoblastoma gene) [27]. p16 

gene is often mutated or epigenetically silenced in 
head and neck cancer and the hypermethylation of 
its promoter is a common finding in OSCC 
[28,29]. However, the role of HPV in the develop-
ment of oral dysplasia and its subsequent malig-
nancy is still unclear although p16INK4a 
expression may be an early predictor of malignant 
transformation [30].

The association of HPV and epigenetic changes 
of specific genes in OPMD have been little studied. 
The aim of this study was to determine if p16INK4a 

positive OPMD associated with HPV-16 high-risk 
genotypes can modulate DNA methylation.

Materials and methods

Study design and samples

A prospective cross-sectional study of 41 patients 
was conducted from 2015 to 2017. Thirty-six indi-
viduals were diagnosed with OPMD using pre- 
established inclusion criteria: diagnosis of OPMD 
including histological dysplasia in oral lichen pla-
nus, leukoplakia, or erythroplakia in pre- 
establishing anatomical locations (tongue, gingiva, 
palate, cheek mucosa and oral cavity not specified, 
except for lesions of the oropharynx and soft 
palate or lesions of the floor of the mouth includ-
ing floor of the tongue), with no previous cancer 
or smoking habit. Five samples were negative for 
dysplasia and showed a diagnosis of hyperplasia 
(Figure 1, Table 1). This study was approved by 
the Ethics Committee of the School of Dentistry of 
the Universidad El Bosque (Act. No. 012–2013). 
All samples evaluated were obtained with 
informed consent.

Pathology and laboratory procedures

The laboratory procedures were carried out 
according to a well-validated methodology. Four 
to eight paraffin sections (10um) were obtained for 
each block and were processed under strict condi-
tions to avoid DNA contamination. The tissue 
sections were stained with haematoxylin and 
eosin (H&E) for pathological revaluation, which 
included confirmation of OPMD or hyperplasia. 
Dysplasia was established when the epithelium 
exhibited cytologic and/or architectural 
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alterations. Mild dysplasia is confined to the lower 
one-third of the epithelium, moderate dysplasia 
extends from the basal layer to the midportion of 
the spinous layer and severe dysplasia from the 
basal cells to the entire thickness of the epithelium. 

Hyperplasia without architectural or cytologic aty-
pia was not considered an OPMD [31].

Immunohistochemistry

p16INK4a expression was evaluated on all cases using 
the CDKN2A antibody (Bond III, Leica 
Microsystems, INC, Buffalo Grove, IL, EEUU) follow-
ing the manufacturer’s protocol using tumour tissue 
as a positive control. In this study, we chose, as before, 
the methodology developed by Kostopoulou et al., 
2011 for p16INK4a expression [32] and the Darragh 
et al. 2012 criteria where p16INK4a positivity is indi-
cated by a cytoplasmic staining in a diffuse, faint, or 
continuous pattern, which we have observed in indi-
vidual cells (Figure 2) [33].

HPV-DNA detection and genotyping

For HPV-DNA detection and genotyping, FFPE 
samples were first treated with xylene and 

Figure 1. Forest plot of study design.

Table 1. Localization and clinical diagnosis by p16 VPH groups.
Group 1 

p16(+) HPV 
(+) 

(n = 20)

Group 2 
p16(+) HPV 

(-) 
(n = 9)

Group 3 
p16(-) HPV 

(-) 
(n = 12) p value

Localization of 
lesion

F (%) F (%) F (%)

Alveolar mucosa 3 (15) 1 (11.11) 1 (8.33) 0.009
Gingiva 5 (25) 1 (11.11) 4 (33.33)
Tongue 7 (35) 4 (44.44) 1 (8.33)
Palate 3 (15) 2 (22.2) 4 (33.33)
Lip 0 1 (11.11) 1 (8.33)
Other 2 (10) 0 1 (8.33)
Clinical Diagnosis
Erythroplakia 1 (5) 2 (22.22) 0 0.104
Leucoplakia 14 (70) 6 (66.67) 7 (58.33)
Leuco-eritroplakia 1 (5) 0 0
Lichen planus 4 (20) 1 (11.11) 0
Unspecific 

overgrowth
0 0 5 (41.66)
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ethanol to remove paraffin, subsequently with 
250 μl of freshly prepared proteinase K solution 
(Bioline) to extract DNA with QIAamp DNA 
FFPE Tissue Kit (QIAGEN). Real-time PCR 
using SybrGreen and consensus primers HPV 
GP5+/6+ and ß-globin gene fragment as a quality 
control was performed [34,35]. HPV genotypes 
were determined by Luminex technology 
(Optiplex Diamex). DNA extracted from FFPE 
samples was subjected to PCR amplification 
using sets of biotinylated primers for HPV L1 
gene GP5+/GP6+, and a pair of primers for the 
amplification of a ß-globin gene fragment as 
a quality control for genomic DNA in the PCR. 
PCR products were added to the bead mix con-
taining 26 distinct bead populations coupled to 
24 HPV, one ß-globin and one hybridization 
control specific oligonucleotide probe. The fluor-
escence intensities of each sample were calculated 
as the median fluorescence intensity (MFI). The 
samples were categorized according to the pre-
sence or absence of HPV16.

HPV16-p16INK4a – HPV 16 Groups

Three groups were established based on the pre-
sence or absence of p16INK4a and HPV 16, as 

follows: Group 1) p16INK4a (+) HVP16 (+); 2) 
p16INK4a (+) HVP16 (-); Group 3) p16INK4a (-) 
HPV16 (-) (Figure 1). Twelve samples, 4 per 
group, were analysed in triplicate for RRBS 
methylation.

Reduced-representation bisulphite sequencing 
(RRBS) methylation analysis

RRBS was performed on 12 samples with EpiNext™ 
High-Sensitivity Bisulphite-Seq Kit Illumina 
(EpiGentek) using 200 ng of DNA. The experi-
mental protocol steps were as follows: (i) DNA 
digestion using the MspI restriction enzyme 
(NEB) for 16 hours at 37°C, which cuts DNA at 
its recognition site (C�CGG) independent of the 
CpG methylation status; (ii) end repair and liga-
tion of TruSeq adapters for Illumina sequencing 
(NEB); (iii) gel-based selection of DNA fragments 
with insert sizes ranging from 40 bp to 120 bp and 
120–220 bp; (iv) bisulphite treatment; (v) 18 cycles 
of PCR amplification of the bisulphite-converted 
library; and (vi) 76 cycles of single-read sequen-
cing using an Illumina Hiseq 2000 using the estab-
lished single-end sequencing protocol. The 
sequences were aligned to the human genome 
assembly GRCh37 (hg19) using Bismark [36]. 

Figure 2. p16INK4a staining. Positive IHC pattern for p16INK4a expression obtained in the samples diagnosed with epithelial dysplasia 
HPV (+). (400x). Figures (a), (b) and (c) can be described, using Kospokolou 2011 patterns, as patchy positivity patterns and figure (d) 
as a focal positivity pattern.
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Bisulphite conversion rates are calculated as the 
number of genomic cytosines outside a CpG con-
text that are unconverted, divided by the total 
number of cytosines outside a CpG context.

Identification of the important genes based on 
differentially methylated regions (DMRs)

CLC Genomics Workbench 20 (Qiagen) was used 
to quantify the methylation level of each sample 
and for DMR identification. All the DMR-related 
genes were clustered based on the Gene Ontology 
(GO) annotation database and were analysed in 
DAVID (Database for Annotation, Visualization 
and Integrated Discovery) Bioinformatics 
Resources 6.83. Significant GO terms and path-
ways were selected after filtering with P < 0.01. 
After multiple testing corrections, we chose to 
deem pathways with a Q value ≤0.05 as signifi-
cantly enriched with DMR-related genes. 
Considering the significant enrichment of path-
ways, we found the main biochemical pathways 
and signal transduction pathways in which the 
DMR-related genes were located.

Motif discoveries of differential methylated sites/ 
regions

We performed motif discovery analysis using 
MEME suite online software for both DMSs and 
DMRs. The MEME suite calculated the statistical 
significance of motif occurrences for observed 
regions in a large set of known TF (transcription 
factors) motif usages. Only statistically significant 
ones matching a known TF motif were reported. 
Peak and gene associations were performed using 
GREAT by applying the basal plus extension set-
tings [37]. GREAT assigns biological meaning to 
genomic regions by analysing the annotations of 
nearby genes and regulatory elements wherein 
genomic distances are divided into bins relative 
to transcription start site (TSS) as [0, 5 kb], [5 
kb, 50 kb], [50 kb, 500 kb], [500 kb, infinity]. 
Values on the Y-axis represent percent of peaks 
found in each genomic region. Values displayed 
on bar graphs represent the number of genes asso-
ciated with peaks in each genomic window. Genic 
annotations were performed with annotatr pack-
age (that include 1–5Kb upstream of the TSS, the 

promoter (<1Kb upstream of the TSS), UTRs, 
exons, and CDS).

Statistical analysis

Descriptive statistics were carried out for catego-
rical variables and clinical data and p16INK4a 
expression by HPV were compared using chi 
squarer/fisher tests. RRBS DNA-methylation ana-
lysis was performed with the bisulphite sequencing 
plugin in CLC Genomics Workbench 20 (Qiagen)- 
. The assessment of differential methylation in 
cases-sample vs control group was carried out 
using the ANOVA test with a significance of 5% 
using the STATA® Software version 12.

Results

Characteristics of the study population

Figure 1 describes the design and the samples 
collected and tested for p16INK4a staining and 
HPV16 genotype. A total of 41 cases were selected, 
of which twenty-nine samples (70.7%) were 
p16INK4a positives and twelve (29.3%) were posi-
tive for HPV16. Only one sample with p16INK4a 

negative was positive for HPV. The samples of the 
control group corresponded to hyperplasia that 
were negative for the p16 immunohistochemistry 
tests and were negative for the identification 
of HPV.

Sixty-three per cent of the patients were women 
with an age average of 55.2 (range was 30 to 
82 years). Twenty-two lesions (53.76%) had mild 
dysplasia, 13 (31,71%) showed moderate dysplasia, 
and only 2 (4.88%) had severe dysplasia. Four 
samples (9,76%) that did not have dysplasia and 
showed histologic hyperplasia and were negative 
for p16 and for HPV were included as control 
(Figure 1). The clinical diagnosis was variable; 
leukoplakia was the most frequent lesion followed 
by lichen planus and erythroplakia; no statistical 
differences were observed between the groups 
(p = 0.104). Four unspecific samples with no infec-
tion overgrowth were p16INK4a-HVP-16 negatives 
and were included as control samples. Localization 
was variable although samples from the tongue 
were more frequently p16INK4a positive 
(p = 0.009) (Table 1). In the p16INK4a positive 
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groups, the samples selected showed moderate or 
severe dysplasia, whereas in the p16INK4a-HPV16 
negative group the samples had histological 
hyperplasia.

p16INK4A expression in oral lesions

Table 2 matches p16INK4A expression in oral 
lesions according to HPV infection by immuno-
histochemical analysis. It was demonstrated that 3/ 
29 samples (10.3%) of OPMD p16INK4a (+) were 
stained in small patches and 26/29 of cases (86.7%) 
demonstrated focal positivity. However, the con-
trol samples were p16INK4a negative and these 
results showed a strong association between over-
expression of p16 INK4a protein and oral lesions 
with malignancy potential (p < 0.0001). 
Interestingly, OPMD infected with HPV16 gave 
a diffuse and focal pattern (Figure 2), but 
p16INK4a over-expression in OPMD did not corre-
late with clinical variables such as age, sex, and 
lesion site (data not shown). p16INK4a+ with HPV- 
negative had sporadic p16INK4a stain.

Fourteen out of the 29 p16 INK4a positive sam-
ples showed DNA from some HPV genotype and 
only nine had high-risk HPV16 genotype. Only 
one out of 12 p16INK4a negative samples had 
HPV and it was HPV16. Four random samples 
were selected for DNA methylation according to 
the presence or absence of HPV16 and p16INK4a 

(Figure 1).

Genome-wide DNA-methylation changes in 
OPMD

Twelve samples were randomly selected according 
to p16INK4a and HPV16 results and were pro-
cessed for DNA-methylation profiles analysis in 

order to investigate the epigenomic landscape of 
OPMD by RRBS analysis (supplementary Table 1). 
The clinical characteristics of the samples are 
included in supplementary material (see supple-
mentary Table 1). To assess variability, three bio-
logical replicates were generated for each p16INK4a 

+HPV+ sample, p16INK4a+HPV- sample or 
p16INK4a-HPV- sample as control. To test the 
reproducibility of our results, we calculated 
Pearson correlation coefficients between these 
replicates with high reproducibility within our 
libraries (r = 0.87–0.89). Bisulphite conversion 
efficiencies of 12 samples ranged from 98% to 
99% with 20X read coverage. The per-sample aver-
age percentages of cytosine methylation rate in 
CHG and CHH sites were ranged between 45%– 
63% and 50%–57%, respectively.

Methylation profiles of DMRs present in 
OPMD samples were normalized to normal- 
appearing oral mucosa HPV- from control groups 
with hyperplasia. The heat-map showed distinct 
methylation profiles of DMRs identified in 
OPMD p16INK4a +HPV+ and p16INK4a + HPV- 
tissues (Figure 3(a)). A total of 270 regions were 
differentially methylated, 142 (54%) of these 
DMRs were hypermethylated, while 128 (46%) 
were hypomethylated indicating a tendency 
towards increased methylation at aberrantly 
methylated loci in OPMD and suggesting that 
a shift in global methylation status may be impor-
tant for cancer progression. As shown in Figure 3 
(c), methylation level data were clearly separated 
by principal component analysis (PCA) indicating 
distinct methylation profiles between hyperplasia 
and dysplasia samples. However, no statistically 
significant differences in global methylation level 
were found between hyperplasia, OPMD HPV+ 
and HPV- tissues, as shown in violin plot (Figure 
3(c)). The novo motif search revealed several 
sequences that were highly enriched in DMRs 
that corresponded to consensus binding sites for 
known TFs, including HINFP1, Sp4, Myf6, 
NHLH1_DB, Zfp281, Smad3, Ascl2, KLF16, and 
ZIC3. These motifs were enriched with high sig-
nificance and showed a clear enrichment in 
unmethylated or methylated CpG island regions, 
respectively (Figure 3(c)).

In order to identify the biological pathways that 
are significantly affected by HPV infection, we 

Table 2. p16INK4a expression by HPV groups.
Group 1 

p16(+) HPV 
(+) 

(n = 20)

Group 2 
p16(+) HPV 

(-) 
(n = 9)

Group 3 
p16(-) HPV 

(-) 
(n = 12) p value

P16 expression F (%) F (%) F (%)
Negative 0 0 12 (100) < 

0.0001
Positive in 

patch
2 (10) 1 (11) 0

Positive focal 18 (90) 8 (89) 0
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conducted gene ontology (GO) analysis (Figure 4). 
A total of 360 GO terms were significantly repre-
sented in DMRs (p = 0.001), and these were asso-
ciated with viral reproductive process, cell cycle 

regulation, chromatin, modification, metabolic 
process, MAP kinase activity, and cytoskeleton, 
as shown in Figure 4(a, b). The hypermethylated 
genes in HPV+ samples are associated with the 

Figure 3. Genome-wide DNA-methylation changes in hyperplasia, OPMD HPV+ and HPV- samples (a) Hierarchical clustering and 
heatmap of DMRs defined by difference ≥15%, false discovery rate (FDR)-adjusted q-value ≤ 0.05 and read coverage ≥10 in OPMD 
tissues. The colour indicates the percentage of methylation: hyper (in red) and hypo (in green). Heat maps for tissues were generated 
by complete linkage clustering using a Pearson correlation. (b) Violin plot showing the median methylation level (horizontal line) 
and distribution patterns (density and IQR) of the identified DMRs in hyperplasia, OPMD HPV+ and HPV- samples (c) Principal 
component analysis (PCA) of DNA-methylation changes demonstrates a clear separation of HPV-p16m- samples (hyperplasias) (blue) 
and dysplasia samples (green and red) (d) DNA sequences motifs identified to be enriched in DMRs by MEME suite software. The 
right column contains the transcription factor similar to these motifs using JASPAR database and p value.

Figure 4. DNA-methylation patterns were identified by RRBS analysis in OPMD samples (a) Interactome integrated network analysis 
of DMRs involved in OPMD HPV+ and HPV – (b) Gene ontology (GO) analysis of DMRs in OPMD samples. The GO terms were 
clustered into biological processes (BP), molecular function (MF) and cellular component (CC). (c). Enriched reactome pathways for 
DMRs in OPMD tissues involved in immune system regulation.
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signalling pathways related to: NICD traffics to 
nucleus p = 0.0003, NOTCH1 signalling 
p = 0.008, interferon-gamma signalling p = 0.008 
and Interleukin-6 signalling p = 0.027 (Figure 4 
(c)). Hypomethylated genes were significantly 
associated with TRAF3-dependent IRF activation 
pathway p = 0.00247, RIG-I/MDA5 mediated 
induction of IFN-alpha/beta pathways 
p = 0.00544, TRAF6 mediated IRF7 activation 
p = 0.00978, TRIF-mediated TLR3/TLR4 signalling 
p = 0.0112, MyD88-independent cascade 
p = 0.0115 and Release of apoptotic factors from 
the mitochondria p = 0.0108 (Figure 4(c)) (supple-
supplementary Table 2).

The protein association analysis of DMRs in 
OPMD revealed 19 genes that are central to the 

network, as highlighted in blue and purple in 
Figure 4(a). These genes include polyubiquitin 
precursors and proteins which contain two ubiqui-
tin-like domains (UBC, UBD, UBE2D3), heat 
shock proteins (HSPB1, HSPA4), adapter proteins 
(YWHAG, -GRB2, YWHAQ), histone acetyltrans-
ferase, and histone deacetylase (KAT2A, EP300, 
HDAC2, CHD4), tyrosine-protein kinase (SRC, 
IKBKG, p53), cytoskeleton (FLNA), transcrip-
tional regulator of type I interferon (IRF7), recep-
tor proteins (NOTCH1) and spliceosome 
(SNRNP70). This suggests that HPV infection 
modulated genes are involved in the cell cycle, 
immune system, and focal adhesion. Protein asso-
ciation network of hypermethylated genes in HPV 
+ OPMD samples revealed eight genes that are 

Figure 5. DNA-methylation patterns were identified by RRBS analysis in OPMD samples (a) Heat maps of DMRs in OPMD HPV+ and 
HPV – tissues. (b). Enriched reactome genes for DMRs in OPMD tissues involved in immune system regulation.
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central to the network: PLEC, KAT2A, PQBP1, 
MAP3K11, SOCS3, TCF7L2, NOTCH1 and 
ARID1A (Supplementary Table 2).

Overall, these last results suggest that HPV 
infection in OPMD induces modulation of 
genes related to the immune system (Figure 5 
(b)). However, while GO analysis revealed bio-
logical processes that are significantly affected by 
HPV infection, it does not provide information 
on interactions among genes. Therefore, we 
further examined the interaction among indivi-
dual proteins using the online tools STRING and 
InnateDB [36]. DNA methylation surrounding 
the transcription start site (TSS) is much more 
tightly linked to transcriptional silencing. As 
shown in Figure 6, the detected DMRs were 
mostly located at the nearest distance to TSS in 
gene bodies. We then examined the genomic 
distribution of DMRs and found that �18% of 
the DMRs were located within TSS 50 kb (1,-
501–50,000 bp upstream from the TSS) and 
�25%–30% of all DMRs were located >50 kb 
from the nearest transcript and considered inter-
genic (Figure 6(a)). Furthermore, 43% of all 
DMRs were located in promoters, 35.84% in 
exons, 12.90% in CDS, and 8.24% were in 
UTRs (Figure 6(b)).

Discussion

The modulation of DNA-methylation patterns has 
been shown to play an important role in the 
pathogenesis of HPV-related oral cancer [38]. 
However, the epigenetic landscape at the earliest 
stages of oral neoplasia has not yet been reported. 
In this study, we present the first analysis of RRBS 
DNA methylation in OPMD samples.

We found that HPV16 was the most prevalent 
genotype in OPMD samples and p16INK4a positive 
patterns were observed in the different degrees of 
dysplasia, mainly associated with focal and diffuse 
characteristics, as reported by Fregonesi et al., 
2003 [39]. Consequently, p16INK4a protein over-
expression has been proposed as a surrogate mar-
ker of HPV infection even if not all studies 
confirm its prognostic significance in OPMD and 
the role of HPV16 in OPMD is still under debate 
[25]. The control samples in this study were 
inflammatory lesions with a diagnosis of hyperpla-
sia and these did not show HPV16 or p16INK4a 
positive patterns; these samples were chosen as 
control group taking into account that they are 
a common group of reactive lesions that may be 
encountered during routine dental examinations 
since, because of ethical reasons, it was not 

Figure 6. Distribution of Methylated Regions (MRs) annotated to specific genomic regions. (a). Peak and gene associations obtained 
by analysing the annotations of nearby genes and regulatory elements wherein genomic distances are divided into bins relative to 
transcription start site (TSS) as [0, 5 kb], [5 kb, 50 kb], [50 kb, 500 kb], [500 kb, infinity]. Values on the Y-axis represent per cent of 
peaks found in a given genomic region (b). Genic annotations of DMRs include 1–5Kb upstream of the TSS, the promoter (< 1Kb 
upstream of the TSS), UTRs, exons and CDS regions. The schematic above illustrates the positions of genic regions.
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possible to obtain healthy tissue samples [40]. 
However, only nine out of twenty-seven OPMD 
with p16INK4a expression were HPV-positive, indi-
cating that non-HPV factors also lead to p16INK4a 

overexpression in oral neoplasia. The differences 
in expression of p16INK4A may be caused by dif-
ferent genetic and epigenetic alterations [41]. 
Usually, these alterations occur before lesions are 
clinically and morphologically detectable and 
increase with the advancement of the disease 
from carcinogenesis processes [42]. The environ-
mental conditions of the oral cavity, with its spe-
cial microbiome and chemical irritations, are a risk 
factor that can lead to the development of chronic 
inflammatory stress. The interplay of an inflam-
matory microenvironment and genetic and epige-
netic alterations can lead to cancer 
development [43].

Disruption of genetic and epigenetic signatures 
in tumours has been associated with transcrip-
tional silencing of genes that lead to malignant 
alterations in cells [44], which involves enhanced 
function of several protooncogenes, oncogenes 
and/or the deactivation of tumour suppressor 
genes. Also, DNA methylation has been frequently 
found in oral cancer [45]. Several studies reported 
that HPV infection may be related to hyper-or 
hypomethylation of genes [46]. Globally, our 
results show that HPV has a specific and genome- 
wide effect in the DNA methylome of OPMD 
samples, such as reports of aberrant hypermethy-
lation in gene promoters of HPV (+) oropharyn-
geal cancer (OPC) [17,47]. van Kempen et al. 
reported distinct patterns of DNA methylation 
between HPV-positive OPC compared to HPV- 
negative samples [21].

Tumour-specific DNA methylation observed in 
HPV may be associated with distinct clinical- 
pathological characteristics [48]. We found epige-
netic deregulation by hypermethylation of 
NOTCH1 signalling in OPMD. Tripathi et al. 
observed nuclear Notch-1 down-expression in 
HPV16 positive precancerous lesions. This sup-
ports the hypothesis that down-modulation of 
Notch-1 in OPMD exerts specific protective effects 
against HPV-induced transformation [49] and 
HPV E6 protein decreases NOTCH1 expression 
[50]. The NOTCH family of genes regulate cell– 
cell interactions and is considered to have 

a bimodal role as a tumour suppressor and an 
oncogene [51]. Besides, exome-sequencing studies 
on HNSCC have consistently revealed inactivating 
mutations in NOTCH1 [52,53]. Izumchenko et al. 
identified a higher incidence of mutated NOTCH1 
in patients with oral leukoplakia diagnosed with 
mild dysplasia and also demonstrated a substantial 
frequency of NOTCH1 alterations, thus confirm-
ing it is crucial role in early premalignant transi-
tion [54].

Host response to viral infection is known to be 
regulated by multiple transcription factors, whose 
downstream targets include genes associated with 
apoptotic, immune, and pro-inflammatory 
responses. Several of these transcription factors 
play critical roles in the activation of anti-viral 
gene programs by acetylation [55]. Depletion of 
lysine acetyltransferase 2A (KAT2A), a histone 
acetyltransferase (HAT), in proliferative keratino-
cytes triggered changes in cell morphology, colony 
clustering and led to the premature expression of 
early and late differentiation markers in the 
absence of initiating signals [56]. Several studies 
have started to uncover the means by which 
HDACs are recruited to viral protein-associated 
complexes and viral genomes. HDAC1 and 
HDAC2 act as repressors of host gene transcrip-
tion within the nucleus. Upon HSV-1 infection 
HDACs promote expression of immediate-early 
viral genes to facilitate HCMV replication 
[57,58]. The oncoprotein HPV/E6 mediates TP53 
degradation by binding to HAT EP300, inhibiting 
EP300-mediated TP53 acetylation and promoting 
MDM2-mediated degradation of TP53 [59,60]. We 
found that many host pathways already targeted 
by HPV oncoproteins were also modulated by 
epigenetic alterations. This included the polyubi-
quitin precursors and proteins which contain two 
ubiquitin-like domains-mediated targeting to the 
proteasome (UBC, UBD, UBE2D3). The Ub-pro-
teasome system is targeted by viruses for the sake 
of their replication and to escape host immune 
response. E6 viral oncogene functions as an adap-
tor protein to redirect the E6AP/UBE3A HECT 
Ub ligase to target some cellular proteins such as 
P53 for proteasome-dependent degradation [61]. 
On the other hand, HPV16 E7 has been detected 
in a compound with RB1 and a Cullin 2-based E3 
Ub ligase [62] and has been shown to interact with 
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the substrate recognition factor (SRF) Zer1 protein 
for RB1 degradation [63].

Many elements of the tumour microenviron-
ment (TME) impact the progression of HNSCC. 
Genetic and epigenetic alterations induced by risk 
factors related to tobacco and alcohol or the HPV 
virus infection initiate the sequence of events that 
trigger the transformation of stromal cells, 
immune suppression, and chronic inflammation 
[64]. The oral inflammation caused by HPV infec-
tion is associated with OPMD development, indi-
cating that a deregulated microenvironment can 
affect the occurrence of premalignant lesions 
[65]. Genes associated with modulation of the 
immune system in OPDM were hypo and hyper-
methylated. Suppression of cytokine signalling 3 
(SOCS3) was silenced by promoter hypermethyla-
tion which gives a growth advantage to cancer 
cells, enhances tumour cell survival and radiore-
sistance degradation [66]. Moreover, activation of 
the host anti-viral IFN signalling pathway is coun-
tered by HPV E6, E7, and E5 proteins to promote 
infection persistence [67]; these viral proteins 
down-regulate expression of the dsDNA pattern 
recognition receptor TLR9 [68] and repress tran-
scription mediated by IFN regulatory factors 1, 3, 
and 9 (IRF1, IRF3, and IRF9) [69].

Interestingly, Interferon regulatory factor 7 
(IRF7) was hypomethylated in HPV OPMD sam-
ples contrary to negative samples for virus. 
Activation of IRF7 is a prerequisite for its function 
as a transcription factor. Pathogenic infection trig-
gers IRF7 phosphorylation and translocation into 
the nucleus, where, along with other co-activators, 
it forms a transcriptional complex that binds to 
the promoter regions of target genes to activate 
transcription and play key roles in the activation of 
the innate immune response to viral infections 
[70]. Oldak et al. showed that IRF-3 and IRF-7 
are differentially expressed in human epidermis 
and regulate the transcriptional activity of HPV 
by binding to the HPV-DNA non-coding region 
inducing HPV8 late promoter [71]. Thus, IRF7 is 
not only part of an antiviral response but may also 
have positive effects on HPV gene expression. 
TLR9 and TLR3 convey their signals via the adap-
ter molecule MyD88, the KCs recognize HPV acti-
vating NF-kB, resulting in the production of 
proinflammatory cytokines and the activation of 

signalling pathways, particularly type I interferons 
and transcription factors IRF7/3 [72].

Persistent infection and tumorigenesis by HPVs 
require viral manipulation of innate immune 
responses. HPV16/E6 antagonizes the activation 
of the cytoplasmic innate immune sensor RIG-I 
signalling cascade which is important for an anti-
viral response, although there is evidence that 
RIG-I, whose role in sensing RNA virus infections 
has been well characterized, also plays a crucial 
role in the antiviral host response to small DNA 
viruses of the Papillomaviridae family [73]. The 
hypomethylation of genes associated with RIG-1 
pathways (IRF7, DDX58, UBE2D3) shows that 
HPVs have evolved multiple mechanisms to 
evade innate immune responses.

Furthermore, HPV infection plays an important 
role in host cell interactions, such as the cell cycle 
process and apoptosis (MAP3K11, DIABLO, 
YWHAG), especially the M phase (CYP26B1, 
PBRM1, SMC1A), which is important for viral 
infection [74]. Also, the hypomethylation of the 
ubiquitin-conjugating enzyme UBE2D3 has been 
associated with a phenotype linked to cell cycle 
progression, reduced apoptosis, and telomere sta-
bility [75].

On the other hand, methylated genes might be 
associated with genomic region-specific DNA- 
methylation patterns [76]. In this study, CpG 
islands localized in promoter and exon regions 
suggested that methylation levels in OPMD were 
higher in both regions (Figure 6). It is well known 
that DNA methylation in a promoter is correlated 
with the transcription of a target gene [77]. These 
results suggested that CpG islands located in dif-
ferent genic features displayed effects on the 
methylation patterns of the associated genes [78].

These results support the idea that the mole-
cular profiles that distinguish HPV-positive from 
HPV-negative OSCCs were reflected in different 
mutational signatures in cancer genomes [79]. 
Thus, HPV oncoproteins and host genomic 
alterations cooperatively disrupt genomic stabi-
lity, epithelial differentiation, apoptosis, tran-
scriptional regulation and the anti-viral immune 
response, and induce cellular proliferation 
[60,80,81]. These observations represent the 
mechanisms of HPV-related carcinogenesis in 
OPMD. The significant progress in the 

EPIGENETICS 11



understanding of HPV-related carcinogenesis in 
oral early lesions reviewed here will serve as 
a foundation towards the development of novel 
diagnostic and prognostic markers and indivi-
dualized therapies for this emerging viral 
malignancy.
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