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Abstract

Aim: Oropharyngeal carcinoma (OPC) is a complex malignancy shaped by inherited susceptibility, environmental exposures, and regulatory
mechanisms. Despite genome-wide association studies (GWAS) identifying multiple associated loci, their downstream biological relevance and
interactions with metabolic and epigenetic factors remain inadequately characterised. This study systematically integrated GWAS-identified genes with

functional bioinformatic analyses to elucidate molecular processes contributing to OPC.

Methodology: GWAS-implicated genes were subjected to pathway and
process enrichment, transcription factor binding prediction, microRNA
target enrichment, and cell-type—specific marker identification.
Statistical evaluation employed p-values, adjusted p-values, odds ratios,
and combined enrichment scores. Associated metabolites and histone
modification signatures were examined to contextualise findings within
broader regulatory frameworks.

Results: Enrichment analyses revealed strong overrepresentation of
alcohol-related metabolic pathways, particularly ethanol oxidation (OR =
3331.00), and retinol/retinoic acid metabolism (OR = 1498.13).
Significantly associated metabolites included ethanol, acetaldehyde,
retinol, and retinal. MicroRNA enrichment implicated miR-3924 and miR-
511-3p (OR > 50), whilst epigenetic profiling highlighted H3K27me3 and
selected acetylation marks. Cell marker analysis indicated enrichment
for LGR5-positive stem cells and basal epithelial cells.

Interpretation: These findings outline a multifactorial landscape in
oropharyngeal carcinoma, wherein genetic susceptibility modulated
through epigenetic and cell-type—specific regulatory contexts, offering
candidate features for future experimental validation.

Key words: Alcohol metabolism, Epigenetic regulation, Genome-wide
association study, Oropharyngeal carcinoma, Retinol metabolism
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Introduction

Oropharyngeal carcinoma (OPC) constitutes a
substantial component of the global cancer burden, with annual
incidence estimates approaching half a million new cases
worldwide (Lorenzoni et al., 2022). Over recent decades,
epidemiological patterns of OPC have shown noticeable shifts,
particularly in economically developed regions, where incidence
continues to rise even as traditional risk factors such as tobacco
consumption demonstrate declining trends (Lechner et al., 2022).
This change has drawn attention to additional etiological
contributors, among which infection with human papillomavirus
(HPV) has emerged as a major determinant, complementing the
long-recognized influences of alcohol intake and smoking
(Shinomiya and Nibu, 2023). Despite these recognized
exposures, inter-individual variation in OPC susceptibility
suggests that inherited genetic factors also play a significant role.
Genome-wide association studies have identified multiple single
nucleotide polymorphisms associated with OPC risk; however, a
substantial proportion of these variants lie within non-coding
regions of the genome, complicating direct interpretation of their
biological consequences (Chien et al., 2023).

Moreover, OPC is unlikely to be driven by single-gene
effects alone, instead reflecting cumulative and interacting
influences of multiple loci alongside environmental factors, a
situation that necessitates integrative analytical strategies
(Miranda-Galvis et al., 2021). Advances in functional genomics
and epigenomic profiling provide opportunities to bridge the gap
between statistical genetic associations and mechanistic
understanding. Epigenetic features, particularly histone
modifications such as trimethylation of histone H3 at lysine 27
(H3K27me3) and various acetylation marks, have been
recognized as important regulators of chromatin structure and
gene expression, with growing evidence implicating them in
oncogenic processes (Beacon et al, 2021). In parallel,
microRNAs (miRNAs) have gained attention as post-
transcriptional regulators capable of simultaneously modulating
networks of genes within shared pathways, thereby exerting
broad biological effects (Nunes et al., 2025).

Alcohol consumption remains one of the strongest
environmental risk factors for OPC, with risk increasing in a dose-
dependent manner (Varghese and Dakhode, 2022). Biologically,
ethanol metabolism generates acetaldehyde, a highly reactive
compound capable of forming DNA adducts and promoting
genomic instability (L6zsa et al., 2026). Genetic variability within
enzymes responsible for alcohol and aldehyde metabolism,
including alcohol dehydrogenase and aldehyde dehydrogenase
families, has been shown to influence cancer susceptibility
across populations (Hibberd et al., 2020). Retinoid signaling
pathways represent another area of relevance in head and neck
carcinogenesis. Retinoids are central to the regulation of
epithelial cell differentiation, proliferation, and programmed cell
death, and disruptions in retinoid metabolism or signaling have
been documented in premalignant and malignant lesions of head

and neck (Chen et al., 2022; Cortés-Malagon et al., 2024).
Importantly, alcohol exposure can interfere with retinoid
metabolism, potentially linking these two major risk factors at a
biochemical level (Ferdouse and Clugston, 2024). The cellular
origins of OPC are not fully resolved, with evidence supporting
contributions from basal epithelial layers as well as specialized
stem or progenitor cell populations (Gunduz et al., 2021). Markers
such as LGRS have been detected in head and neck cancer stem-
like cells, suggesting that genetic and epigenetic alterations
within these compartments may be particularly relevant to tumor
initiation and progression (Maharajan et al., 2025).

In this context, integrating GWAS-derived genetic
information with functional pathway, regulatory, and cellular
analyses may provide a more complete picture of OPC
pathogenesis. The present study, therefore, seeks to explore the
molecular basis of OPC through a systematic examination of
GWAS-implicated genes using multi-layered bioinformatics
approaches. Specifically, the objectives include identifying key
biological pathways and processes associated with OPC-linked
variants, examining regulatory mechanisms such as miRNA
targeting and transcription factor binding, evaluating the role of
epigenetic histone marks, investigating potential cellular origins
through marker enrichment, and incorporating metabolomic
associations to contextualize genetic findings within metabolic
networks relevant to disease development and progression.

Materials and Methods

Data collection and preprocessing: Genome-wide association
study data relevant to oropharyngeal carcinoma were compiled
from publicly accessible repositories, with particular reliance on
the GWAS Catalog (Sollis et al., 2023). Studies published
between 2015 and 2024 were screened, and genes reported as
significantly associated with OPC risk were extracted to generate
aconsolidated gene set for downstream analyses.

Functional and regulatory analyses: Functional enrichment
analyses were conducted using the Enrichr platform, drawing
upon pathway and ontology databases including KEGG (Sollis et
al, 2023), Reactome, and Gene Ontology categories
encompassing Biological Process, Molecular Function, and
Cellular Component. Enrichment significance was evaluated
using Fisher's exact test, followed by Benjamini-Hochberg
correction for multiple testing, with thresholds set at adjusted p <
0.05 and odds ratio > 1.5.Epigenetic regulation was explored
through enrichment of histone modification marks derived from
Epigenomics Roadmap datasets, focusing on H3K27me3,
H3K4me3, H3K4me1 and histone acetylation signatures. Post-
transcriptional regulation was assessed by microRNA target
enrichment using miRTarBase (Cui et al., 2024) and TargetScan
(Min and Yoon, 2010), while transcription factor binding site
enrichment was examined using ENCODE datasets and
protein—protein interaction information. Metabolite associations
linked to the GWAS gene set were also identified through Enrichr-
based analyses.

| 958 | Joumal of Environmental Biology, July 2026



G. Padmavathi et al.: Genetic-epigenetic landscape of oropharyngeal carcinoma

Table 1: Epigenomics Roadmap HM ChIP-seq

Index Name p-value Adjusted p-value Odds Ratio Combined score
1 H3K27me3 CD4 Memory Primary Cells 0.05273 0.9910 7.81 22.99

2 H3K23ac IMR90 0.05369 0.9910 6.22 18.19

3 H3K14ac IMR90 0.08161 0.9910 5.08 12.74

4 H4K5ac IMR90 0.08957 0.9910 5.92 14.28

5 H3K4me1 Duodenum Smooth Muscle 0.1111 0.9910 493 10.83

Table 2: TargetScan microRNA 2017

Index Name p-value Adjusted p-value Odds Ratio Combined score
1 hsa-miR-3651 0.03042 0.4094 10.74 37.50

2 hsa-miR-3935 0.05666 0.4094 7.49 21.49

3 hsa-miR-3146 0.05954 0.4094 7.27 20.50

Statistical and visualization framework: All computational
analyses were performed using R version 4.2.0 in conjunction
with the Enrichr application programming interface. Data
visualization and graphical summaries were generated using the
ggplot2 package.

Results and Discussion

Analysis of histone modification enrichment patterns
revealed several features of potential relevance to OPC-
associated genes (Table 1). Enrichment of H3K27me3 marks was
observed in CD4 memory primary cells (p =0.05273, OR =7.81),
suggesting that repressive chromatin states may influence
expression of genes linked to OPC susceptibility (Cai et al.,
2021). In addition, selected acetylation marks showed
enrichmentin IMR90 cells, including H3K23ac (p = 0.05369, OR =
6.22), H3K14ac (p = 0.08161, OR = 5.08), and H4K5ac (p =
0.08957, OR = 5.92). Although some values approach
conventional significance thresholds, collectively they point
towards a complex epigenetic regulatory landscape associated
with OPC-related loci. The epigenetic findings carry meaningful
biological implications when read alongside the OPC literature.
The H3K27me3 mark is deposited primarily by the EZH2-
containing PRC2 complex, which is known to be overexpressed
or hyperactivated in various head and neck cancers (Xia et al.,
2022). Its enrichment, specifically, in CD4 memory primary cells
raises an interesting possibility — that some of the GWAS-
associated OPC genes may be subject to immune-cell-specific
epigenetic silencing, potentially influencing the tumour immune
microenvironmentin OPC (Yang and Wang, 2021).

Conversely, the activating acetylation marks (H3K23ac,
H3K14ac, H4K5ac) enriched in IMRIO0 fibroblast cells suggest a
cell-type-dependent regulatory switch, where the same gene set
can be in an active chromatin state in stromal cells while being
repressed in immune compartments. This context-dependent
epigenetic regulation may well contribute to the variable

penetrance of genetic OPC risk across individuals with different
tissue microenvironments — something that GWAS alone cannot
easily capture but becomes visible through this kind of integrative
epigenomic analysis (Friedman et al., 2023).

MicroRNA target enrichment analyses identified multiple
miRNAs with significant associations to the OPC gene set (Table
2). Notably, miRTarBase results highlighted hsa-miR-3924 (p =
0.001412, OR = 55.11), hsa-miR-511-3p (p = 0.001653, OR =
50.80), and hsa-miR-223-5p (p = 0.001953, OR = 46.60). The
strength of these associations suggest that post-transcriptional
regulation by specific miRNAs may contribute to coordinated
modulation of OPC-relevant pathways. These miRNA findings
deserve closer attention in terms of their mechanistic
implications. hsa-miR-3924 and hsa-miR-511-3p are not yet
extensively characterised in OPC specifically, but their very high
odds ratios — exceeding 50 — indicate that these miRNAs are
targeting a disproportionately large fraction of the GWAS-derived
OPC gene set (Mazurek et al., 2022). This is consistent with a
scenario where a small number of post-transcriptional regulators
simultaneously modulate entire clusters of susceptibility-related
genes, rather than acting on isolated targets. hsa-miR-223-5p
has a somewhat better-established profile in squamous cell
carcinoma biology, where it has been linked to regulation of
inflammatory responses and cell proliferation pathways. The
TargetScan predictions for hsa-miR-3651, hsa-miR-3935, and
hsa-miR-3146, though at lower odds ratios, further support the
idea of multi-miRNA convergence on OPC-relevant gene
networks. From a translational standpoint, these miRNA
candidates represent viable targets for functional validation
studies, given the growing interest in miRNA-based therapeutic
approaches in head and neck cancer management.

Evaluation of transcription factor enrichment indicated
potential regulatory involvement of TAF1 (p = 0.04203, OR =
29.15) and PML (p = 0.04372, OR = 27.99) (Table 3). These
transcription factors may act as upstream regulators, influencing
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Table 3: Transcription factor enrichment

Index Name p-value Adjusted p-value Odds Ratio Combined score
1 TAF1 0.04203 0.04372 29.15 92.40
2 PML 0.04372 0.04372 27.99 87.61

Table 4: Reactome Pathways 2024

Index Name p-value Adjusted p-value Odds Ratio Combined score
1 Ethanol oxidation p<0.05 1.319e-8 3331.00 67363.52

2 Phase | - functionalization of compounds p<0.05 0.000005581 292.54 3944.20

3 Biological oxidations p<0.05 0.00003539 135.45 1521.10

4 RA biosynthesis pathway p<0.05 0.01098 237.79 1237.70

5 Signaling by retinoic acid p<0.05 0.01457 124.72 571.77

expression of multiple genes implicated through GWAS, thereby
contributing to broader transcriptional programs relevant to OPC
pathogenesis. Reactome pathway analysis demonstrated highly
significant enrichment of metabolic pathways related to ethanol
processing and oxidative metabolism (Table 4). Among these,
ethanol oxidation (p < 0.05, OR = 3331.00), phase |
functionalization of compounds (p < 0.05, OR = 292.54), and
biological oxidations (p < 0.05, OR = 135.45) were particularly
prominent. Pathways related to retinoic acid biosynthesis and
signaling were also enriched, including the retinoic acid
biosynthesis pathway (p < 0.05, OR = 237.79) and signaling by
retinoicacid (p<0.05,0R=124.72).

The transcription factor enrichment results add an
important upstream regulatory dimension to the overall picture.
TAF1, the largest subunit of the TFIID basal transcription
complex, plays a central role in RNA polymerase Il-dependent
transcription initiation at core promoters (Bernardini et al., 2023).
Its enrichment here suggests that disruption of basal
transcriptional machinery itself — not merely individual regulatory
genes — may be one mechanism through which OPC
susceptibility loci influence broader gene expression
programmes. PMLis classically regarded as a tumour suppressor
whose nuclear bodies serve as platforms for p53 stabilization,
apoptosis regulation, and DNA damage response coordination
(Liebl and Hofmann, 2022). Loss of PML expression has been
documented in head and neck squamous cell carcinoma and
correlates with poor tumour differentiation. The co-enrichment of
both TAF1 and PML as upstream regulators of GWAS-implicated
genes suggests a dual mechanism — aberrant transcription
initiation working alongside compromised tumour suppressor
activity — creating a permissive transcriptional environment for
OPC-associated gene expression dysregulation.

KEGG pathway analysis further supported these findings
(Table 5), with significant enrichment observed for tyrosine
metabolism (p < 0.05, OR = 907.36), fatty acid degradation (p <

0.05, OR = 748.31), and pyruvate metabolism (p < 0.05, OR =
680.15). Pathways directly linked to alcohol and retinol
metabolism, such as glycolysis/gluconeogenesis (p < 0.05, OR =
467.13) and retinol metabolism (p < 0.05, OR = 459.92), were
also significantly represented. The Reactome enrichment data
provides some of the most mechanistically compelling evidence
in this entire analysis. The extraordinary odds ratio for ethanol
oxidation (OR = 3331.00) reflects the deep concentration of
alcohol metabolism genes within the OPC GWAS gene set —
meaning that inherited variants associated with OPC risk are
disproportionately located in and around genes responsible for
ethanol breakdown and its toxic metabolite handling.

The enrichment of phase | functionalization pathways
(OR =292.54), which include cytochrome P450 enzymes, further
situates the OPC gene set within broader xenobiotic metabolism
biology that overlaps extensively with the ADH/ALDH alcohol axis
(Esteves et al., 2021). The simultaneous enrichment of retinoic
acid biosynthesis (OR = 237.79) and retinoic acid signalling (OR =
124.72) pathways alongside ethanol oxidation is particularly
meaningful, because it computationally recapitulates a well-
known biochemical interaction: chronic alcohol exposure
competes with retinol for the same NAD+-dependent ADH
enzymes, thereby reducing retinoic acid synthesis and impairing
normal epithelial differentiation in the oropharynx. Our findings
are, therefore, consistent with a model where alcohol and retinoid
metabolism are not simply co-occurring OPC risk factors, but are
mechanistically linked through shared enzymatic machinery
encoded by GWAS-implicated susceptibility genes.

Beyond pathway-level observations, integrative analysis
across protein—protein interaction networks identified YKE2,
DJP1 and SUMO1 as central nodes, suggesting their
involvement as hubs within interconnected signaling or regulatory
systems. Metabolite enrichment analysis revealed strong
associations with alcohol- and catecholamine-related
compounds, including 3,4-dihydroxyphenylglycol, chloral hydrate
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Table 5: Summary of enrichment analysis results showing the term name, corresponding p-value, adjusted p-value (corrected for multiple testing), odds
ratio indicating the strength of association, and the combined score representing the overall significance and enrichment magnitude

Index Name p-value Adjusted p-value Odds Ratio Combined score
1 Tyrosine metabolism p<0.05 p<0.05 907.36 15193.90

2 Fatty acid degradation p<0.05 p<0.05 748.31 12121.48

3 Pyruvate metabolism p<0.05 p<0.05 680.15 10831.83

4 Glycolysis / Gluconeogenesis p<0.05 p<0.05 467.13 6934.07

5 Retinol metabolism p<0.05 p<0.05 459.92 6806.34

and ethanol, reinforcing the prominence of dysregulated alcohol
and retinoid metabolism (Leclercq et al., 2024). Gene Ontology
results were consistent with these patterns, with biological
processes dominated by retinol, retinoic acid, and primary alcohol
metabolism, while molecular function categories emphasized
NAD'-dependent dehydrogenase activities. Cellular component
analysis pointed towards ciliary structures as additional elements
of relevance. CellMarker dataset interrogation showed
enrichment for LGR5-positive stem cells, basal epithelial cells,
and progenitor populations across tissues, with markers also
implicating hematopoietic, mesenchymal and epithelial stem cell
compartments. RNA-seq GEO signature analysis indicated that
the GWAS-derived gene set was enriched among downregulated
genes in tissue differentiation and disease-related contexts,
including mucosal and airway epithelia. Collectively, these
layered observations suggest convergence of genetic
susceptibility on metabolic pathways, regulatory networks, and
specific cellular contexts relevant to OPC.

The KEGG pathway results complement and extend the
Reactome findings in several important ways. The strong
enrichment of tyrosine metabolism (OR = 907.36) connects the
OPC gene set to catecholamine biosynthesis and degradation —
a linkage that finds biological support in the metabolite
enrichment data showing associations with 3,4-
dihydroxyphenylglycol and related catecholamine compounds.
Adrenergic signalling, which operates through catecholamine-
dependent mechanisms, has been increasingly recognised as a
modulator of tumour progression and immune evasion in head
and neck cancers, lending credibility to this enrichment finding
beyond mere statistical coincidence. Fatty acid degradation (OR
= 748.31) and pyruvate metabolism (OR = 680.15) reflect the
metabolic reprogramming that characterises many epithelial
malignancies, where cancer cells shift between glycolytic and
oxidative phosphorylation states depending on nutrient
availability. The simultaneous enrichment of glycolysis/
gluconeogenesis (OR = 467.13) and retinol metabolism (OR =
459.92) provides strong computational evidence for the
biochemical interconnectedness of alcohol and vitamin A
metabolism in OPC, as both pathways rely on NAD+-dependent
dehydrogenase enzymes—exactly the molecular function category
highlighted in our Gene Ontology analysis (Park et al., 2024). In this
study, GWAS-focused analysis of oropharyngeal carcinoma
underscores the dominant involvement of alcohol-related

metabolic pathways, with particularly strong enrichment for
ethanol oxidation (p < 0.05, OR = 1664.75), in line with
established epidemiological evidence linking alcohol
consumption to OPC risk (Lee et al., 2019; Rehm, 2011). The
metabolic conversion of ethanol to acetaldehyde provides a
plausible biological mechanism for carcinogenic effects. Retinoid
metabolism and signaling pathways were similarly enriched,
including the retinol metabolic process (p < 0.05, OR = 1498.13)
and retinoic acid metabolic process (p < 0.05, OR = 1361.80)
(Gudas, 2022), supporting the idea that alcohol-induced
disruption of retinoid homeostasis may contribute to disease
development. Epigenetic regulation emerged as an additional
layer of relevance, with enrichment of repressive H3K27me3
marks alongside activating acetylation signatures such as
H3K23ac, H3K14ac, and H4Kb5ac, pointing toward altered
chromatin regulation in OPC-associated gene networks
(Fanfarillo et al., 2024). The strong associations observed for
miRNAs including hsa-miR-3924, hsa-miR-511-3p, and hsa-miR-
223-5p are notable, particularly given previous links between
miR-223 and head and neck cancers (Bhattacharjee et al., 2023).

Cell-type enrichment for LGR5-positive stem cells and
basal epithelial markers suggests potential relevance to tumor-
initiating populations (Lee et al., 2025). Transcription factors
TAF1 and PML may function as higher-level regulators
coordinating these processes. Viewing all these layers of
evidence together, a coherent and biologically plausible model of
OPC susceptibility emerges from this study. At the genetic level,
GWAS-derived variants cluster around genes encoding enzymes
of alcohol and retinoid metabolism — primarily the ADH/ALDH
family. At the pathway level, these genes are embedded in tightly
enriched networks spanning ethanol oxidation, retinoic acid
signalling, and broader oxidative and energy metabolism. At the
regulatory level, the gene set appears modulated by specific
miRNAs — notably hsa-miR-3924, hsa-miR-511-3p, and the miR-
223 family — as well as by transcription factors TAF1 and PML
operating at a higher level of transcriptional control.
Epigenetically, context-dependent chromatin states are evident:
repressive H3K27me3 marks in immune cell compartments
alongside activating acetylation marks in stromal cell contexts.

At the cellular level, enrichment for LGR5-positive stem
cells and basal epithelial markers suggests that these genetic and
epigenetic alterations are particularly relevant within tumour-

[ 961 | Journal of Environmental Biology, July 2026



G. Padmavathi et al.: Genetic—epigenetic landscape of oropharyngeal carcinoma

initiating populations of the oropharyngeal epithelium. What is
perhaps most striking about these findings is their internal
consistency across independent analytical platforms—the
metabolomic, epigenomic, transcriptomic, pathway, and cell-type
data all point in the same biological direction. This convergent
evidence across multiple analytical layers lends credibility to the
computational model and highlights the value of integrative
bioinformatics as a hypothesis-generating framework for
multifactorial diseases like OPC. Future studies should prioritise
functional validation of ADH/ALDH pathway genes in
oropharyngeal epithelial cell lines, experimental manipulation of
the identified miRNAs to confirm their regulatory roles over OPC
susceptibility genes, and chromatin immunoprecipitation assays
to validate H3K27me3 enrichment at specific OPC risk loci.

It should be emphasized that the present investigation is
entirely based on computational and bioinformatics analyses
without experimental or clinical validation. Additionally, dataset
normalization was not performed, which could influence the
precision of enrichment outcomes. As such, the findings should
be interpreted cautiously and regarded as exploratory. Further in-
vitro, in-vivo, and functional studies will be essential to
substantiate and refine the biological significance of the
pathways, regulators and cellular contexts identified here.
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