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Dual faces of AREG in OSCC: Reduced circulating
levels and enhanced tumor expression suggest
compartmentalized regulation
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Abstract. Oral squamous cell carcinoma (OSCC) remains a
major global health concern due to its aggressive behavior and
poor clinical outcomes, particularly in advanced, technically
unresectable cases. The present study adopted a comprehen-
sive multi-omics approach to identify potential biomarkers
and therapeutic targets involved in the progression of OSCC.
Differential gene expression analysis revealed 794 upregulated
and 1,331 downregulated genes, with 16 genes significantly
associated with both overall and disease-free survival. Among
these, amphiregulin (AREG) and C-X3-C motif chemokine
receptor 1 (CX3CRI) were identified through receiver operating
characteristic analysis as the only two genes with a mean-
ingful association with T4 tumor stage (AREG, upregulated;
CX3CRI, downregulated), warranting further investigation.
Epigenetic profiling revealed that copy number deletions and
methylation changes in CX3CRI were linked to a decreased
expression, supporting its tumor-suppressive role. By contrast,
AREG exhibited upregulation despite Copy Number varia-
tion loss, suggesting additional regulatory influences, such
as epigenetic or post-transcriptional mechanisms. Immune
cell infiltration analysis demonstrated distinct associations
of AREG with CD8* T-cells and CX3CRI1 with neutrophils
and CD4* T-cells, underscoring their role in tumor-immune
interactions. Additionally, elevated DNA integrity ratios and
the increased expression of AluY subfamilies were observed
in patients with technically unresectable OSCC, suggesting
a link between transposable element activity and tumor
aggressiveness. Molecular docking and dynamics simulations
further identified vinorelbine with high binding affinity for
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AREGQG, indicating its potential as therapeutic agents against
OSCC. Taken together, these findings provide novel insight
into the molecular landscape of OSCC and highlight AREG,
CX3CRI and Alu elements as promising biomarkers for diag-
nosis and prognosis, as well as targets for future therapeutic
interventions.

Introduction

Oral squamous cell carcinoma (OSCC) is an aggressive malig-
nancy with high global incidence, particularly in Southeast
Asia (1). Its tendency for late-stage diagnosis and early
lymphatic spread contributes to poor outcomes, particularly
in technically unresectable cases (2). While early-stage OSCC
is associated with favorable survival rates, prognosis signifi-
cantly exacerbates in advanced-stage disease (3,4). Identifying
reliable molecular markers is crucial for early detection,
prognostication and personalized treatment strategies. Recent
advances in genomic and transcriptomic technologies have
enabled the identification of differentially expressed genes
(DEGs) associated with tumor growth, immune regulation
and patient survival in OSCC (5). These molecular signa-
tures provide valuable insight for early diagnosis, treatment
stratification and monitoring therapeutic outcomes (6). In
parallel, epigenetic alterations, such as DNA methylation and
copy number variations (CN'Vs) are known to influence gene
expression by silencing tumor suppressor genes or activating
oncogenes, contributing to disease progression (7,8). The
tumor microenvironment, particularly immune cell infiltra-
tion, also plays a critical role in shaping the clinical behavior
of OSCC and influencing treatment response (9).
Transposable elements, such as Alu sequences contribute to
genomic instability and have been implicated in cancer devel-
opment through mechanisms such as insertional mutagenesis
and RNA editing (10,11). Although typically found in introns,
some Alu insertions can disrupt gene function by terminating
transcription early (12,13). Furthermore, Alu sequences harbor
multiple transcription factor binding sites, which can influence
gene expression and potentially activate oncogenic pathways.
Elevated fragmented Alu DNA in circulating DNA has been
linked to a high tumor burden, suggesting their potential
as non-invasive cancer biomarkers (14). Beyond standard
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treatment approaches, there is growing interest in exploring
phytochemicals and repurposed drugs as alternative means
to interfere with oncogenic signaling in OSCC. Naturally
occurring compounds derived from plants have demonstrated
anticancer activity and are valued for their potential to reduce
toxicity, while inhibiting tumor progression (15). At the same
time, established chemotherapeutic agents, such as vinorelbine
are being reconsidered for new applications, particularly
through the analysis of their binding affinity to cancer-related
molecular targets. In silico techniques, such as molecular
docking and molecular dynamics simulations currently play a
key role in predicting and validating the therapeutic relevance
of these candidate compounds (16).

The present study focused on combining genomic, epigen-
etic, immunological and transposable element analyses to
uncover key biomarkers and therapeutic targets associated
with OSCC. Gaining insight into the molecular events that
drive OSCC progression can support the advancement of
precision medicine strategies and enable the development of
biomarker-guided interventions, with the goal of enhancing
early diagnosis, prognostic accuracy and treatment outcomes.

Materials and methods

Analysis of DEGs. The analysis was performed using
RNA sequencing data from the Gene Expression Omnibus
(GEO) database for oral cancer (GSE246050). DEGs were
identified using GEO2R, an interactive tool for analyzing
high-throughput gene expression data. The DEGs were identi-
fied based on the criteria of a log fold change (LogFC) of =1
for upregulated genes and <-1 for downregulated genes. Genes
meeting these thresholds and exhibiting a false discovery
rate (FDR)-adjusted P-value <0.05 were deemed statistically
significant (17).

Interaction network construction. The protein-protein inter-
action (PPI) network of DEGs was constructed using the
STRING database. To further analyze the network, the list
of genes was imported into Cytoscape (version 3.9.1) for the
visualization and topological analysis of the structural proper-
ties of the network. A high-confidence interaction score (=0.7)
was applied to assess the degree of connectivity within the
network. Key hub genes were identified based on a degree
threshold of =10, indicating their central role in the interaction
network.

Survival analysis and heatmap visualization of the survival
associated genes. The overall survival (OS) and disease-free
survival (DFS) analyses of genes from the GEO dataset were
performed using the Gene Expression Profiling Interactive
Analysis (GEPIA) online tool (18), which has been cited in
>400 studies (19). GEPIA performs a survival analysis on the
basis of the gene expression level, and a hypothesis is evalu-
ated using the log-rank test (Mantel-Cox test). Hazard ratios
(HR) were calculated using the Cox proportional hazards
model with 95% confidence intervals (CIs). Genes that had
a log-rank P-value of <0.05 were regarded as significant. To
visualize the expression pattern of these important genes
heatmap was created using the Complex Heatmap package
in R studio (20).

cBioPortal analysis. To assess the impact of survival-related
DEGs on patient outcomes, the expression data of head and
neck squamous cell carcinoma (HNSCC) were downloaded
from the Firehose Legacy dataset of cBioPortal (https:/www.
cbioportal.org/datasets). The dataset contained the American
Joint Committee on Cancer (AJCC) pathological staging,
survival data, patient IDs and gene expression values. Gene
expression values were categorized as high or low based on
the median + 2SEM cut-off. The receiver operating charac-
teristic (ROC) curve analysis was conducted to identify the
prognostic value of the selected genes in relation to OS using
survival duration in months and dichotomized levels of gene
expression (high and low). Genes with a greater area under
the curve (AUC) were regarded as having a greater predictive
potential and were selected to be further analyzed. Moreover,
the ROC analysis was also utilized to examine the associa-
tion between the patterns of gene expression and the advanced
T4 tumor stage classification, which also provides informa-
tion about their association with the severity of the disease.
OriginPro (version 2019b; https://www.originlab.com/) was
used all statistical analysis since it offers advanced statistical
analysis tools to enable comprehensive analysis of data. ROC
curves were generated based on a classification model at all
classification thresholds, incorporating true positive rate
(sensitivity) and false positive rate (1-specificity) as key param-
eters. A P-value <0.05 was considered to indicate a statistically
significant difference.

Gene Ontology (GO) and pathway analysis. Functional
enrichment analysis was performed using the WEB-based
GEne SeT AnaLysis Toolkit (WebGestalt; https:/www.
webgestalt.org/), which includes GO annotation and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway
analysis (21).

Association of selected genes with methylation probes. The
methylation profiling of selected genes was conducted using
the MethSurv database, which enables CpG site-specific
survival analysis based on methylation level (22). The platform
performs univariable and multivariable survival analyses for
CpG sites located within or near the query gene using Cox
proportional hazards models. Differences in survival between
highly methylated and lowly methylated patient groups are
visualized using Kaplan-Meier (KM) plots.

CNV and gene expression correlation analysis. To validate
the correlation between CNVs and survival-associated DEGs
in an independent cohort, RNA sequencing data from The
Cancer Genome Atlas (TCGA) were accessed via cBioPortal
(http://www.cbioportal.org). CNV data were pre-processed
using Genomic Identification of Significant Targets in Cancer
(GISTIC), which estimates somatic copy number alterations
for each annotated gene. The CNV values were categorized
as follows: -2 (homozygous deletion), -1 (heterozygous loss), 0
(diploid), 1 (single-copy gain), and 2 (high-level amplification
or multiple-copy gain). A Spearman's correlation analysis was
conducted to determine the correlation between CN'Vs and the
level of gene expression using a linear regression model. The
Rho values of Spearman's correlation were used to evaluate
the correlation.
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Table I. Clinical and pathological characteristics of the patients and controls included in the present study.

Group Age (years) Sex Stage/substage ~ Sample type HIV status HCYV status
OSCC 65 Female @ CT2aN1MO Blood Positive Non-reactive

OSCC 58 Male CT4aN1MO Blood Positive Non-reactive

OSCC 72 Male CT1aN1MO Blood Information not available  Information not available
OSCC 62 Male CT4aN1MO Blood Positive Non-reactive

OSCC 62 Male CT2aN1 MO Blood Positive Non-reactive

OSCC 32 Male CT2aN1 MO Blood Information not available  Information not available
OSCC 49 Female  CT2aMO Blood Information not available  Information not available
OSCC 42 Male CT4aMO Blood Information not available  Information not available
OSCC 52 Female  CT2aNl Blood Positive Non-reactive

TUOC 62 Male CT1aN1MO Blood Information not available  Information not available
TUOC 39 Female CT4aNIMO Blood Information not available  Information not available
TUOC 53 Male CT2aN2MO Blood Information not available  Information not available
TUOC 42 Female @ CT4aN2MO Blood Positive Information not available
TUOC 45 Male CT4aN2MO Blood Positive Non-reactive

TUOC 44 Male CT4aN2MO Blood Positive Non-reactive

TUOC 43 Female  CT2aN2MO Blood Positive Non-reactive

TUOC 67 Male CT1aMO Blood Positive Non-reactive

TUOC 57 Female  CT2aN2 Blood Positive Non-reactive

Control 24 Female - - - -

Control 27 Female - - - -

Control 23 Female - - - -

Control 24 Female - - - -

Control 23 Male - - - -

Control 23 Male - - - -

OSCC, oral squamous cell carcinoma; TUOC, technically unresectable oral cancer; HIV, human immunodeficiency virus; HCV, hepatitis C

virus.

Correlation between amphiregulin (AREG) and C-X3-C motif
chemokine receptor 1 (CX3CRI1) and immune infiltration.
The association between AREG and CX3CRI expression
and tumor-infiltrating immune cells was analyzed using the
TIMER 2.0 database (http://timer.comp-genomics.org/) (23).
The infiltration scores were calculated using the single-sample
Gene Set Enrichment Analysis (ssGSEA) method. Additionally,
heatmaps were generated to visualize the correlation between
the expression of genes and the immune cell infiltration based
on Spearman's Rho values. The analysis provides the under-
standing of the possible role of the survival-related DEGs in
immune modulation in the tumor microenvironment.

Patients and ethics statement. The present study enrolled
18 patients from Parul Sevashram Hospital, Vadodara, India,
including 9 patients with oral cancer and 9 patients with tech-
nically unresectable oral cancer (TUOC). The study protocol
was reviewed and approved by the Ethics Committee of Parul
University (Approval no. PUIECHR/PIMSR/00/081734/5307)
and was conducted in accordance with institutional ethical
standards and regulatory guidelines. All patients signed
an informed consent form. In addition, blood samples were
collected from 6 healthy individuals to serve as controls for
the DNA-based assays (Table I). All procedures performed in

the present study were in accordance with the principles for
medical research of the 1964 Declaration of Helsinki and its
later amendments or comparable ethical standards.

Patient cohort. The clinical and pathological details of all
patients included in the study are summarized in Table I. The
table provides information on age, sex, tumor stage, grade,
tumor size, lymph node status and HIV results. In the OSCC
group, the age of the patients ranged from 32 to 72 years, with
a median age of 58+4.18 years. In the TUOC group, the age
ranged from 39 to 67 years, with a median age of 45+3.30 years.
Data on HCV status were not available for all cases, as this
information was not routinely recorded in patient files. Since
the study focused primarily on gene expression profiling rather
than viral-associated carcinogenesis, the absence of HCV data
does not affect the interpretation of the findings (24).

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR). Total RNA was extracted from fresh blood using
the QIAamp® RNA Blood Mini kit (cat. no. 52304; Qiagen,
Inc.) and RNA purity was confirmed by spectrophotometric
analysis (A260/A280 ratio between 1.8-2.0). cDNA was
synthesized from 20 ng RNA using the G-Biosciences cDNA
Synthesis kit (cat. no. 786-5020; G-Biosciences) and used
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for qPCR on the Rotor-Gene Q system with SYBR-Green
Master mix (cat. no. 786-5062; G-Biosciences). qPCR was
run in triplicate under standard cycling conditions as follows:
95°C for 3 min, followed by 40 cycles of 95°C for 15 sec and
60°C for 60 sec. The relative expression levels of the target
gene mRNAs were calculated using the comparative Cq
method (relative expression, 2-24¢9) (25), using GAPDH as an
internal control. The primer sequences were as follows: AREG
forward, 5'-GTGGTGCTGTCGCTCTTGATACTC-3' and
reverse, S"-TCAAATCCATCAGCACTGTGGTC-3"; CX3CRI
forward, 5'-GGGACTGTGTTCCTGTCCAT-3" and reverse,
5'-GACACTCTTGGGCTTCTTGC-3"; and GAPDH forward,
5'-CCCACTCCTCCACCTTTGAC-3' and reverse, 5'-TTC
CTCTTGTGCTCTTGCTG-3".

Alu DNA quantification. Blood DNA was extracted from
patients with 18 oral cancers using the QIAamp DNA Blood
Mini kit (cat. no. 51104; Qiagen, Inc.) and stored at -80°C.
AluY sequences and subtypes were obtained from the Dfam
database (26), and qPCR was conducted in triplicate using
primers for AluY, (forward, 5'-GTAATCCCAGCACTT
TGGG-3' and reverse, S"-TAGTAGAGACGGGGTTTCAC-3"),
AluY-K12 (forward, 5"“TACAAAAAATTAGCCGGGCG-3'
and reverse, 5'-CATGCCATTCTCCTGCCTC-3' and AluY-I6
(forward, 5'-GTAATCCCAGCACTTTGGG-3' and reverse,
5-GTTCACGCCATTCTCCTGC-3"). Each 10 ul PCR reac-
tion consisted of 5 ul SYBR-Green mix (G-Biosciences),
1 pul forward/reverse primer (10 uM), and 100 pg DNA. The
cycling conditions were 95°C for 10 min, followed by 45 cycles
at 95°C for 15 sec and 60°C for 60 sec, and a hold at 60°C
for for ALUY and ALUY-K12. For ALUY-I6, the condi-
tions were 95°C for 10 min, 30 repeats at 95°C for 15 sec,
and 65°C for 60 sec. The specificity of the PCR products
was confirmed by melting curve analysis. The specificity of
the PCR products was confirmed by melting curve analysis.
Quantification of total blood Alu DNA content was based on
a standard curve prepared from serial dilutions of genomic
DNA (10 ng to 0.01 pg) from healthy donors. Each qPCR run
included a no-template control, and the results are reported as
the mean + SEM.

Molecular docking analysis of AREG inhibitors. A library
of 1,525 plant-derived bioactive compounds was initially
screened using SWISS-ADME to evaluate their physi-
cochemical properties and drug-likeness, resulting in the
selection of 174 potential candidates. In parallel, 50 clinically
reported anticancer drugs were shortlisted based on literature
evidence for their relevance in cancer therapy. Molecular
docking was performed between these compounds and the
AREG protein using PyRx, with the AREG structure obtained
from PDB (2RNL) and compound structures retrieved from
PubChem (27). Among the screened molecules, the top two
compounds exhibiting the highest binding affinity and key
hydrogen bonding interactions with AREG were selected
for molecular dynamics simulations to further assess their
stability and inhibitory potential.

Molecular dynamics simulations. Molecular dynamics
simulations were carried out for cabraleadiol (CID-21625899)
and vinorelbine in complex with AREG using the NAMD?3

simulation package with the CHARMM force field. Key
structural parameters, including root mean square deviation
(RMSD), root mean square fluctuation (RMSF) and radius of
gyration (Rg), were calculated using NAMD3 system-building
commands and visualized with the Bio3D v2.3-0 package
(http://thegrantlab.org/bio3d_v2/download). The simulation
was run for a total of 200 nsec, and the binding free energy
(AG) of each drug-protein complex was estimated using the
NAMD Energy plugin.

Statistical analysis. The expression of DEGs in GEO2R was
assessed using moderated t-tests with the Benjamini-Hochberg
FDR correction (ILogFCIl =1). Survival analyses were
conducted in GEPIA using Cox proportional hazards models
and log-rank tests, with HRs and 95% CIs reported. ROC
curves (OriginPro 2019b) were generated using survival
duration and dichotomized gene expression, and AUC values
assessed prognostic performance. Spearman's correlation
analysis was used to analyze the correlations between CNV
and gene expression and immune infiltration scores in TIMER
2.0. MethSurv applied Cox regression to compare survival
between high- and low-methylation groups. gPCR data from
the three study groups (resectable oral cancer, n=9; techni-
cally unresectable oral cancer, n=9; and healthy controls, n=6)
were analyzed using the 2224 method and are presented as
the mean + SEM. Comparisons among the three groups were
performed using one-way ANOVA, followed by Tukey's post
hoc test to identify pairwise differences. Alu DNA quantifi-
cation was performed on two groups (resectable oral cancer
vs. technically unresectable oral cancer; n=9 per group) and
compared using an unpaired two-tailed Student's t- test. For
all analyses, a P-value <0.05 was considered to indicate a
statistically significant difference. All statistical analyses were
performed using OriginPro 2019b (https://www.originlab.
com/).

Results

Identification of prognostic biomarkers in OSCC using inte-
grated bioinformatics analysis of GEO datasets. A total of
20,030 genes were identified from the GSE246050 dataset
using GEO2R analysis. Among these, 794 genes were
significantly upregulated and 1,331 were downregulated
in the OSCC samples compared to the healthy controls.
To focus on the most relevant molecular interactions, only
genes with an interaction degree of =10 in Cytoscape were
retained for further analysis. This filtering step yielded 318
upregulated and 221 downregulated genes (Table SI), which
were then subjected to survival analysis using GEPIA.
Among the upregulated genes, 46 exhibited a significant
association with OS, 28 with DFS, and six genes were linked
to both OS and DFS. Similarly, among the downregulated
genes, 41 genes were associated with OS, 24 with DFS,
and ten genes displayed significance in both categories
(Table SII). Heatmap analysis of genes affecting both OS
and DFS revealed six upregulated genes (ACTB, HPRTI,
PPIA, MAD2L2, AREG, ADORAZ2B) and ten downregulated
genes (MFAP4, ALDH3AI, CX3CRI, ERVW-1, CYP4All,
PLA2G3, LRRK2, NTRK2, CACNA2D4, KL), as shown in
Fig. 1. These differentially expressed genes, which affect
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Figure 1. Heatmap analysis of genes affecting both overall survival and
disease-free survival in oral cancer. OSCC, oral squamous cell carcinoma.

both OS and DFS, were identified as potential survival-
associated biomarkers for further investigation.

GO and KEGG pathway enrichment analysis of 16
survival-associated genes. GO functional enrichment and
KEGG pathway analyses were used to examine the biological
functions and molecular pathways of genes related to both
OS and DFS. Enriched GO terms were categorized into three
groups, including biological process (BP), cellular component
(CC) and molecular function (MF) (Table SIII). Under the BP
category, key terms such as phosphorylation, cell activation and
leukocyte-mediated immunity were identified, which suggests
their involvement in immune response and cellular signaling.
The CC category featured the enrichment of presynapse,
axon terminus, neuron projection terminus and elastic fibers,
suggesting that they are involved in neural signaling and extra-
cellular matrix organization. Among the enriched terms in the
MF category, G-protein coupled receptor activity, chemokine
binding, growth factor binding, and fatty acid hydroxylase
activity were identified, indicating the variety of functions in
the process of signal transduction and metabolism. In addition,
KEGG pathway enrichment analysis revealed several signaling
pathways related to the target genes (Table SIV). These were
the MAPK signaling pathway, which is crucial in cell prolif-
eration and survival, the oxytocin signaling pathway, which is
involved in cellular communication and immune regulation,
the Hippo signaling pathway, which controls the size of the
organs and cell growth, and the pathways of bacterial invasion
of epithelial cells, which suggests its potential implication in
infection-associated oncogenesis. These results provide infor-
mation on the functional role of the identified genes and their
role in the key oncogenic and immune control pathways.

Validation of selected genes in the cBioPortal database. The
Head and Neck Squamous Cell Carcinoma (TCGA, Firehose
Legacy) dataset was obtained from cBioPortal, and RSEM
expression data for genes associated with both OS and RFS
were extracted. Among the ten identified downregulated genes,
only seven (excluding ERVW-1, LRRK?2 and KL) were avail-
able in the cBioPortal dataset. All gene expression data were
analyzed to determine RSEM cut-off values for classifying
high and low expression levels for each gene. Patients were
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stratified into high- and low-risk groups based on the cut-off
value, determined as the median + 2SEM of gene expression
level and on the basis of their impact on overall survival. Out of
the 13 genes initially identified through survival analysis using
cBioPortal data, seven genes (ACTB, AREG, HPRTI, MFAP4,
ALDH3AI, CYP4All and CACNA2D4) demonstrated statisti-
cally significant associations with either OS, RFS, or both,
indicating their potential as prognostic markers in OSCC
(Table II). Further evaluation through ROC curve analysis
revealed that only AREG, HPRTI, ALDH3AI and CX3CRI
had an AUC =0.60, suggesting their moderate diagnostic value
(Figs. 2 and 3). To assess the relevance of these four genes in
advanced disease, ROC analysis was performed using T4-stage
classification. Among the candidate genes, AREG (upregu-
lated) and CX3CR1 (downregulated) exhibited the highest
AUC values (~0.6), indicating relatively better discrimination
of advanced-stage OSCC compared to the others (Fig. 4).
Although their overall diagnostic performance was moderate,
their stage-specific expression trends and biological links to
tumor progression and immune regulation supported their
selection for detailed downstream analysis (28-30).

Association of AREG and CX3CRI1 with methylation probes.
According to methylation profile data from the MethSurv
database, AREG is associated with five specific methylation
probes: cg02009651, cg03244277, cg02334660, cg26611070
and cg15529290 (Fig. 5). Among these, methylation levels at
CpG sites ¢g02009651, ¢g03244277 and cg15529290 were
negatively associated, whereas methylation at cg02334660 and
cg26611070 was associated with a favorable prognosis corre-
lation. Additionally, the analysis of the association between
these CpG sites and demographic/clinical factors including
ethnicity, race, body mass index (BMI), age and clinical
events revealed that cg02334660 and cg26611070 were posi-
tively association with these variables, while cg15529290 (at
Ist exon), cg02009651 and cg03244277 exhibited a negative
association.

From the CX3CRI methylation profile data from the
MethSurv database, CX3CRI was shown to be associ-
ated with 11 specific methylation probes: cg24130739,
cg03296370, cgl9838154, cg01394385, cg26162331,
cg00262061, cg05046858, cg04498110, cg04569233,
cg03341377 and cg24310395 (Fig. 6). Methylation-survival
analyses were performed using the MethSurv web tool, which
fits Cox proportional hazards models and reports hazard
ratios, log-rank test p-values, and a proportional hazards
assumption test for each CpG site (22). The log-rank test has
optimum power under the assumption of proportional hazard
rates. However, this assumption is often violated, particularly
when two survival curves cross each other. In Fig. 6, the late
crossing of the survival curve can be observed in the last
plot. The authors were not able to restrict the time range in
the software to remove the late-stage crossover. In addition,
survival analyses for methylation were obtained from the
MethSurv platform using aggregate output; thus, the applica-
tion of alternative weighted tests was not possible. Therefore,
this may be a limitation of the present study. Among these,
methylation levels at cg24130739, cg03296370, cg19838154,
cg03341377, CpG sites were negatively associated, whereas
methylation at ¢g00262061, cg04498110, cg03341377,
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Table II. Survival analysis of the survival-associated DEGs identified in oral cancer from the cBioPortal database.

Risk status (no.

Survival/deceased status

Gene symbol of patients) (no. of patients) P-value DFS/RFS (no. of patients)  P-value

Upregulated genes

ACTB High risk (245)  OS (129); Deceased (116)  0.0062*  DFS (108); Recurred (73)  2.9662

C0:139086.35+130633.33  Low risk (242)  OS (157); Deceased (85) DFS (131); Recurred (61)

AREG High risk (234)  OS (121); Deceased (113)  0.0319* DFS (97); Recurred (76) 0.0067*

CO:789.911+£514.86 Low risk (234)  OS (144); Deceased (90) DFS (124); Recurred (53)

HPRTI High risk (244)  OS (121); Deceased (123)  0.0001*  DEFS (97); Recurred (74) 0.0071*

C0:964.36+884.77 Low risk (238)  OS (159); Deceased (79) DFS (135); Recurred (57)

PPIA High risk (235)  OS (132); Deceased (103) 0.3980  DFS (109); Recurred (73)  0.2849
Low risk (218)  OS (131); Deceased (87) DES (108); Recurred (57)

MAD2L2 High risk (234)  OS (127); Deceased (107) 0.2077  DFS (104); Recurred (74)  2.1575

C0:743.67+£656.76 Low risk (240)  OS (144); Deceased (96) DFS (120); Recurred (62)

ADORA2B High risk (243)  OS (132); Deceased (111)  0.1296  DFS (107); Recurred (76)  0.7371

C0:429.28+377.05 Low risk (227)  OS (139); Deceased (88) DFS (117); Recurred (56)

Downregulated genes

MFAP4 CO:373.16£166.62 Highrisk (211)  OS (131); Deceased (80) 0.0363* DFS (112); Recurred (49)  0.0062*
Low risk (195)  OS (101); Deceased (94) DFS (80); Recurred (67)

ALDH3AI High risk (197)  OS (118); Deceased (79) 0.0054* DFS (99); Recurred (46) 0.0312*

CO:2152.11+£184.34 Low risk (94) OS (40); Deceased (54) DFS (32); Recurred (29)

CX3CRI High risk (232)  OS (138); Deceased (94) 0.4080  DFS (119); Recurred (58)  2.9959

C0:25.29+16.56 Low risk (214)  OS (119); Deceased (95) DFS (96); Recurred (69)

CYP4All, C0O:0.55+0.20 High risk (201)  OS (135); Deceased (66) 0.0026* DFS (116); Recurred (47)  0.0074*
Low risk (227)  OS (120); Deceased (107) DFS (97); Recurred (73)

PLA2G3, High risk (220)  OS (133); Deceased (87) 0.1919  DFS (116); Recurred (51)  3.4236

CO0:140.43+66.95 Low risk (212)  OS (115); Deceased (97) DFS (93); Recurred (63)

NTRK?2 High risk (210)  OS (126); Deceased (84) 0.1103  DFS (106); Recurred (50)  0.0378"

C0:1166.69+98.61 Low risk (103)  OS (52); Deceased (51) DFS (41); Recurred (35)

CACNA2D4 High risk (233)  OS (145); Deceased (88) 0.0398* DFS (123); Recurred (62)  0.1449

C0O:24.26x19.58 Low risk (222)  OS (117); Deceased (105) DFS (93); Recurred (65)

OS, overall survival; DFS, disease-free survival; CO,

cut-off value. *P<0.05, indicates a significant difference.
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Figure 2. Receiver operating characteristic analysis of upregulated genes affecting both overall survival and disease-free survival in oral cancer. AUC, area

under the curve.
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Figure 4. Receiver operating characteristic analysis of ALDH3A1, HPRT1, AREG, NTRK2, and CX3CR1 genes in relation to tumor stages in oral cancer.

cg24310395, cg04569233, cg05046858 and cg26162331
was associated with a favorable prognosis. Additionally,
the analysis of the association between these CpG sites
and demographic/clinical factors, including ethnicity, race,
BMI, age and clinical events revealed that methylation at
cg01394385, ¢g26162331, cg00262061 and cg05046858 were
positively associated with these variables, while methyla-
tion at ¢g24130739, cg03296370, cg19838154, cg04498110,
cg04569233, cg03341377 and cg24310395 exhibited
a negative association (Fig. 6).

Copy number analysis. CNV is known to influence gene
expression; however, the association between CNVs of AREG

and CX3CRI and their impact on gene expression in oral
cancer remain to be fully elucidated. Correlation analysis was
performed using the HNSCC dataset hosted on cBioPortal,
based on patients with paired copy-number and expres-
sion data (AREG, n=234; CX3CR1, n=524). In the present
study, the analysis revealed a significant effect of CNV on
gene expression (P<0.001; (Fig. 7). From a tumor biology
perspective, GISTIC2 analysis identified significant CNV
events, which may contribute to the observed differences
in gene expression. To further investigate this association,
patients were stratified into high- and low-risk groups based
on a cut-off value determined as the median + SEM of gene
expression levels. CNV analysis revealed that copy number
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Figure 5. Association of AREG methylation on survival outcomes in oral cancer.
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Figure 6. Association of CX3CR1 methylation on survival outcomes in oral cancer.

deletions were significantly associated with a decreased
gene expression of both AREG (high, 35/230; low, 71/232;
P=0.000137) and CX3CRI (high, 142/227; low, 163/213;
P=0.0058) in the cBioPortal dataset for HNSCC. However,
no significant differences were observed for copy number
amplifications (Table III).

To further validate the correlations between CNV and
gene expression, a linear regression model was applied using
HNSCC data from cBioPortal. The analysis revealed a weak
correlation between gene expression and copy number altera-
tions for both AREG (p=0.213, P=0.00098) and CX3CRI1

(p=0.159, P=0.00029), as shown in Fig. 7A and B. Although
the correlation coefficients indicate weak associations, they
are statistically significant due to the large sample size.

AREG and CX3CRI expression are associated with immune
cell infiltration. The results of TIMER analysis suggested
that AREG and CX3CRI exhibit differential immune infil-
tration patterns in HNSCC. Notably, CX3CRI appears to be
more strongly associated with neutrophil and CD4* T-cell
infiltration, while AREG is associated more with CD8*
T-cells (Fig. 8). These findings may provide insight into the
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Table III. Distribution of AREG and CXC3CRI copy number
alterations in the high- and low-expression groups.

Deletion Nochange Amplification  Total
AREG
High 35 155 40 230
Low 71 138 23 232
CX3CRI
High 142 80 5 227
Low 163 46 4 213

immunomodulatory roles of these genes in the HNSCC tumor
microenvironment.

RT-gPCR analysis of AREG and CX3CRI in oral cancer.
Subsequently, the expression levels of AREG and CX3CRI
were evaluated in the blood samples of patients with oral
cancer. AREG expression was found to be reduced in tech-
nically unresectable cases (TUOC, 0.16-fold change + 0.08)
compared to patients with resectable cancer (0.39-fold change
+ 0.15) (Fig. 9). By contrast, CX3CR1 expression could not be
reliably detected, as its Cq value was >42, indicating levels
below the measurable limit.

Phytochemicals as AREG potential inhibitors. Of the 1,525
phytochemicals screened, 274 displayed drug-like properties,
indicating potential as drug candidates. Similarly, Gene Set
Cancer Analysis (GSCA) identified 84 inhibitors for AREG
by co-relating drug sensitivity and gene expression. Binding
affinity scores were calculated for both 274 phytochemicals
and 84 AREG inhibitors. The (25s)-neospirost-4-en-3-one
for phytochemical and vinorelbine for inhibitors demon-
strate highest binding affinity to AREG and therefore, were
prioritized for binding energy calculation. The list of top 20
phytochemicals and inhibitors is presented in Tables IV and V,
respectively.

Molecular docking and molecular dynamics simulation.
Docking analysis revealed the highest binding affinity between
AREG- (25s)-neospirost-4-en-3-one and AREG-vinorelbine
(Tables IV and V).

The stability and compactness of these complexes were
assessed through RMSD and radius of gyration (Rg), as
demonstrated in Table VI and Fig. 10. The RMSD and Rg did
not fluctuate for the 200 nsec, confirming the stability of the
3D protein structure during molecular dynamics simulations.
Additionally, the RMSF was stable over 200 ns of simulation,
suggesting least residue-level fluctuations. These findings
strongly support the stable interaction of the complexes during
the 200 nsec simulation, confirming their structural stability
and potential effectiveness.

The results also revealed that the binding energy between
AREG-vinorelbine was -15.26 kcal/mol, while the binding
energy between AREG- (25s)-neospirost-4-en-3-one was
+3.6 kcal/mol (Table VII). These results suggest a strong
binding interaction of vinorelbine with AREG in comparison
to (25s)-neospirost-4-en-3-one.

Analysis of Alu family expression in patients with oral cancer
and TUOC. In the present study, Alu DNA levels were quan-
tified in serum samples from patients with resectable oral
cancer and TUOC to evaluate their potential as biomarkers.
The DNA integrity (DI) ratio, measured using Alul15/Alu247,
was significantly elevated in patients with TUOC (16.46+3.82)
compared to patients with resectable OSCC (0.55+0.11), with
a P-value of 0.0007, indicating increased genomic instability
in advanced-stage disease (Fig. 11). The analysis of AluY
subfamilies revealed a non-significant increase in AluY (K12)
expression in patients with TUOC (0.43+0.22) vs. patients with
resectable OSCC (0.11+£0.03; P=0.1715), and a similar trend
was observed for AluY (i6) (TUOC, 1.44+0.25; resectable
OSCC, 1.27+0.29; P=0.6589) (Fig. 11). Of note, total AluY
family expression, encompassing all subtypes, was signifi-
cantly higher in patients with resectable OSCC (6.83+1.83)
than in those with TUOC (1.60+0.51; P=0.0143) (Fig. 11).
These results suggest that while individual AluY subfamilies
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Table IV. List of top 20 phytochemical inhibitors demonstrating binding affinity scores and hydrogen bond interactions.

Name Binding affinity Hydrogen bonds
(25s)-neospirost-4-en-3-one -7.5 TYR-27
Limonin -7.1 ASN-10, LYS-26
2-(4-hydroxyphenyl) naphthalic anhydride -6.7 TYR-27
Cucurbita-5_23(e)-diene-3-beta_7-beta_25-triol -6.7 HIS-30,LYS-9
Betulinic_acid -6.7 LYS-9
Caloxanthone_a -6.7 LYS-9
Garcimangosxanthone_b -6.7 GLN-17
2_3-dihydrowithaferin_a -6.6 CYS-38,LYS-37
Garcidepsidone_b -6.6 TYR-27, GLU-15
3-beta-acetoxy-8-beta-isobutyryloxyreynosin -6.5 TYR-27
8-prenyl_erythrinin_c -6.5 TYR-42, GLN-39, CYS-38, LYS-37
Caloxanthone_a -6.5 LYS-9,GLU-15
Eichlerialactone -6.5 LYS-26
Garcimangosxanthone_c -6.5 GLY-17,CYS-25, GLY-23
3-beta__12-dihydroxy-13-methyl-6_8_11_13-podocarpatetraen -64 TYR-27, ASN-10 GLY-7,LYS-26
Metrhylmitrekaurenate -6.3 TYR-27
Xanthone V1 -6.3 LYS-9, GLU-32 TYR-27, GLU-29
Escobarine A -6.2 GLY-7,LYS-9 TYR-27
Garcidepsidone A -6.2 TYR-27
2r_3r)-3_5-dihydroxy-7-methoxy_avanone -6.1 TYR-27
A B
Correlation Correlation
- PR e . e
HNSC HNSC 0
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l—0.4 I—0.5
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Figure 8. Correlation analysis of (A) AREG and (B) CX3CR1 expression and immune infiltration. "P<0.05; NS, not significant (P>0.05).

may not distinctly reflect disease stage, elevated DI ratios and
changes in total AluY expression may serve as potential indi-
cators of disease progression and early-stage tumor activity in
OSCC.

Discussion

OSCC is an aggressive malignancy and has low chances of
survival because of late diagnosis, resistance to therapy and

lack of effective molecular biomarkers. Although previous
research has examined the significance of genomic modifi-
cations, epigenetic modifications, and immune responses to
define possible diagnostic and therapeutic targets, there is
limited clinical translation of these results (31). The present
study used an integrative strategy that consisted of bioinfor-
matics, transcriptomic profiling, epigenetic analysis, immune
infiltration evaluation, and molecular docking to provide
further information on the molecular landscape of OSCC.
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Table V. List of top 20 AREG inhibitors demonstrating binding affinity scores and hydrogen bond interactions.

Ligand Binding affinity Hydrogen bonds
Vinorelbine -9.8 LYS-9

Docetaxel -8.6 GLU-29, TYR-27, GLY-7, SER-6
Tipifarnib -8.1 TYR-27

Tanespimycin -8.1 GLU-32,TYR-27

AKT inhibitor VIII -79 SER-5, GLU-15

AZ628 -7.8 GLN-39, GLN-40, CYS-38, TYR-42, GLY-44
A-770041 -1.7 HIS-22,LYS-26, ASN-10
S-Trityl-L-cysteine -7.6 TYR-27

0OSU-03012 -7.6 LYS-9, GLU-29

Nilotinib -1.5 LYS-9, TYR-27

LY317615 -1.5 GLU-15,TYR-27

Etoposide -1.5 ASN-10,ASN-13,CYS-25
GSK1904529A -71.3 LYS-26

BMS-509744 =12 LYS-9, VAL-34

ERKS5-IN-1 -1.2 GLN-17,CYS-25

PHA-665752 =712 ASN-13,CYS-12,CYS-25
Doramapimod -7.1 SER-5, SER-6

FR-180204 -7.0 GLY-44, CYS-38, GLN-39
Cyclopamine -70 TYR-27

BMS-708163 -7.0 GLU-32

Table VI. Comparative analysis of AREG- (25s)-neospirost-4-en-3-one and AREG-vinorelbine.

SN RMSD (A°) Rg (A°) RMSF (nm)
AREG 5.33+0.03 33.59+0.002 3.15+0.29
(25s)-neospirost-4-en-3-one 1.17+0.001 4.79+0.001 0.41+0.04
Vinorelbine 3.40+0.01 5.35+0.001 2.27+0.10
AREG- (25s)-neospirost-4-en-3-one 7.61+£0.04 33.64+0.002 3.76+0.27
AREG-vinorelbine 8.85+0.04 33.61+0.002 3.93+0.31

AREG expression CCNDI that are associated with proliferation, apoptosis and

18 resistance to treatment (32,33). The present study demon-
1.6 strated that AREG and CX3CRI were the most relevant genes
g14 associated with progressive OSCC, which are associated with
§ 1.2 immune infiltration and poor prognosis indicators. The clinical
3 1 importance of AREG is further supported by a study conducted
%0.8 by Bourova-Flin et al (28), which reported that high expres-
-% 06 sion of AREG, along with Cyclin Al and DDX20/Gemin3, was
2 ol indicative of aggressive OSCC and correlated with unfavorable
clinical outcomes. This reinforces the observation that AREG

02 i may contribute to tumor progression and immune-related
0 Control 0SCC TUOC changes in advanced disease. Equally, CX3CL1 has also been

Figure 9. Expression levels of AREG in the controls, and in patients with
resectable and technically unresectable oral cancer. Data are presented as
the mean + SEM.

Previous studies have reported frequently dysregulated
genes in oral cancer, such as TP53, EGFR, NOTCHI and

demonstrated to facilitate the migration and invasion of OSCC
cells by increasing [CAM-1 expression via CX3CRI1 receptor,
which underscores its contribution to tumor invasiveness (34).
These reports are consistent with the findings of the present
study, in which CX3CRI expression was modulated in terms
of immune cell invasion and disease severity. Collectively,
these data support the notion that AREG and CX3CRI are
potentially useful biomarkers to detect and describe OSCC
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Table VII. Free binding energy of (25s)-neospirost-4-en-3-one and vinorelbine with AREG.

SN

Electrostatic energy
(kcal/mol)

Vander Waals energy

Free binding energy of (AG)
AREG-drug complex (kcal/mol)

T T

(25s)-neospirost-4-en-3-one -47.24+0.01 SEM 5.69+0.02 SEM NA
Vinorelbine 105.55+0.03 SEM 33.40+0.03 SEM NA
AREG -351.46+1.59 SEM -116.96+0.24 SEM NA
AREG-(25s)-neospirost-4-en-3-one -326.85+1.80 SEM -115.10+0.25 SEM +3.6
AREG-Vinorelbine -400.60+2.26 SEM -116.802+0.29 SEM -15.26
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Figure 10. Molecular dynamics simulation demonstrating (A) RMSD, (B) RMSF, and (C) radius of gyration of vinorelbine - AREG complex. (D) RMSD,
(E) RMSF, and (F) radius of gyration of AREG- (25s)-neospirost-4-en-3-one. RMSD, root mean square deviation; RMSF, root mean square fluctuation.
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cases. Nonetheless, the diagnostic and prognostic ability
of both genes seems to be limited as both of them showed
only moderate AUC values (~0.6) in the ROC analyses. Thus,
the results are to be considered as preliminary, and further
research is required to confirm their applicability to clinical
settings in larger patient groups.

The epigenetic modifications including CNVs and DNA
methylation are the focus of OSCC development. In line
with the earlier reports that reported promoter hypermeth-
ylation-induced silencing of tumor suppressors, such as
CDKN2A, DAPKI and MGMT (35,36), the present study
reported hypermethylation of AREG and CX3CRI, with
certain CpG sites being associated with poor survival. CNV
analysis identified deletions of CX3CRI that were associated
with decreased expression, indicating its tumor-suppressive
activity, whereas AREG was not affected by deletion of
CNYV, indicating further epigenetic or post-transcriptional
regulation. On the immunological front, previous research
has linked CD8* T-cell infiltration with improved prognosis,
and increased Tregs or MDSCs with poorer outcomes (37,38).
The present study demonstrated that AREG and CX3CRI
were associated with CD8" T-cells and neutrophils and CD4*
T-cells respectively, which indicated differential roles in
immune modulation. Taken together, these results support
previous data of chemokine and growth factor implication by
modulating tumor microenvironment in OSCC and empha-
size their role in the regulation of the epigenome, as well as
tumor-immune interactions (39,40).

In a previous study on non-small cell lung cancer and
HNSCC, changes in serum levels of EGFR and its ligands,
such as AREG, were described, and lower levels of AREG
expression were found in serum samples of patients (41).
These findings are in line with the findings of the present
study, which also revealed the reduced expression of AREG in
the blood of patients with TUOC. Although the present study
was not able to do tissue-level validation, several previous
studies have established that AREG is overexpressed in OSCC
tissues (28,29,42 43). This, along with the observation of lower
AREG levels in circulation in the present study, confirms the
hypothesis of the ‘dual faces’, in which local tumor upregula-
tion is accompanied by lower systemic levels. These findings
also indicate that local tumor expression can be more useful
in prognosis compared to circulating levels. CX3CRI was,
however, not detectable in serum samples, presumably due to
very low levels of expression or degradation, suggesting that
tissue-based analysis can be more informative on this marker.

Transposable elements, particularly Alu elements, are
critical in the progression of cancer (44). Consistent with
previous studies, the present study also discovered that
the DNA integrity ratio (Alul15/Alu247) was significantly
higher in patients with TUOC and indicated more genomic
instability (45,46). Whereas AluY (K12) expression was more
elevated in TUOC, the total expression of the AluY family was
more elevated in resectable OSCC, indicating stage-specific
roles of Alu subfamilies. The results are in line with previous
research demonstrating that some Alu subfamilies differ in
expression across cancer types, which supports their possible
use as biomarkers of disease staging and monitoring (45).

Due to the drawbacks of traditional OSCC therapy, natural
compounds have become the focus of interest as possible
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anticancer agents as they can regulate oxidative stress, inflam-
mation and apoptosis pathways (47,48). The present study
identified 274 drug-like compounds; however, only vinorel-
bine, an approved drug, exhibited a strong and stable binding
with AREG in molecular docking and molecular dynamics
simulations. These results suggest that vinorelbine has a
higher therapeutic potential compared to the identified natural
compounds. Although limited by a small validation cohort and
reliance on bioinformatics data, the results are exploratory and
indicate that AREG, CX3CR1 and Alu elements can be consid-
ered as a potential therapeutic targets and biomarkers in OSCC.
To validate these findings and enhance biomarker-based treat-
ment strategies, larger, multi-center and functional studies are
required.

Overall, the analyses of genomic, epigenetic, immunolog-
ical and transposable elements were combined in the present
study to identify novel biomarkers and therapeutic targets
in OSCC. The results enhance the current understanding of
the molecular mechanisms of OSCC and may be applied to
designing the individual treatment plans in accordance with
the profile of biomarkers.
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