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Esophageal cancer (EC) remains a major global health challenge due to its aggressive nature and poor progno-
sis. Genetic alterations play a crucial role in tumor progression; however, a deeper understanding of the gene-
tic landscape of EC is essential for identifying novel and potent therapeutic targets. This study aims to identify
key genes and their variants with potential pathogenicity driving EC progression. Whole-exome sequencing
(WES) was performed on EC samples to identify missense variants. A comprehensive in-silico analysis was
conducted using SIFT, FATHMM, PROVEAN, MutationTaster, and LRT to classify high-risk variants. Gene
expression, mutation frequency, and prognostic relevance were analyzed using GEPIA and cBioPortal plat-
forms. Protein stability was assessed with MuPro and I-Mutant to evaluate the impact of the identified variant,
while protein-protein interaction (PPI) analysis via STRING and enrichment analysis through Metascape were
performed to explore associated biological pathways. A total of 331 novel high-risk missense variants were
identified across 274 genes and systematically refined, narrowing down to 23 prognostically significant va-
riants in 11 genes (PSMC1, SCN8A, HNRNPA3, RPL23, COL5A2, TBLIXR1, TCP1, HNRNPD, CALM2,
ABCC2, and HNRNPA1), which were also among the most differentially expressed in EC. Variants in these
genes were predicted to destabilize their corresponding proteins, contributing to EC progression. In-silico sur-
vival analysis further indicated significantly worse outcomes for patients harboring alterations in these genes,
including others. Protein stability analysis confirmed their destabilizing effects, while functional enrichment
highlighted their involvement in key pathways driving tumorigenesis. This study identified 11 key DEGs
harboring potentially pathogenic novel missense variants, highlighting vulnerabilities for precision-targeted
therapies in EC.

Keywords: Esophageal cancer, Single-nucleotide variants, Potentially pathogenic variants, Therapeutic tar-
gets.

1. Introduction

riants (SNVs), play a critical role in EC susceptibility.

Esophageal cancer (EC), the eleventh most common
cancer worldwide in absolute numbers, disproportionately
affects middle and low-income countries, with Asia bea-
ring the highest incidence and mortality rates [1-3]. Pro-
jections indicate a 63% increase in cases and a 72% rise in
mortality by 2040, highlighting the urgent need for impro-
ved diagnostic, prognostic, and therapeutic strategies [4].
Despite advancements in multimodal treatment, including
chemotherapy, chemoradiotherapy, surgical esophagogas-
trectomy, and adjuvant immunotherapy, EC remains asso-
ciated with poor survival outcomes, largely due to limited
progress in molecularly targeted treatment options. A dee-
per understanding of the genetic landscape of EC is essen-
tial for identifying novel and potent therapeutic targets,
particularly those influenced by genetic variations driving
tumorigenesis.

Genetic variations, especially single nucleotide va-

These alterations contribute significantly to genomic ins-
tability and disease progression [5]. While environmental
factors are key drivers of EC, studies also suggest a heredi-
tary component, with familial aggregation and segregation
analyses indicating a genetic predisposition. Among these,
missense variants, a type of nsSNV, result in amino acid
substitutions, which can alter protein structure, stability, or
interactions, thereby influencing functional diversity and
disease risk. These alterations arise from specific base pair
changes at the genomic level, demonstrating their broader
role in genomic instability and tumorigenesis in EC.
Among the two histological subtypes, esophageal squa-
mous cell carcinoma (ESCC) is the predominant form glo-
bally and in South Asia [6]. Yet, most cases are presented
at an advanced, unresectable stage with poor prognosis
due to the lack of effective early detection and prognostic
biomarkers [7, 8]. Similarly, the molecular mechanisms
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driving Barrett’s esophagus (BE) progression to esopha-
geal adenocarcinoma (EAC) remain poorly defined, with
no clinically validated markers for early diagnosis or di-
sease stratification [9]. This study aims to characterize key
genes and their variants driving EC progression, through
in-vitro and in-silico analyses, identifying potential thera-
peutic targets.

2. Materials and Methods
2.1. Study setting

The study was conducted at Dow University of Health
Sciences (DUHS), Karachi, Pakistan. Patients were re-
cruited at the Department of Upper Gastrointestinal (GI)
Surgery, Surgery Unit-I, Dr. Ruth K. M. Pfau, Civil Hos-
pital in Karachi, and initial bench work was conducted at
the Dow Diagnostic Research and Reference Laboratory.
All participants provided informed consent, and the study
was approved by the University’s Ethical Review Board
(DUHS/Approval/2022/818; dated 12" April 2022)

2.2. Endoscopy, biopsy, and data collection

Clinicopathological characteristics of all enrolled pa-
tients (n=10) were recorded. Endoscopic tissue samples
were obtained using OLYMPUS 160-190 series endos-
copes, ensuring precise targeting and minimal tissue da-
mage. Biopsies were conducted under standard clinical
protocols, with samples formalin-fixed for histopathology
and snap-frozen for nucleic acid extraction. Samples were
transported on dry ice and stored at -80°C for long-term
preservation. Standard treatment protocols were followed,
without any deviations, and patients were followed up for
two years from the date of biopsy confirmation to assess
survival outcomes.

2.3. DNA extraction

DNA was extracted from frozen tumor samples using
the QTAGEN DNA extraction kit, following the manufac-
turer’s protocols. The extracted DNA was dissolved in 50-
100 pl of elution buffer, and the DNA concentrations were
measured using a NanoDrop spectrophotometer.

2.4. Whole exome sequencing (WES)

Whole-exome sequencing (WES) and initial data ana-
lysis were outsourced to Macrogen as a commercial ser-
vice. Extracted genomic DNA was used to generate exome
capture libraries using SureSelect V6 kit. Sequencing by
synthesis was performed on the Illumina platform Nova-
Seq 6000. Paired-end sequences that were generated from
the Illumina sequencing platform were mapped to the
human reference genome (hg38) using the mapping pro-
gram Burrows-Wheeler Aligner. PCR duplicates were
removed using MarkDUplicates.jar from the “Picard-
tools” package. The Binary Alignment and Map (BAM)
files were subsequently recalibrated with Base Quality
Score Recalibration (BQSR). SNVs and short indels were
identified using the Haplo-typeCaller tool in the Genome
Analysis Toolkit (GATK). Detected variants were filtered
using GATK’s Variant Filtration tool. Annotated variants
were generated with SnpEff and further filtered by dbSNP
and the 1000 Genomes Project. Additionally, an In-house
Macrogen program was used to annotate the identified va-
riants with additional databases, including Exome Sequen-
cing Project 6500 (ESP6500), Clinical Variant Database
(ClinVar), Database for Functional Predictions of nsSNPs

(dbNSFP), and American College of Medical Genetics
and Genomics (ACFMG). Sequencing data have been
uploaded to the NCBI Sequence Read Archive (SRA) da-
tabase (Accession ID: PRINA1182118)

2.5. Identification criteria for functionally impactful
nsSNVs

The potential functional impact of identified nsSNVs
was evaluated using five in-silico tools incorporated wit-
hin the annotation service provided by Macrogen: Sorting
Intolerant From Tolerant (SIFT), Protein Variation Effect
Analyzer (PROVEAN), Likelihood Ratio Test (LRT),
MutationTaster, and Functional Analysis through Hidden
Markov Models (FATHMM). SIFT predicted whether an
amino acid substitution affects protein function by asses-
sing evolutionary conservation, with a cutoff of < 0.5 in-
dicating a damaging effect [10]. Since highly conserved
regions are often critical for protein function, PROVEAN
evaluated the potential deleterious effect of variants by
comparing sequence alignment scores, with a threshold of
< -2.5 for deleterious predictions [11]. LRT, a statistical
method comparing neutral and deleterious mutation mo-
dels, was used to identify harmful mutations in conserved
functional regions, with a p-value of < 0.5 indicating a da-
maging effect [12]. MutationTaster predicted the disease-
causing potential of mutations using a Bayesian classifier,
with scores > 0.5 (closer to 1) indicating pathogenic va-
riants [13]. FATHMM assessed the functional effects of
missense variants by combining sequence conservation
with domain-specific pathogenicity weights, and variants
with a score < -1.5 were considered deleterious [14].

2.6. Variant nomenclature and prioritization

Genetic variants were prioritized based on their
frequency across the cohort (n=10), including only those
with >2 distinct or recurrent mutations, categorized gene-
wise, grouping multiple mutations within their respective
genes across the cohort. Annotation adhered to HGVS
nomenclature, documenting both nucleotide (HGVS.c)
and protein (HGVS.p) changes. To assess clinical rele-
vance, patients harboring these variants within genes were
highlighted, incorporating survival outcomes in fraction
form by calculating the number of patients harboring mu-
tations in a gene within the cohort (x) to those who did not
survive (y).

2.7. In-silico
2.7.1. Genomic alteration analysis

In-silico genomic alteration analysis was conducted
using cBioPortal (https://www.cbioportal.org/; accessed
February 24, 2025), leveraging publicly available datasets
to contextualize our findings at the genomic/variant levels.
Data from ESCC and EAC were analyzed, sourced from
the International Cancer Genome Consortium (ICGC), Na-
ture 2014 (n=88), and The Cancer Genome Atlas (TCGA),
Firehose Legacy (n=186), respectively, totaling n=274 pa-
tient samples.

The OncoPrint tool was used to visualize genomic al-
terations, displaying data as event per patient (alteration
data available, n=273). Survival analysis was performed
using the Kaplan-Meier (KM) estimator, comparing al-
tered vs. unaltered groups across queried genes. A p-value
< 0.05 was considered statistically significant.
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2.7.2. Expression analysis

Gene expression analysis was conducted using the
Gene Expression Profiling Interactive Analysis (GEPIA)
database (http://gepia.cancer-pku.cn/; accessed February
25, 2025), a publicly available repository containing RNA
expression data from 9,736 tumors and 8,587 normal sam-
ples across all TCGA cancers. The ‘Multiple Gene Com-
parison’ feature was utilized to evaluate expression pat-
terns, with tumor samples from EC compared against their
matched normal counterparts. To further assess differential
expression, log2 fold change (Log2FC) values were cal-
culated, where log2FC > 1 indicated oncogenic potential.

2.7.3. Protein’s stability assessment

Protein stability changes were predicted using MUpro
and [-Mutant v2.0, both sequence-based machine learn-
ing tools. Protein sequences were retrieved from Uni-
Prot (https://www.uniprot.org/; accessed on 26 February
2025). MUpro (http://mupro.proteomics.ics.uci.edu/;
accessed on 26 February 2025) utilizes Support Vector
Machines (SVM) and Neural Networks (NN) to assess
stability alterations without requiring tertiary structure
information. I-Mutant v2.0 (https://folding.biofold.org/i-
mutant/i-mutant2.0.html; accessed on 26 February 2025)
is an SVM-based predictor operating at pH 7 and 25°C.
The Free Energy change value (AAG) function was used to
evaluate the effect of mutations, where AAG < 0 indicates
a decrease in protein stability, and AAG > 0 indicates an
increase.

2.7.4. Protein network and functional enrichment ana-
lysis

Protein-protein interaction (PPI) networks were con-
structed using STRING (http://string-db.org; accessed
on 26 Feb 2025) with a minimum interaction score of 0.4
(medium confidence). Edges were based on multiple evi-
dence sources, including text mining, experimental data,
curated databases, co-expression, neighborhood, gene fu-
sion, and co-occurrence. Functional enrichment analysis
was performed using Metascape (https://metascape.org;
accessed on 26 Feb 2025) in "Custom Analysis" mode.
Gene Ontology (GO) terms for Biological Process (BP),
Cellular Component (CC), and Molecular Function (MF)
were analyzed alongside pathway databases, including
the Kyoto Encyclopedia of Genes and Genomes (KEGQG),
Reactome, Wiki-Pathways, Protein ANalysis THrough
Evolutionary Relationships (PANTHER), and the compre-
hensive resource of mammalian protein complexes (CO-
RUM). A significance threshold of p < 0.01 and a mini-
mum enrichment factor of 1.5 was applied.

2.8 Statistical analysis

Data was analyzed using SPSS version 26. Quantita-
tive data such as age was expressed as mean with standard
deviation. Categorical variables, including gender, his-
topathology, tumor site, grade of differentiation, clinical
TNM staging, tumor length and surgery, were reported as
frequencies and percentages.

3. Results
3.1. Clinicopathological characteristics

All patients (n=10) were presented with clinical symp-
toms of esophageal malignancy at the Department of Up-
per GI, Surgical Unit-1, Dr. Ruth K. M. Pfau Civil Hospi-

tal Karachi. A diagnostic workup was conducted following
standard clinical protocols, and the mean age of the cohort
was 51.7 years. Of the patients, 60% (n=6) were male and
40% (n=4) were female. Histopathological analysis con-
firmed EC, with ESCC being the predominant type (90%,
n=9), with a single case of EAC (10%, n=1). Tumors were
primarily located in the lower thoracic esophagus (60%,
n=6), followed by the mid-thoracic (20%, n=2) and upper
thoracic regions (20%, n=2).

Tumor differentiation showed that 50% (n=5) of the cas-
es were moderately differentiated, 30% (n=3) were well-
differentiated, and 20% (n=2) were poorly differentiated.
Clinical staging revealed 50% (n=5) had cT3, 40% (n=4)
had c¢T4, and 10% (n=1) had cT2. Nodal involvement was
observed in 20% (n=2) of cases, marked by regional nodal
metastasis (N1), while 80% (n=8) had no nodal involve-
ment (NO). In terms of metastatic spread, 90% (n=9) had
no distant metastasis (M0), while only 10% (n=1) showed
evidence of distant metastasis (M1).

Most patients (60%, n=6) were classified as stage II,
10% (n=1) as stage III, and 30% (n=3) as stage IV. Tu-
mor sizes were also categorized as follows: <5 cm in 30%
(n=3), 5-10 cm in 60% (n=6), and >10 cm in 10% (n=1)
of the cases. Additionally, surgery was performed in 20%
(n=2) of patients (lap McKeon Esophagectomy), while
80% (n=8) did not undergo curative surgery, primarily due
to tumor unresectability and/or complications noted dur-
ing follow-up assessments.

3.2. Classification of potentially pathogenic and novel
missense variants

WES was performed on all samples (n=10) with high
sequencing quality, achieving Q20 and Q30 scores of
>97% and >92%, at 100x coverage, ensuring robust va-
riant detection. Each sample was assigned a unique patient
ID prior to analysis.

A total 0f 912,214 SNVs were identified across the co-
hort (Table 1). The number of SNVs identified per patient
was relatively consistent, with an average of 91,221 SNVs
(range: 82,637-102,165), indicating no extreme variation
among samples. This suggests a uniform sequencing depth
and variant detection across patients.

To determine the potential impact of these variants,
we focused on missense variants, which can alter protein
structure and function, thereby contributing to disease
progression. We applied multiple in-silico prediction algo-
rithms, including SIFT, LRT, MutationTaster, FATHMM,
and PROVEAN, to evaluate the potential pathogenicity of
variants. Using established pathogenicity thresholds (SIFT
<0.5, PROVEAN <-2.5, LRT <0.5, MutationTaster >0.5,
FATHMM <-1.5), 703 missense variants were classified
as potentially deleterious/damaging, hence contributing
towards pathogenicity.

To assess novelty, these variants were cross-referenced
with the Single Nucleotide Polymorphism database
(dbSNP). This filtering shortlisted 331 novel missense
variants that have not been previously reported, sugges-
ting them as potential candidate variants/targets for further
investigation in EC.

3.3. Gene-wise categorization of novel potentially pa-

thogenic variants and their prognostic implications
All 331 novel potentially pathogenic variants were

classified according to their respective genes to facilitate a
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Table 1. Summary of identified variants, potentially pathogenic missense variants, and novel variants among them across the cohort

Pt. IDs Total identified Potential Pathogenic Missense Variants Novel Potentially Pathogenic
Variants (SIFT, LRT, Mutation Taster, FATHMM, PROVEAN) Missense Variants
EClI 96453 60 16
EC2 94506 79 36
EC3 102165 93 51
EC4 85503 51 17
EC5 89010 52 37
EC6 84087 82 44
EC7 82637 51 21
EC8 91623 64 27
EC9 88846 74 33
ECI0 97384 97 49
Total 912214 703 331

more meaningful interpretation of the data. Variants detec-
ted across the cohort were grouped gene-wise to provide a
comprehensive overview of the genes harboring these no-
vel alterations (Supplementary File 1). Only those genes
containing >2 distinct or recurrent variants across the co-
hort (n=10) were prioritized to refine the analysis. This ca-
tegorization (Table 2) incorporated both nucleotide-level
and protein-level alterations, resulting in the identification
of 40 genes harboring >2 variants each.

To further explore the relevance of these variants at the
gene level, two-year survival status (alive/deceased) was
mapped for all patients bearing variants within each gene.
While some patients had a single variant per gene, others
had multiple variants. In our cohort, 7 out of 10 patients
(70%) did not survive in a 2-year follow-up from the bio-
psy date. The survival fraction for each gene in Table 2
was determined by calculating the number of patients har-
boring mutations in that gene within the cohort (x), to the
who did not survive (y). Only genes in which all affected
patients (x/y = 100% death) did not survive were conside-
red to be potentially interfering with prognosis. Through
this approach, 23 key genes were identified (PSMCI,
HOMER2, HOXAI13, SCN8A, LRP2, HNRNPA3, PSMCS5,
MTMR2, RPL23, ITPRI, COL5A2, TBLIXRI, ITGBI,
ZFANDI, PBX2, TCP1, HNRNPD, CALM?2, PCBD2,
CACNAIE, ABCC2, AFG3L2, and HNRNPAI) as impor-
tant prognostic indicators, highlighting their significance
in EC.

3.4. In-silico prognostic impact of key genetic altera-
tions via cBioPortal

Building upon our cohort-based findings and to further
investigate the genomic landscape of EC in detail, we ana-
lyzed publicly available datasets to assess alterations in
our 23 key genes across an EC patient cohort (n=273). Ge-
nomic alterations included amplifications, deep deletions,
splice site mutations, truncating mutations, and missense
mutations, all classified as variants of unknown signifi-
cance.

Our analysis revealed that all 23 genes exhibited alte-
rations within the EC cohort, with some genes demonstra-
ting a higher frequency of alterations. TBLIXR1 was the
most frequently altered gene, observed in 17% of patients
(n=273), followed by CACNAIE in 9%, and ITPRI and
HOXAI3 in 5% of cases. SCN8A, RPL23, ZFANDI, and
PBX2 were each altered in 4% of patients, while the remai-

ning genes were altered in <3% of cases (Figure 1A).

To assess the prognostic relevance of these alterations,
we performed a KM survival analysis for the 23 key genes
as a collective cluster within the cohort (n=273). Among
these cases, 129 patients had no detected alterations, whe-
reas 144 patients harbored at least one alteration in the se-
lected key genes. Of the altered group, 65 patients met the
event (expired). Survival analysis comparing the altered
and unaltered groups demonstrated that patients without
alterations in these 23 genes had significantly better ove-
rall survival than those with alterations. The difference in
survival was statistically significant (log-rank p = 0.01),
indicating that alterations in these genes are associated
with a worse prognosis in EC (Figure 1B).

3.5. Differential expression of key genes in EC

To further assess the expression patterns of the 23 key
genes, we analyzed publicly available transcriptomic data
using log2 (TPM + 1) transformation to compare expres-
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Fig. 1. Genomic alterations and prognostic impact of 23 key genes
in EC via cBioPortal. (A) Oncoprint showing the frequency and
types of genetic alterations in the 23 key genes. (B) Kaplan-Meier sur-
vival analysis comparing overall survival between the altered group
(red) and unaltered group (blue), showing a trend of worse survival in

patients with gene alterations in the identified key genes
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Table 2. Genes harboring > 2 distinct or recurrent novel potentially pathogenic missense variants across the cohort, ranked by variant frequency,

with gene-wise survival data.

Survival: No. of pt. bearing

Gene c¢DNA Change (HGVS.c) Amino Acid Substitution (HGVS.p) alteration in gene (x) / died (¥)

c.668C>T: 1, ¢.665T>C: 1, p.Ser223Phe: 1, p.Leu222Pro: 1,
RPS4X c.476C>T: 1, c452A>G: 1, p.Thr159e: 1, p.Aspl51Gly: 1, 31

c433C>T: 1, c¢454C>T: 1, p.Argld5Cys: 1, p.Prol52Ser: 1,

c.442C>T: 1 p-Argl48Cys: 1

c.1141G>C: 1, ¢.980T>C: 1 Asp381His: 1 Val327Ala: 1
PSMCT c.791C>T: 1, c.8’03G>T: 1 ’ g.Pr§264Leu: 1, p’.ArI;268Leu: 1 © 3/3; 100% DEATH

c.221T>C: 1 218A>C: 1 .Phe74Ser: 1 Lys73Thr: 1
HOMER2 c.188C>§: 1, c?l76cG>A: 1 ‘ , g.Pr0673(§Tn: 1, p.’Ser5p9A};i17: 1 * VL 100% DEATH
PPAT c.1049A>C: 2, ¢.1247G>C: 1, p.Asn350Thr: 2, p.Arg4l6Pro: 1, 3.

c.1238T>A: 1, ¢.1051C>T: 1 p-Val413Glu: 1, p.Arg351Trp: 1

c.317G>A: 1, ¢.523G>A: 1, ArglO6His: 1, p.Glyl75Arg: 1,
TPM3 c.722A>G: 1 g.G11g1241G1y: 1 P ¢ 3/2.

c.1358T>G: 1, ¢.1355T>G: 1, p.Val453Gly: 1, p.Met452Arg: 1,
RANBPY c.1352A>G: 1 E.G1u451G1};: 1 ’ : 10.

c.2846T>C: 1, c.3128T>A: 1, p.Val949Ala: 1, p.Leul043GIn: 1,
NALCN c.3125A>T: 1 g.Ly5104211e: 1 ’ 21

c.1493G>A: 1, ¢.194T>C: 1, p.Argd98GIn: 1, .Leu65Pro: 1,
PTPNII c.197A>T: 1 E.Tyrg66Phe: 1 P 21

c.1280C>T: 1, c.1282T>A: 1, p.Thr427lle: 1, p.Tyrd28Asn: 1,
ARIH2 c.1291G>A: 1 E.Ala431Thr: 1 o 10.
BMPRIB c.1222A>C: 1, c.1571T>A: 1 p-Met408Leu: 1, p.Met524Lys: 1 1/0.
HOXA13 c.1130A>G: 1, c.1129G>A: 1 p.Glu377Gly: 1, p.Glu377Lys: 1 1/1; 100% DEATH
PRKAA2 c.1213G>C: 1, c.1214G>T: 1 p.Gly405Arg: 1, p.Gly405Val: 1 1/0.
SCNS8A c.4496A>G: 1, c.4502A>G: 1 p-Lys1499Arg: 1, p.GIn1501Arg: 1 1/1; 100% DEATH
HDACI c.785G>A: 1, c.1016C>A: 1 p-Gly262Asp: 1, p.Pro339Gin: 1 2/1.
LRP2 c.4058G>T: 1, ¢.1575T>G: 1 p.Cys1353Phe: 1, p.Phe525Leu: 1 2/2; 100% DEATH
HNRNPA3 c.502G>A: 1, ¢.523G>A: 1 p.Gly168Arg: 1, p.Aspl75Asn: 1 1/1; 100% DEATH
FECH c.856G>T: 1, ¢.847C>T: 1 p-Val286Leu: 1, p.Pro283Ser: 1 1/0.
PSMC5 c.215A>G: 1, ¢c.220G>A: 1 p.Tyr72Cys: 1, p.Gly74Arg: 1 1/1; 100% DEATH
MTMR?2 c.554C>T: 1, ¢.548C>G: 1 p.Prol85Leu: 1, p.Alal83Gly: 1 1/1; 100% DEATH
ABCBI c.1735G>A: 1, c.1730G>C: 1 p-Gly579Ser: 1, p.Arg577Thr: 1 1/0.
RPL23 c.23G>A: 1,c.16C>T: 1 p-Gly8Glu: 1, p.Arg6Cys: 1 1/1; 100% DEATH
ITPRI c.7232T>A: 1,¢.7241T>G: 1 p.-Phe2411Tyr: 1, p.Val2414Gly: 1 1/1; 100% DEATH
COL5A42 c.1133G>T: 1, ¢.3001C>G: 1 p-Gly378Val: 1, p.Argl001Gly: 1 2/2; 100% DEATH
TBLIXRI c.1451G>A: 1, c.1439A>G: 1 p-Gly484Asp: 1, p.Tyr480Cys: 1 1/1; 100% DEATH
ITGBI c.128C>A: 1,¢c.127C>A: 1 p.Pro43Glin: 1, p.Pro43Thr: 1 1/1; 100% DEATH
ZFANDI c.235T>C: 1, ¢c.205T>C: 1 p-Cys79Arg: 1, p.Cys69Arg: 1 1/1; 100% DEATH
PBX2 c.896G>A: 1, ¢.880T>C: 1 p-Arg299Lys: 1, p. Trp294Arg: 1 1/1; 100% DEATH
TCPI c.1489G>C: 1, ¢c.1034T>C: 1 p.Asp497His: 1, p.Leu345Ser: 1 2/2; 100% DEATH
HNRNPD c.686C>T: 1, c.675C>G: 1 p-Thr2291le: 1, p.Phe225Leu: 1 1/1; 100% DEATH
CALM?2 c.470T>C: 1, c.464G>A: 1 p.Vall57Ala: 1, p.Argl55His: 1 1/1; 100% DEATH
PEX5 c.428T>G: 1, c.429T>A: 1 p-Phel43Cys: 1, p.Phel43Leu: | 1/0.
PCBD?2 c.322G>A: 1, ¢.338C>T: 1 p-Aspl08Asn: 1, p. Thrl13Ile: 1 1/1; 100% DEATH
CACNAIE c.4182C>G: 1, ¢.3626G>A: 1 p-Ser1394Arg: 1, p.Gly1209Asp: 1 2/2; 100% DEATH
FOXxo1 ¢.1956G>C: 1, ¢.1943C>G: 1 p-Trp652Cys: 1, p. Thr648Arg: 1 1/0.
GPD2 c.443T>C: 1, c451G>T: 1 p-Leul48Pro: 1, p.Alal51Ser: 1 1/0.
KARS c.1391C>T: 1, ¢.1803G>A: 1 p.Pro464Leu: 1, p.Met6011le: 1 2/1.
ABCC2 c.4186G>T: 1, c.4187A>C: 1 p-Aspl1396Tyr: 1, p.Aspl396Ala: 1 1/1; 100% DEATH
AFG3L2 c.1364G>A: 2 p-Arg455GIn: 2 2/2; 100% DEATH
CHCHD? c.350A>G: 2 p-Glul17Gly: 2 2/0.
HNRNPAI c.547A>C: 2 p.Lys183Gln: 2 2/2; 100% DEATH
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Expression Levels in Normal vs. Tumor Tissues (EC)
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Fig. 2. Differential expression analysis of 23 key genes in EC. (A)
mRNA expression levels of key genes in normal (N) and tumor (T)
tissues, based on transcriptomic data [log2(TPM +1) transformation].
(B) Log2 fold change (log2FC) values comparing tumor and normal
tissues, sorting differentially expressed genes (DEGs) with log2FC >
1, indicating potential oncogenic involvement in EC.

sion levels between tumor and matched normal tissues in
EC. Differential expression was observed across multiple
genes (Figure 2A). To further refine this outcome, we cal-
culated log2FC values, applying a cutoff of log2FC > 1 to
identify genes with significant upregulation, indicative of
potential oncogenic relevance. This approach highlighted
11 key differentially expressed genes (DEGs) with notable
differential expression, among which COL5A2 exhibited
the highest upregulation (log2FC = 1.78), followed by
HNRNPA3 (log2FC = 1.52), ABCC2 (log2FC = 1.48),
SCN8A (1og2FC = 1.44), TBL1XRI (log2FC = 1.33), and
HNRNPD (log2FC = 1.31). The remaining genes demons-
trated log2FC > 1 but < 1.3, reinforcing their fair potential
for oncogenic involvement in EC (Figure 2B).

3.6. Variant-induced protein destabilization and pa-
thway involvement

We assessed the impact of each identified variant on
protein stability among the refined 11 key DEGs within EC
tissues, focusing on changes in Gibbs free energy (AAG),
which influence protein folding and stability. Our analysis
showed that several variants consistently led to destabili-
zation across all predictive models and hence were potent.
Specifically, variants in PSMCI (V327A, P264L), SC-

N8A (Q1501R), HNRPA3 (D175N), RPL23 (R6C), TCPI
(L345S, D497H), HNRNPD (T2291, F225L), CALM?2
(V157A, R155H), ABCC2 (D1396Y, D1396A), and HNR-
NPAI (K183Q) exhibited negative AAG values across all
applied algorithms, indicating compromised structural
stability (Table 3). While other variants exhibited varying
degrees of stability loss across different models, most re-
mained consistently on the destabilized negative end, sug-
gesting a potential impact on protein function.

To understand how these structurally compromised
proteins influence cellular dynamics, we mapped their
interactions through a PPI network using STRING. This
revealed significant connections among the 11 key DEGs,
forming a network of 11 nodes and 7 edges, with an ave-
rage node degree of 1.27, an average local clustering coef-
ficient of 0.242, and a PPI enrichment p-value of 0.04
(Figure 3A). These findings highlight a non-random asso-
ciation between these proteins, emphasizing their potential
functional interplay in EC.

Further enrichment analysis via Metascape for these
DEGs provided deeper insights into their critical role,
highlighting enrichment in key pathways such as posi-
tive regulation of telomere maintenance via telomerase
(GO:0032212), axon guidance (R-HSA-422475), metabo-
lism of RNA (R-HSA-8953854), organelle biogenesis and
maintenance (R-HSA-1852241), cellular responses to sti-
muli (R-HSA-8953897), and transport of small molecules
(R-HSA-382551) (Figure 3B).

4. Discussion

This study identified 331 novel missense variants with
potential pathogenicity (deleterious/damaging) across
274 genes in our cohort (S1). Among these, 23 variants
across 11 DEGs exhibited prognostic relevance, with their
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B
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Fig. 3. Protein-protein interaction (PPI) network and functio-
nal enrichment analysis of 11 key differentially expressed genes
(DEGsS) in EC. (A) PPI network of the 11 key DEGs, constructed
using STRING. Nodes represent proteins, while edges indicate pre-
dicted interactions, forming a network of 11 nodes and 7 edges. (B)
Functional enrichment analysis of the 11 DEGs using Metascape. The
bar plot illustrates significantly enriched pathways, with statistical
significance represented as -logl0(P) values on the y-axis. Higher
log10(P) values indicate lower p-values, reflecting stronger pathway

enrichment.
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Table 3. Predicted impact of free energy changes on protein stability for key missense variants in 11 EC-related DEGs identified in our cohort.

Gene AminoAcid MUproAAG  MUpro SVM*  MUpro NNP I'lfztcant
Change (kecal/mol) AAG (kcal/mol)  AAG (kcal/mol) (keal/mol)
D381H -1.38 (DS) -0.93 (DS) -0.85 (DS) 0.32 (IS)
; PSMCI V327A -1.59 (DS) -0.82 (DS) -0.99 (DS) -2.47 (DS)
(UniProt ID: P62191) P264L -0.45 (DS) -0.70 (DS) -0.80 (DS) -1.26 (DS)
R268L 0.29 (IS) 0.08 (IS) 0.75 (IS) -0.72 (DS)
5 SCN8A K1499R -0.26 (DS) 0.04 (IS) -0.69 (DS) 0.08 (IS)
(UniProt ID: Q9UQDO-1) QI1501R -0.50 (DS) -0.13 (DS) -0.53 (DS) -0.06 (DS)
3 HNRNPA3 G168R -0.83 (DS) 0.18 (IS) 0.64 (IS) -1.88 (DS)
(UniProt ID: P51991) D175N -1.31 (DS) -1 (DS) -0.99 (DS) -1.53 (DS)
4 RPL23 GSE -0.41 (DS) -0.38 (DS) -0.82 (DS) 0.18 (IS)
(UniProt ID: P51991) R6C -1.01 (DS) -0.59 (DS) -0.95 (DS) -0.88 (DS)
5 COL5A2 G378V -1.26 (DS) -0.29 (DS) 0.61 (IS) -0.12 (DS)
(UniProt ID: P05997 ) R1001G -0.53 (DS) 0.37 (IS) -0.79 (DS) -0.17 (DS)
p TBLIXRI G484D -0.44 (DS) 1 (IS) 0.78 (IS) -1.49 (DS)
(UniProt ID: QIBZK7 ) Y480C -0.99 (DS) -0.38 (DS) -0.90 (DS) 0.75 (IS)
; TCPI D497H -1.24 (DS) -0.99 (DS) -0.99 (DS) -1.02 (DS)
(UniProt ID: P17987) L3458 -1.50 (DS) -1(DS) -0.92 (DS) -2.01 (DS)
g HNRNPD T2291 -0.97 (DS) -0.85 (DS) -0.98 (DS) -1.68 (DS)
(UniProt ID: Q14103) F225L -0.73 (DS) -0.38 (DS) -0.89 (DS) -1.98 (DS)
0 CALM? V157A -1.57 (DS) -1 (DS) -0.99 (DS) -1.90 (DS)
(NCBI ID: NP_001292553.1) RI155H -1.40 (DS) -1 (DS) -0.99 (DS) -1.20 (DS)
10 ABCC2 D1396Y -0.99 (DS) -1 (DS) -0.99 (DS) -0.22 (DS)
(UniProt ID:Q92887 ) D1396A -1.13 (DS) -1 (DS) -0.99 (DS) -0.87 (DS)
HNRNPAI
11 (UniProt ID:P09651 ) K183Q -0.25 (DS) -0.54 (DS) -0.69 (DS) -0.64 (DS)

DS: Decreased Stability

variants causing structural instability in the corresponding
proteins (Table 3). Such deleterious variants are critical
in disease progression, as they destabilize the proteins,
disrupt the functional domains, and impair essential cellu-
lar processes, often resulting in loss of function or aberrant
activity linked to malignancies [15-18].

To identify high-risk variants, an integrative approach
was employed using SIFT, LRT, FATHMM, PROVEAN,
and MutationTaster. Only variants consistently predicted
as deleterious across all tools were classified as high-risk
(n=331) (Table 1). Our WES analysis, coupled with anno-
tated data (SRA Accession ID: PRINA1182118), provides
a foundational resource for characterizing deleterious/
damaging variants. This dataset serves as an important
tool for advancing research on variants in EC and guiding
future investigations. However, deriving biologically mea-
ningful insights from such an extensive dataset necessi-
tates systematic refinement. To further contextualize our
findings, in-silico analyses were integrated; those with pu-
blicly available datasets. Given that mRNA activity gene-
rally correlates with protein functions, GEPIA and cBio-
Portal databases were utilized to assess mRNA expression
profiles, mutation patterns, and their specific prognostic
significance in EC.

In line with this, we performed an in-silico survival
analysis using publicly available EC datasets to validate
23 key genes that were initially classified as potentially
prognostic in our cohort (survival relevance; 100% death)

(Table 2). KM survival analysis in cBioPortal demons-
trated that patients (n=273) harboring alterations in these
genes had significantly worse survival outcomes (log-rank
p=0.01), confirming our prognostic standpoint. Similarly,
Liu et al. identified 27 metabolic genes with genomic alte-
rations as independent prognostic factors for EC, inclu-
ding five (GABRA2, ATP1341, ABCC2, KCNHS, LPIN3)
specifically with somatic mutations [19]. Although the
public dataset in our in-silico assessment contains variants
within these genes that are prognostically relevant, they
differ from the novel variants reported in our study (Table
2). Notably, the major confounding variable among pa-
tients in terms of prognosis, which could have been surgi-
cal curative resection, was ruled out, as all patients (n=2)
who underwent surgery were alive at the end of the 2-year
follow-up.

Interestingly, further investigation of expression pat-
terns revealed significant upregulation of several genes in
EC among the pinpointed ones, suggesting their potential
oncogenic relevance. Notably, 11 DEGs (PSMC1, SCNS8A,
HNRNPA3, RPL23, COL5A2, TBLIXRI, TCPI1, HNR-
NPD, CALM2, ABCC2, and HNRNPAI) were identified as
potential contributors to EC progression. Structural ana-
lysis of the mutations in these genes indicated that they
lead to protein destabilization, potentially impairing nor-
mal biological functions. Among these, the most impact-
ful variants were those exhibiting excessively decreased
stability across all applied algorithms; assessing free ener-
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gy changes, including PSMC1 (V327A, P264L), SCNSA
(Q1501R), HNRNPA3 (D175N), RPL23 (R6C), TCPI
(L345S, D497H), HNRNPD (T2291, F225L), CALM?2
(VI57A, R155H), ABCC2 (D1396Y, D1396A), and HN-
RNPAI (K183Q). While our study primarily focused on
somatic alterations and their role in EC progression, many
of the above-identified variants may also have germline
significance, warranting future exploration. Previous stu-
dies have highlighted the importance of inherited muta-
tions in EC susceptibility, such as rare germline mutations
in DNAHY, GKAPI, BAGI, NFXI, FUK, and DDOST,
which have been linked to EC risk [20]. Additionally, Go-
lyan et al. identified 22 rare germline variants in familial
EC cases, with mutations in CDK11A4, ARIDI1A, JMJDG6,
MAML3, CDKN2AIP, and PHLDAI implicated in chro-
matin remodeling and cell-cycle regulation [21].

Most of the 11 key DEGs identified as robust markers
in our study remain underexplored in EC in terms of me-
chanistic understanding, with some having been previous-
ly implicated in other cancers or key biological processes.
For instance, voltage-gated sodium channels (VGSCs),
including SCN8A4, have been recognized as prognostic
biomarkers and potential therapeutic targets in other can-
cers, yet evidence supporting their role in EC is scarce.
VGSCs are of particular interest due to their involvement
in enhancing carcinoma cell invasiveness and metastasis
[22]. The heterogeneous nuclear ribonucleoproteins (hnR-
NPs), including HNRNPA 3, play critical roles in RNA pro-
cessing. HNRNPA3 has been linked to pre-mRNA splicing
and mRNA transcription, and its overexpression has been
associated with poor prognosis in EC [23, 24]. Similarly,
elevated expression of HNRNPD and HNRNPAI, which
encode the hnRNP D and A1 proteins, has been reported in
ESCC [25]. RPL23, an oncogene in gastric cancer, appears
to play a similar role in EC, promoting proliferation and
invasion through the PI3K/Akt pathway [26]. Also, col-
lagen, a major extracellular matrix protein, is crucial for
maintaining tissue structure and facilitating cell growth
[27]. Collagen-encoding genes, such as COL5A2, have
long been considered significant in the prognosis of va-
rious cancers [28]. Though less studied than other collagen
genes, COL5A42 has shown overexpression in EC, poten-
tially contributing to tumor progression [29]. Additionally,
TBLIXRI has been implicated in several gastrointestinal
cancers and may promote lymphangiogenesis and lym-
phatic metastasis in EC via VEGF-C upregulation [30].
Similarly, 7CPI has emerged lately as a potential pro-
gnostic marker for EC [31]. Besides, CALM?2 and PSMC]1,
implicated in various cancers, are known to promote cell
proliferation, migration, and survival [32, 33]. Although
direct evidence linking CALM?2 and PSMC1 to EC remains
limited, our overall results suggest a potential prognostic
role for all 11 key DEGs in EC tumorigenesis.

Moreover, enrichment analysis of the 11 key DEGs fur-
ther emphasizes their potential involvement in critical pro-
cesses. Genes were enriched in (GO:0032212), positive
regulation of telomere maintenance via telomerase, a fun-
damental hallmark of cancer that enables limitless repli-
cation, requiring inhibition. Similarly, the axon guidance
pathway (R-HSA-422475), which tumors may exploit for
invasion and metastasis, was significantly enriched. In pa-
rallel, enrichment was also observed in pathways related
to RNA metabolism (R-HSA-8953854), transport of small
molecules (R-HSA-382551), organelle biogenesis and

maintenance (R-HSA-1852241), and cellular responses
to stimuli (R-HSA-8953897), all of which are essential
for normal cellular function but may be co-opted to drive
tumorigenesis in state of genomic alterations leading to
functional impairment. Dysregulation of mRNA proces-
sing, export, and translation has been observed in cancer,
where altered RNA metabolism disrupts gene expression
and protein synthesis, often mediated by ncRNAs that act
as key regulators. These transcriptomic alterations may
extensively rewire signaling pathways, influencing both
tumor progression and therapeutic response. Likewise,
the dysregulation of organelle biogenesis and mainte-
nance has been linked to disruptions in cellular homeos-
tasis, leading to metabolic and structural modifications
that can enrich tumor adaptability [34]. Furthermore, the
transport of small molecules (R-HSA-382551) enrichment
also highlights its role in cellular homeostasis, concerning
the uptake of materials and ion homeostasis. However, its
aberration is known to drive metabolic adaptation and drug
resistance. Notably, 4BCC2, one of our 11 key DEGs, has
been implicated in chemoresistance, where its overexpres-
sion favors drug efflux, lowering intracellular drug reten-
tion and reducing treatment efficacy [35]. Beyond this, the
involvement of our DEGs in the cellular response to sti-
muli (R-HSA-8953897) related processes has been impli-
cated in promoting mesenchymal stem cell (MSC) diffe-
rentiation into cancer-associated fibroblasts (CAFs), a pro-
cess that develops tumor malignancy through biochemical
and mechanical cues in the tumor microenvironment.

However, our study is limited by the small cohort size
and the lack of in vitro functional validation of the iden-
tified variants, necessitating further experimental and cli-
nical investigations. Future studies should focus on the
functional characterization and therapeutic significance of
the identified variants.

This study identified 331 novel missense variants with
potential pathogenicity across 274 genes in our cohort.
Among these, 23 variants in 11 DEGs exhibited prognos-
tic relevance, structural instability in their corresponding
proteins, and involvement in key biological processes
driving tumorigenesis, highlighting potential vulnerabili-
ties for precision-targeted therapies.
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