RHYTEAN

Research in Heart Yield and Translational Medicine e Vs T s

Original Article

Systems-Level in Silico Bioinformatic Profiling Identifies Key
Hub Genes and Potential Therapeutic Targets in Atrial
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Highlights

Systems-level bioinformatics delineates the molecular architecture of AF without overt comorbidity.
Network analysis reveals a highly interconnected ion-channel-centered interactome.

DMNC topology prioritizes 10 mechanistically relevant hub genes governing atrial electrophysiology.
Sodium and potassium channel modulators emerge as dominant drivers of arrhythmogenic susceptibility.

These findings establish a molecular framework for precision stratification in isolated AF.

Article info:
- ABSTRACT
Received: 10 Nov. 2025 :
Revised: 17 Dec. 2025 . Background: Atrial fibrillation (AF) is the most common sustained cardiac arrhythmia and
Accepted: 28 Dec. 2025 . is associated with substantial morbidity and mortality. AF occurring in individuals without

structural heart disease or conventional risk factors, currently referred to as AF without overt
comorbidity, remains poorly understood. Genetic susceptibility is thought to contribute, but
the underlying molecular mechanisms are incompletely defined. This study aimed to identify
key genes and biological processes associated with AF without overt comorbidity using an
in-silico bioinformatics approach.

Methods: Genes associated with AF without overt comorbidity were retrieved from the
GeneCards database using a knowledge-based, database-driven strategy. Functional
enrichment analysis of Gene Ontology biological processes was performed using
WebGestalt. Protein-protein interaction (PPI) analysis was conducted using STRING and
visualized in Cytoscape. Hub genes were identified exclusively using the Density of
Maximum Neighborhood Component (DMNC) algorithm via the CytoHubba plugin. Three-
dimensional protein structures of selected hub genes were modeled using SWISS-MODEL
and evaluated using PROCHECK for exploratory structural characterization.

Results: Eighty-one genes associated with AF without overt comorbidity were identified.
PPI analysis demonstrated significant interaction enrichment (P<1.0x107°), indicating a
nonrandom and biologically coherent network. Functional enrichment analysis revealed
cardiac muscle cell action potential and cardiac muscle contraction as the most significantly
enriched biological processes. Ten hub genes were identified based on DMNC ranking.
Among these, GPD1L, SCN1B, SCN4B, and KCNE2 showed central network positions and
acceptable stereochemical quality in exploratory structural evaluation.
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Introduction

trial fibrillation (AF) is one of the
most common arrhythmias
worldwide and poses a major
health burden because of its
association with stroke,
cardiovascular complications, and
increased mortality.

Its incidence continues to rise.! AF frequently
coexists with cardiovascular and systemic
conditions such as hypertension, valvular heart
disease, and thyroid dysfunction, all independently
linked to AF risk.2*

In some individuals, AF occurs without
identifiable risk factors or structural heart disease.
This phenotype, hereafter referred to as AF
without overt comorbidity, is predominantly
observed in younger adults (aged<60y).5> Reported
prevalence varies from 1.6% to 30%, depending
on the population studied.® Although previously
considered relatively benign, AF without overt
comorbidity can impair quality of life and progress
to persistent AF, increasing the risk of stroke, heart
failure, and mortality.” Current guidelines provide
limited recommendations for imaging or ancillary
testing to exclude underlying cardiac pathology in
this subgroup.

Advances over the past 2 decades have
improved understanding of AF
electrophysiological and structural mechanisms;
nonetheless, the pathophysiology of AF without
overt comorbidity remains incompletely defined.®
Regional studies highlight associations between
perceived stress and AF, suggesting additional
contextual contributors.9 Emerging evidence also
points to a genetic component, including variants
in ion channels, gap junction proteins, and
accessory subunits.0

This study aimed to identify key genes and
biological processes associated with AF without
overt comorbidity and explore candidate molecular
pathways using in silico bioinformatics.

Methods
Gene Retrieval and Data Collection
Gene selection was conducted using a

knowledge-based, database-driven approach
rather than a primary transcriptomic or sequencing

data set. AF-associated genes were retrieved
exclusively from the GeneCards database
(https://www.genecards.org).'*

The search term “lone atrial fibrillation” was
used to retrieve gene-disease associations, as this
term remains commonly indexed in biomedical
databases. For reporting and interpretation
purposes, and in accordance with current clinical
guidelines, this phenotype is referred to
throughout the manuscript as AF without overt
comorbidity.

Genes were ranked according to the
GeneCards relevance score, and those with a
relevance score of 10 or greater were retained.
The top 100-ranked genes were selected for
downstream analyses. Duplicate entries and non—
protein-coding genes were excluded.

Because no primary gene expression data set
was analyzed, no differential expression analysis
or multiple testing correction was applied. The
resulting gene list was subsequently used for
functional enrichment analysis, protein-protein
interaction (PPl) network construction, and
network-based hub gene prioritization.

Functional Enrichment Analysis

Functional annotation of the identified genes
was performed to explore biological processes
implicated in the pathogenesis of AF without overt
comorbidity. Kyoto Encyclopedia of Genes and
Genomes pathways and Gene Ontology terms
were analyzed using Overrepresentation
Enrichment Analysis via WebGestalt 2019
(http://www.webgestalt.org).12 A false discovery
rate (FDR<0.05) was applied as the statistical

significance  threshold. For clarity and
interpretability, only the top 10 most significant
biological processes (lowest FDR) were
visualized.

PPl Network Construction and Hub
Gene ldentification

PPI among the candidate genes was evaluated
using the STRING database (version 11.0b)
(https://string-db.org).’* A PPl  network was
constructed using a high-confidence interaction
threshold (confidence score>0.7) to minimize
spurious associations.
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The resulting PPI network was imported into
Cytoscape for visualization and network
analysis.’* Hub genes were identified using the
CytoHubba plugin, exclusively based on the
Density of Maximum Neighborhood Component
algorithm. The DMNC algorithm was selected
because it prioritizes nodes with high local
connectivity within densely interacting network
modules, rather than relying solely on the number
of connections. Degree centrality was not used for
hub gene selection in this study.
The top 10 genes ranked by DMNC score were
designated as hub genes for subsequent
analyses. Because hub gene identification was
based solely on network topology and a single
topological algorithm, these genes were
considered candidate hub genes. Accordingly, the
findings should be interpreted as hypothesis
generating, and no direct inference regarding
therapeutic relevance can be made without further
functional or clinical validation.

Protein Structure Modeling

Three-dimensional structures of the proteins
encoded by the top 10 hub genes were modeled
using the SWISS-MODEL server
(https://swissmodel.expasy.orq). Protein
sequences in FASTA format were obtained from
the NCBI RefSeq Protein Database. Template
selection was based on the highest available
Global Model Quality Estimate and QMEAN
scores derived from the Protein Data Bank.5

Structural Validation

Assessment

and Quality

A

BN FDR = 0.05 FDR>0.05

cardiac muscle cell action potential
cardiac muscle confraction

striated muscle contraction
regulation of heart contraction
heart contraction

heart process

regulation of blood circulation
blood circulation

regulation of system process

circulatory system process

Protein structural models were evaluated using
PROCHECK through the SAVES v6.0 platform
(UCLA-DOE Institute for Genomics and
Proteomics) to assess stereochemical quality,
including backbone dihedral angle distributions
visualized by Ramachandran plots.'® Validation
was conducted solely for exploratory assessment,
without implications for druggability or ligand-
binding potential.

Results

Identification of Genes Associated
with AF Without Overt Comorbidity

The GeneCards search identified 81 genes
associated with AF without overt comorbidity.
These genes were used for functional enrichment
and network analyses.

Functional Enrichment Analysis

Functional enrichment analysis was performed
using WebGestalt to identify biological processes
associated with AF without overt comorbidity.
Based on overrepresentation analysis results with
an FDR of less than 0.05, the top 10 significantly
enriched biological processes were identified
(Figure 1A).

The 2 most prominent biological processes
were cardiac muscle cell action potential (25
genes) and cardiac muscle contraction (31 genes)
(Figure 1B). An enrichment volcano plot is
provided to illustrate the overall distribution of
enrichment  significance  across  biological
processes (Figure 1C).
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Figure 1. Functional enrichment analysis of genes associated with atrial fibrillation (AF) without overt comorbidity using WebGestalt.
A, Bar plot showing the top 10 significantly enriched Gene Ontology (GO) biological processes identified by overrepresentation
analysis (FDR<0.05). B, Gene set overlap visualization illustrating the intersection between the input gene list and genes annotated
to the most significant biological process. C, Volcano plot displaying enrichment significance (-log10 FDR) vs log2 enrichment ratio
for enriched biological processes; selected GO terms are annotated to highlight the most significant results.

Construction of the PPl Network

All 81 high-relevance genes were incorporated
into a PPI network using the STRING database.
The resulting network demonstrated a PPI
enrichment P value less than 1.0 x 1071,
indicating that the observed interactions were
significantly more frequent than expected by
chance and formed a biologically meaningful
interaction network related to AF without overt

comorbidity (Figure 2).

Functional categories were visualized using
color-coded nodes:

* Red: cardiac muscle cell action potential
* Pink: heart contraction

* Blue: cardiac muscle contraction

* Yellow: regulation of heart contraction

» Green: striated muscle contraction
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Figure 2. STRING-based protein—protein interaction (PPI) network of atrial fibrillation (AF)-associated genes. The network includes
81 genes and demonstrates significant interaction enrichment (P<1.0 x 10*-16), indicating a biologically nonrandom network. Nodes
are color-coded based on enriched biological processes: red, cardiac muscle cell action potential; pink, heart contraction; blue,
cardiac muscle contraction; yellow, regulation of heart contraction. Unclassified genes are shown in white.

Identification of Hub Genes Using

CytoHubba-DMNC "Ranklng Method

DMNC

CytoHubba DMNC analysis identified 10
candidate hub genes: SCN4B, GPD1L, SCN3B, Rank Node
KCNE2, KCNE5, KCNE3, SCNi1B, SCN2B, SCN4B
SNTA1, and KCNJ5 (Figure 3). These genes GPD1L
encode ion channel subunits or regulatory proteins SCN3B
involved in cardiac conduction. KCNE2

KCNES
KCNE3
SCN1B
8 SCN2B
9 SNTA1
10 KCNJ5

Figure 3. Hub gene identification using the CytoHubba DMNC
algorithm. Hub genes were ranked exclusively according to
DMNC scores derived from the STRING-based PPI network.
Node color intensity reflects relative DMNC ranking, with darker
colors indicating higher local connectivity. The top 10-ranked
genes were selected as candidate hub genes for subsequent
analyses.
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Protein Structure Modeling and Quality
Validation

Three-dimensional  structural models of
proteins encoded by the 10 hub genes were
generated using SWISS-MODEL based on protein
sequences obtained from the NCBI database
(Figure 4). Structural quality was evaluated using
PROCHECK by assessing residue distribution
within favored and allowed regions of the
Ramachandran plot. (See the figure below.)

Ramachandran plot analysis showed that most
residues in the predicted protein models were
located within favored and allowed regions,
indicating acceptable stereochemical quality of the
modeled structures.

Several protein models, including SCNA4B,
GPD1L, KCNE2, and SCN1B, exhibited a higher
proportion of residues in favored regions (>90%),
whereas others showed moderate stereochemical
quality based on PROCHECK assessment (Table 1).

Table 1. PROCHECK analysis of modeled protein structures
showing the percentage of residues located in the most favored
regions of the Ramachandran plot

Gene Most Favoured Region (%)
SCN4B 94.9
GPD1L 93.6
SCN3B 87.7
KCNE2 92.3
KCNES5 74.4
KCNE3 85.4
SCN1B 93.7
SCN2B 85.8
SNTA1 87.7
KCNJ5 88.1

Note: Percentages indicate the proportion of residues located
in the most favored regions of the Ramachandran plot based
on PROCHECK analysis and reflect stereochemical plausibility
of the predicted models.

S 7744

Figure 4. Three-dimensional structural models of selected hub proteins were generated using SWISS-MODEL. A, GPDI1L. B,
SCN1B. C, SCN4B. D, KCNE2. Models were constructed based on the highest-quality available templates from the Protein Data

Bank and are presented for exploratory structural characterization.




Bioinformatic Targets in Lone AF

RHYTEA-

Research in Heart Yield and Translational Medicine

Discussion

Genetic Architecture of AF Without
Overt Comorbidity

AF occurring in the absence of overt clinical risk
factors, historically referred to as AF without overt
comorbidity, has increasingly been recognized as
a genetically enriched subtype of AF. Compared
with common AF in the general population, AF
without overt comorbidity demonstrates a stronger
heritable component, as numerous studies have
highlighted genetic variants associated with ion
channel  dysfunction, abnormal electrical
conduction, and dysregulated gene expression.?
These findings collectively underscore the
complex  molecular  mechanisms  driving
susceptibility to this phenotype.

Genetic and Epigenetic Contributions

Epigenetic  processes exert substantial
influence over AF predisposition.
Deoxyribonucleic acid methylation, transcriptional
and translational regulation by noncoding RNAs,
and chromatin remodeling through histone
modification can substantially alter the expression
of genes critical for atrial electrophysiology and
structural homeostasis.’® Such regulatory shifts
establish a proarrhythmic molecular environment,
even in the absence of overt structural heart
disease.

Mechanisms
Without Overt

Electrophysiological
Underlying AF
Comorbidity

The development of AF involves two principal
electrophysiologic pathways: atrial reentry and
ectopic atrial firing. Although AF without overt
comorbidity typically lacks gross structural
abnormalities, subtle yet clinically relevant
electrophysiologic substrates frequently exist.18
These include the following:

e lon channel variations that shorten the atrial
effective refractory period

¢ Microscopic atrial fibrosis

¢ Impaired gap junction connectivity

Together, these abnormalities generate
conduction heterogeneity, predisposing atrial
tissue to multiple reentry circuits despite otherwise
normal anatomic findings.®

Disrupted Calcium Handling

Abnormal intracellular calcium dynamics
represent another central mechanism contributing
to AF without overt comorbidity. Reduced L-type
Caz* channel current, combined with increased
spontaneous sarcoplasmic reticulum Ca2* release,
enhances Na* influx via the Na*-Ca?* exchanger.
This process promotes calcium waves and
delayed afterdepolarizations, which serve as
potent triggers of atrial arrhythmogenesis.
Concurrent gap junction remodeling further
impairs intercellular conduction, amplifying tissue-
level electrical instability.?°

Sarcomeric and Structural Remodeling

Genetic variants associated with AF without
overt comorbidity are also known to affect
sarcomeric and cytoskeletal integrity. Mutations in
titin, desmin, LMNA, and EMD disrupt contractile
mechanics, nuclear lamina structure, and
conduction velocity. These structural perturbations
promote atrial myopathy and facilitate both the
initiation and perpetuation of AF, reinforcing the
pivotal role of molecular remodeling in this
phenotype.?!

In Silico Genomic Findings

Gene lIdentification and Functional
Enrichment

Using the GeneCards database, the present
study identified 81 genes associated with AF
without overt comorbidity. Functional enrichment

analysis revealed two dominant biological
processes:

1. Cardiac muscle cell action potential (25
genes), reflecting electrophysiological

abnormalities such as shortened action potential
duration, impaired rate adaptation, reduced L-type
Ca?* channel expression, altered K* currents, and
dysfunctional calcium handling.

2. Cardiac muscle contraction (31 genes),
highlighting structural and mechanical contributors
including defects in sarcomeric proteins (eg, titin
and desmin), cytoskeletal abnormalities (LMNA
and EMD), and impaired intercellular
communication via connexin dysfunction (eg,
GJAS).
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These processes align closely with previously
described mechanisms underlying AF without
overt comorbidity, supporting the biological
relevance of the identified gene set.?!

PPI Network and
Determination

Hub Gene

STRING network analysis demonstrated a
highly significant protein—protein interaction
enrichment (P<1.0x10716), indicating extensive
functional interconnectivity among the 81 genes.
The network highlighted multiple central nodes

involved in pathways regulating cardiac
electrophysiology and contraction, including
SCN3B, SCN2B, KCNE2, KCNE1, SNTAL,

GPD1L, SCN1B, GJC1, CAV3, KCNE5, and
SCN5A.

Using CytoHubba with the DMNC algorithm, 10
candidate hub genes were identified: SCN4B,
GPD1L, SCN3B, KCNE2, KCNE5, KCNES3,
SCN1B, SCN2B, SNTAL, and KCNJ5.

Mechanistic Insights into Hub Genes

Each hub gene contributes to arrhythmogenic
pathways via distinct mechanisms.?2-28
e SCNA4B: alters sodium channel gating, creating
a proarrhythmic substrate.
e GPDI1L: modulates Navl1.5 activity;
dysfunction reduces sodium current and impairs
depolarization.
e SCNB3B, SCN1B, SCN2B: encode auxiliary
sodium channel subunits; mutations reduce
channel density, disrupt gating, or impair activation
kinetics.
o KCNE2, KCNE5, KCNE3: regulate potassium
channels; gain- or loss-of-function variants modify
repolarization and shorten action potential
duration, facilitating reentry.
e SNTAL: stabilizes ion channel complexes;
disruption reduces atrial excitability.

o KCNJ5: alters GIRK4-mediated parasym-

pathetic potassium current, enhancing

arrhythmogenesis.

Protein Structure Validation
PROCHECK-based  structural  evaluation

demonstrated that several predicted protein

models, including GPD1L, SCN1B, SCN4B, and
KCNE2, exhibited a high proportion (>90%) of
residues located within favored regions of the
Ramachandran plot. This finding reflects

acceptable geometric plausibility and
stereochemical consistency of the modeled
structures.

Nevertheless, PROCHECK analysis provides
information on geometric quality only and does not
inform on functional activity, ligand-binding affinity,
or pharmacologic druggability. Accordingly, the
structural findings should be interpreted as
preliminary and descriptive, serving as a
foundation for future docking analyses or
experimental structural studies rather than as
evidence of therapeutic relevance.

Limitations

This study has several limitations. First, the
analyses were conducted entirely using in silico
and database-driven  approaches, without
incorporation of primary transcriptomic, proteomic,
or sequencing data sets. Consequently, the
findings should be interpreted as exploratory and
hypothesis generating, rather than confirmatory.

Second, gene selection relied on curated
database evidence and network-based analyses
rather than direct measurement of gene
expression or causal inference. As a result, the
identified genes and pathways reflect reported
associations and topological importance within
interaction networks, which may not directly
correspond to biologic activity in atrial tissue.
Third, hub genes were identified based on
topological ranking algorithms without functional

perturbation experiments, longitudinal clinical
correlation, or external cohort validation.
Therefore, conclusions regarding biologic

significance or therapeutic relevance remain
preliminary.

Fourth, structural analyses were limited to
stereochemical quality assessment using
PROCHECK and Ramachandran plot evaluation.
These analyses do not provide information on
ligand-binding affinity, druggability, or
pharmacologic interactions, and should not be
interpreted as evidence of therapeutic targeting
potential.

Finally, the absence of experimental validation
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(eg, in vitro or in vivo studies) and clinical
validation in patient cohorts limits the translational
applicability of the findings. Future studies
integrating multi-omics data sets, functional
experiments, and clinical data will be necessary to
confirm and extend the results of this work.

Conclusion

AF without overt comorbidity occurs in
individuals without identifiable structural heart
disease. Genetic factors may, however, still
contribute to disease susceptibility. The findings of
the current study suggest that several genes,
including GPD1L, SCN1B, SCN4B, and KCNEZ2,
may be associated with molecular pathways
relevant to atrial electrophysiology in AF without
overt comorbidity. These genes should be
considered candidate molecular contributors and
may provide a basis for future functional studies
aimed at improving the understanding and
stratification of AF without overt comorbidity.
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