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Abstract
Background

Dystonia is a clinically heterogeneous movement disorder characterized by sustained or intermittent
muscle contractions arising from dysfunction of distributed motor networks. Although multiple
causative genes have been implicated, the extent to which these genetic alterations converge on
common molecular pathways remains poorly understood.

Methods

A total of 28 patients with focal isolated dystonia were recruited, of whom 23 samples passed quality
control and were included in the final analysis. Genomic DNA was extracted from peripheral blood
samples, and whole-exome sequencing (WES) libraries were prepared using the Agilent Sure Select
Human All Exon V8 Kit and sequenced on the lllumina NovaSeq 6000 platform using 150-bp paired-end
sequencing. Germline variants were identified, filtered, annotated, and prioritized based on sequencing
quality, population allele frequency, pathogenicity, and clinical relevance. Functional enrichment analysis
was performed using DAVID, protein—protein interaction networks were constructed using STRING, and
downstream data integration and visualization were performed using R software.

Results

Pathogenic and likely pathogenic variants were identified in several dystonia-associated genes, including
TOR1A, THAP1, SGCE, SPR, SDHA, SCN2A, and ANK2. The detected variants exhibited heterogeneous
distribution and mutation types, with a predominance of loss-of-function alterations. Gene Ontology
enrichment analysis revealed significant involvement in mitochondrial metabolism, coenzyme A
biosynthesis, ion channel activity, transcriptional regulation, and neurotransmitter-related processes (P <
0.05). Protein—protein interaction network analysis demonstrated significant enrichment (P < 0.01),
identifying key hub genes and strong functional connectivity among pathways regulating neuronal
excitability and metabolic homeostasis. Gene—phenotype correlation further indicated overlapping yet
distinct clinical associations, reflecting substantial molecular heterogeneity.

Conclusion

Genetically diverse variants associated with dystonia converge on interconnected biological pathways
governing mitochondrial function, neurotransmitter synthesis, ion channel activity, and transcriptional
regulation. These findings highlight a network-level disease mechanism and support the development of
pathway-oriented therapeutic strategies targeting shared molecular processes rather than individual
gene defects
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Introduction

Dystonia is a clinically and genetically heterogeneous group of movement disorders characterized by
sustained or intermittent muscle contractions that lead to abnormal, often repetitive movements and
postures(1). These motor manifestations frequently result from dysfunction within distributed neural
circuits, particularly involving the basal ganglia, cerebellum, and cortical motor networks(2). Clinically,
dystonia can be classified based on etiology into inherited, acquired, or idiopathic forms, and based on
anatomical distribution into focal, segmental, multifocal, or generalized types(3). This phenotypic
diversity contributes to diagnostic challenges and complicates the development of standardized
therapeutic strategies. Despite considerable advances in neuroimaging and clinical characterization, the
precise molecular mechanisms underlying dystonia remain incompletely understood, limiting early
diagnosis and effective intervention(4).0ver the past two decades, significant progress has been made
in identifying genetic determinants of dystonia. Several causative genes have been implicated, including
TOR1A (DYT1), THAPT (DYT6), GNAL (DYT25), SGCE (DYT11), and others involved in diverse cellular
processes such as transcriptional regulation, synaptic transmission, and intracellular signaling(5).
However, these known genetic variants explain only a proportion of dystonia cases, and many patients
remain genetically unresolved. Furthermore, even among individuals harboring mutations in the same
gene, there exists substantial variability in age of onset, severity, and clinical presentation(6). This
phenotypic heterogeneity suggests that dystonia is not solely a monogenic disorder but rather involves
complex genetic architectures, including modifier genes, epigenetic influences, and gene—environment
interactions(7). Recent advances in whole-exome sequencing (WES) have accelerated the identification
of rare genetic variants associated with dystonia, yet understanding how these variants contribute to
disease pathogenesis remains challenging. Increasing evidence suggests that dystonia results from
disruptions in interconnected molecular pathways involving mitochondrial function, neurotransmitter
synthesis, ion channel activity, and transcriptional regulation rather than isolated gene defects.
Integrative bioinformatics approaches, including Gene Ontology (GO), pathway enrichment, and protein-
protein interaction (PPI) network analyses, provide a systems-level framework for identifying key
molecular mechanisms and convergent biological pathways(8, 9). Therefore, this study combines WES
with functional enrichment and network analyses to characterize the molecular landscape of dystonia,
identify key regulatory pathways, and provide insights into disease mechanisms that may facilitate
biomarker discovery and precision medicine(10).

Materials and Methods
Study Participants

This cross-sectional study included patients clinically diagnosed with focal isolated dystonia who were

recruited from the Neurology and Movement Disorders Outpatient Department, Institute of Medical

Sciences, Banaras Hindu University, Varanasi, India, over a two-year period. Diagnosis was established by

an experienced movement disorder specialist according to standard clinical diagnostic criteria for

dystonia. Patients with secondary dystonia due to structural brain lesions, metabolic disorders, drug-
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induced causes, or neurodegenerative diseases were excluded. Written informed consent was obtained
from all participants before enrollment. A total of 28 patients were initially recruited. Following DNA
quality assessment and sequencing quality control, 23 samples met all predefined quality criteria and
were included in the final analysis. The study cohort comprised 14 females and 9 males with a mean age
of 53.56 + 7.51 years. All enrolled participants presented with focal isolated dystonia. The study protocol
was reviewed and approved by the Institutional Ethics Committee, Institute of Medical Sciences, Banaras
Hindu University, Varanasi, India Approval No- Dean/2024/EC/7101. All procedures were conducted in
accordance with the ethical principles of the Declaration of Helsinki. Written informed consent was
obtained from all participants before sample collection.

Genomic DNA Extraction

Peripheral venous blood (3—5 mL) was collected in EDTA-coated vacutainer tubes from each participant.
Genomic DNA was extracted from peripheral blood leukocytes using the QlAamp DNA Blood Mini Kit
(Qiagen, Hilden, Germany) according to the manufacturer's instructions. DNA concentration and purity
were assessed using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, USA), while DNA
integrity was evaluated by 1% agarose gel electrophoresis. DNA samples with an A260/A280
absorbance ratio between 1.8 and 2.0, a concentration = 50 ng/pL, and intact high-molecular-weight DNA
were considered suitable for whole-exome library preparation. Only high-quality DNA samples meeting
the required concentration and purity criteria were processed for sequencing.

Whole Exome Library Preparation and Sequencing

Whole-exome sequencing (WES) libraries were prepared using the Agilent SureSelect Human All Exon V8
Kit (Agilent Technologies, Santa Clara, CA, USA) according to the manufacturer's instructions. Briefly,
high-quality genomic DNA was fragmented to the desired insert size, followed by end repair, A-tailing,
adapter ligation, and PCR amplification. Exonic regions were selectively enriched using Agilent
SureSelect Human All Exon V8 biotinylated RNA capture probes. Captured DNA fragments were
recovered using streptavidin-coated magnetic beads and purified with AMPure XP magnetic beads
(Beckman Coulter, Brea, CA, USA). Library quality, fragment size distribution, and concentration were
assessed using an Agilent 2100 Bioanalyzer before sequencing. Qualified libraries were pooled in
equimolar concentrations and sequenced on the lllumina NovaSeq 6000 platform (lllumina Inc., San
Diego, CA, USA) using 150-bp paired-end sequencing chemistry according to the manufacturer's
protocol. Sequencing was performed to achieve a mean target coverage depth of > 100x, with an
average sequencing output of approximately 8—10 GB per sample, enabling high-confidence detection of
coding region variants. Raw sequencing reads were generated in FASTQ format and subjected to
downstream bioinformatics analysis(11).

Bioinformatics Analysis
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Raw sequencing reads were subjected to quality assessment using FastQC (v0.11.9)(12), and adapter
sequences together with low-quality bases were trimmed using Trimmomatic (v0.39)(13). High-quality
reads were aligned to the human reference genome (GRCh38/hg38) using the Burrows—Wheeler Aligner
(BWA-MEM v0.7.17)(14). PCR duplicates were identified and removed using Picard Tools (v3.1.1)(15),
followed by base quality score recalibration according to the Genome Analysis Toolkit (GATK v4.5.0)(16)
Best Practices workflow. Germline variants, including single nucleotide variants (SNVs) and small
insertions/deletions (Indels), were identified using GATK HaplotypeCaller (v4.5.0). Variant annotation
was performed using the Ensembl Variant Effect Predictor (VEP v99) based on Ensembl Release 99,
together with publicly available databases including dbSNP(17), ClinVar(18), and gnomAD(19). Variants
were filtered based on sequencing quality, read depth, mapping quality, and population allele frequency.
Variants with a read depth = 20x, mapping quality = 30, and minor allele frequency (MAF) < 1% in the
gnomAD database were retained for further analysis. Rare variants were prioritized according to their
predicted functional consequences, pathogenicity annotations in ClinVar, and biological relevance to
genes previously implicated in dystonia and related movement disorders. Only high-confidence variants
passing all quality-control criteria were included in downstream functional and pathway analyses(20).

Functional Enrichment Analysis

Functional enrichment analysis was performed using the Database for Annotation, Visualization and
Integrated Discovery (DAVID, v6.8) to identify significantly enriched Gene Ontology (GO) categories,
including Biological Process (BP), Molecular Function (MF), and Cellular Component (CC), as well as
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways. Enrichment significance was evaluated
using a modified Fisher's exact test (EASE score), and Benjamini-Hochberg false discovery rate (FDR)
correction was applied to account for multiple testing. Functional terms and pathways with an FDR-
adjusted P value < 0.05 were considered statistically significant(19).

Protein—Protein Interaction Network Analysis

Protein—protein interaction (PPI) network analysis was performed using the STRING database (v12.0;
https://string-db.org/) to investigate the functional interactions among the identified dystonia-associated
genes. The analysis was conducted using Homo sapiens as the reference organism, and interactions
with a minimum required confidence score of 0.70 (high confidence) were included in the network. The
interaction network was subsequently imported into Cytoscape (v3.10.3) for visualization and
topological analysis to identify key hub genes and functionally connected molecular networks(21).

Variant Annotation and Visualization

Identified variants were classified according to mutation type, genomic location, and clinical significance
(pathogenic, likely pathogenic, or variants of uncertain significance) based on ClinVar annotation. Variant
distribution and graphical visualization were generated using R software (version 4.5.1). Variant
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pathogenicity was interpreted according to the American College of Medical Genetics and Genomics
(ACMG) guidelines(22).

Statistical Analysis

Statistical analyses were performed using R software (version 4.5.1; R Foundation for Statistical
Computing, Vienna, Austria). Descriptive statistics were used to summarize demographic and clinical
characteristics of the study participants. Continuous variables are presented as mean + standard
deviation (SD) or median (interquartile range [IQR]), as appropriate, while categorical variables are
expressed as frequencies and percentages. Statistical significance for functional enrichment analyses
was determined using the modified Fisher's exact test (EASE score) implemented in DAVID (v6.8). For
enrichment analyses, Benjamini-Hochberg false discovery rate (FDR) correction was applied to account
for multiple comparisons, and an adjusted P value < 0.05 was considered statistically significant.

Results

Variant Distribution Across Genes

Genomic mapping of detected variants revealed their distribution across multiple dystonia-associated
genes, including TOR1TA, THAP1, SGCE, SPR, SDHA, SCN2A, and ANK2. Variants were located at different
positions relative to gene start sites, indicating heterogeneous mutational localization, as shown in

Fig. 1.

A pathogenic deletion in TORTA (c.907_909delGAG) was observed at position 907. THAP1 harbored a
likely pathogenic variant (c.305delC) at position 305. SGCE showed a pathogenic splice-site variant
(c.933 + 2T > C) at position 933. SPR contained a variant of uncertain significance (c.262C > T) at
position 262. SDHA exhibited a pathogenic deletion (c.1945_1946del) at position 1945, representing the
most distal mutation among the analyzed genes. SCN2A demonstrated a variant of uncertain
significance (¢.1208T > C) at position 1208, while ANK2 showed a pathogenic duplication (c.8dup) near
the gene start site at position 8. Overall, pathogenic variants were distributed across both proximal and
distal gene regions.

Gene-Phenotype Association Patterns

Heatmap analysis demonstrated heterogeneous associations between genes and clinical features.
Distinct patterns of presence (high values) and absence (low values) were observed across phenotypic
domains including pain, fatigue, depression, anxiety, motor difficulties, and sleep disturbance, as shown
in Fig. 2.

THAP1 and SCN2A showed widespread associations across multiple clinical parameters, whereas
PANK?2 displayed a more restricted pattern with strong signals in selected domains. SDHA and SGCE
exhibited intermediate association patterns, while SPR showed selective enrichment in specific features.
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These results indicate gene-specific phenotypic profiles and substantial clinical heterogeneity among
dystonia patients.

Functional Enrichment Analysis (Gene Ontology)

Significant involvement of genes in metabolic and biosynthetic pathways was identified by biological
process enrichment analysis, with prominent processes including regulation of bile acid metabolism,
triglyceride metabolism, pantothenate metabolism, coenzyme A biosynthesis, and electron transport
chain activity. Enrichment was also observed in the regulation of ketone body metabolism, neuronal
action potential, coenzyme A metabolic processes, and nucleoside phosphate biosynthesis, indicating
disturbances in energy metabolism and neuronal signaling. In cellular component analysis, significant
enrichment was observed in membrane-associated and mitochondrial structures, including the
sarcoglycan complex, dystrophin-associated complex, voltage-gated sodium channel complex, dendritic
membranes, axonal and dendritic compartments, mitochondrial intermembrane space, mitochondrial
matrix, and inner mitochondrial membrane, suggesting the involvement of synaptic structures, ion
channel complexes, and mitochondrial compartments. In molecular function analysis, enrichment in ion
channel activity and various enzymatic functions was also observed, notably voltage-gated sodium
channel activity, flavin adenine dinucleotide binding, phosphotransferase activity, DNA-binding
transcription repressor activity, kinase activity, zinc ion binding, anion binding, transition metal ion
binding, and protein homodimerization activity, collectively indicating alterations in electrical signaling,
transcriptional regulation, and catalytic processes, as shown in Fig. 3.

Protein—Protein Interaction Network

Protein—protein interaction (PPI) analysis revealed a highly interconnected network consisting of 7
nodes and 12 edges, indicating substantial functional connectivity among the analyzed genes. The
network included key dystonia-related genes such as GCH1, SPR, THAP1, TOR1TA, PANK2, PRRT2, and
ANO3, as shown in Fig. 4.

Fig- 4 Protein—protein interaction network- PPI network illustrating functional interactions among
dystonia-related proteins; nodes represent proteins and edges represent interactions

Central nodes exhibited multiple interactions, suggesting hub-like roles in the network. GCH1 and THAP1
showed extensive connectivity with other proteins, while TOR1A linked several components associated
with neuronal function. The observed number of interactions was significantly greater than expected by
chance, with a PPI enrichment p-value < 0.01, indicating that the proteins are biologically connected as a
group rather than representing random associations. This network supports coordinated involvement of
neurotransmitter synthesis, ion transport, and cellular signaling pathways in dystonia pathophysiology.

Variant Types by Clinical Significance

Analysis of variant types revealed a diverse mutational spectrum across genes. ldentified alterations
included frameshift mutations (PANK2, SGCE), an in-frame deletion (SDHA), a missense variant (THAP1),
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a nonsense variant (SGCE), and a splice-site mutation (SPR).

Most variants were classified as pathogenic, while a smaller proportion were categorized as likely
pathogenic or of uncertain significance. Frameshift and truncating mutations predominated among
pathogenic variants, indicating potential loss-of-function mechanisms in several genes, as shown in
Fig. 5.

Discussion

Dystonia is a complex and heterogeneous movement disorder characterized by sustained or intermittent
muscle contractions that arise from dysfunction within distributed motor networks rather than a single
localized lesion. Increasing evidence supports the concept that dystonia is a systems-level disorder
involving the basal ganglia, cerebellum, thalamus, and cortical motor regions, which function in an
integrated manner to regulate coordinated movement(23). The findings of the present study further
reinforce this concept by demonstrating that multiple disease-associated genes converge on
interconnected molecular pathways, ultimately leading to disruption of neuronal homeostasis and motor
circuit integrity(24). The diversity of these molecular mechanisms provides a plausible explanation for
the marked clinical heterogeneity observed across patients, including variability in age of onset, disease
progression, and phenotypic expression(25). A central pathogenic mechanism involves impaired protein
processing and endoplasmic reticulum (ER) homeostasis, particularly mediated by the TORTA gene(26).
TORTA encodes torsinA, an ATP-dependent chaperone protein localized to the ER and nuclear envelope.
TorsinA plays a critical role in protein folding, vesicular trafficking, and maintenance of nuclear envelope
integrity(27). Mutations in TOR1A result in defective chaperone activity, leading to accumulation of
misfolded proteins, impaired intracellular transport, and altered cellular stress responses(28). These
abnormalities are especially detrimental in neurons due to their dependence on efficient protein quality
control mechanisms. Disruption of nuclear envelope dynamics may further affect nucleocytoplasmic
transport, thereby influencing gene expression and neuronal signaling pathways(29). Transcriptional
dysregulation represents another important mechanism contributing to dystonia pathogenesis. The
THAP1 gene encodes a DNA-binding transcription factor that regulates genes involved in neuronal
differentiation, development, and synaptic function(30). Mutations in THAP1 can lead to altered
transcriptional control, resulting in dysregulation of downstream gene expression necessary for proper
neuronal connectivity and circuit formation. These alterations may impair synaptic plasticity and
communication within motor pathways, thereby contributing to abnormal motor output(31). Membrane
stability and synaptic signaling are also significantly affected in dystonia. The SGCE gene encodes
epsilon-sarcoglycan, a component of the dystrophin-associated glycoprotein complex that contributes to
membrane integrity and signal transduction. Disruption of SGCE function may weaken neuronal
membranes, impair synaptic transmission, and alter cytoskeletal interactions(31). Such changes are
consistent with abnormalities in sensorimotor integration, a hallmark feature of dystonia.
Neurotransmitter metabolism is another critical pathway involved in disease pathophysiology(32). The
SPR gene encodes sepiapterin reductase, an enzyme required for the synthesis of tetrahydrobiopterin
(BH4), which serves as an essential cofactor for dopamine production. Reduced availability of BH4 may
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result in dopaminergic deficiency within basal ganglia circuits. Given the key role of dopamine in
modulating motor activity, such imbalances can significantly disrupt motor control and contribute to
dystonic symptoms(33).

Mitochondrial dysfunction represents an additional major contributor to dystonia. The SDHA gene
encodes a catalytic subunit of succinate dehydrogenase (complex Il), linking the tricarboxylic acid cycle
to oxidative phosphorylation. Impaired SDHA function may lead to reduced ATP production and
increased generation of reactive oxygen species, resulting in oxidative stress and cellular damage(34).
Neurons within motor circuits are particularly vulnerable to such metabolic disturbances due to their
high energy requirements and limited antioxidant capacity. Furthermore, the PANK2 gene, which
regulates coenzyme A biosynthesis, plays a critical role in cellular metabolism and lipid
homeostasis(34). Disruption of this pathway may further exacerbate mitochondrial dysfunction and
compromise neuronal maintenance. Altered neuronal excitability is another key factor in dystonia
pathogenesis. The SCN2A gene encodes a voltage-gated sodium channel essential for action potential
initiation and propagation. Mutations in SCN2A may lead to abnormal channel function, resulting in
either neuronal hyperexcitability or impaired signal conduction. Such disturbances disrupt the balance
between excitatory and inhibitory signaling within motor circuits, contributing to sustained muscle
contractions and abnormal postures(35, 36).

Importantly, these molecular pathways are highly interconnected and do not operate independently
(Fig. 6). Dysfunction in one pathway can influence multiple others, leading to a cascade of cellular
disturbances. For instance, mitochondrial dysfunction may impair synaptic transmission and alter gene
expression, while membrane instability may increase susceptibility to metabolic stress(37). Similarly,
transcriptional dysregulation can affect genes involved in protein folding, energy metabolism, and ion
channel function. This extensive cross-talk underscores the systems-level nature of dystonia and
explains why mutations in distinct genes often result in overlapping clinical phenotypes(38). The
concept of dystonia as a network disorder is further supported by the observation that many disease-
associated mutations lead to partial or complete loss of protein function, thereby reducing the ability of
neurons to maintain homeostasis under physiological stress. This vulnerability may become more
pronounced during development, aging, or environmental exposure, contributing to variability in disease
onset and progression. Over time, the cumulative impact of these molecular disturbances may
destabilize motor networks and give rise to the clinical manifestations of dystonia as shown in Fig. 7.

The present study is primarily based on genetic and pathway-level analyses and lacks extensive
experimental validation. The number of genes analyzed is limited, and additional variants contributing to
dystonia may not have been captured. Clinical heterogeneity among patients was not fully addressed,
and potential gene—environment interactions were not explored. Moreover, the cross-sectional nature of
the study limits the ability to assess disease progression and temporal relationships between molecular
alterations and clinical outcomes. These factors may limit the generalizability of the findings.

Conclusion
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In conclusion, dystonia is a multifactorial disorder resulting from the convergence of multiple molecular
dysfunctions that collectively disrupt neuronal homeostasis and motor circuit function. Genes involved
in protein processing, transcriptional regulation, membrane stability, neurotransmitter synthesis,
mitochondrial metabolism, and ion channel activity contribute to disease pathogenesis through
interconnected mechanisms. These findings emphasize that dystonia should be considered a systems-
level disorder rather than a condition driven by isolated genetic defects. A comprehensive understanding
of these shared molecular pathways provides a strong foundation for the development of targeted
therapeutic strategies. Approaches aimed at improving mitochondrial function, restoring
neurotransmitter balance, enhancing protein quality control, and stabilizing neuronal excitability may
offer broader clinical benefits across diverse genetic forms of dystonia. Continued integration of genetic
and bioinformatic analyses will be essential for advancing precision medicine approaches and improving
clinical outcomes.
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Genomic Map of Variants by Gene and Clinical Significance
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Figure 1

Variant distribution across genes- Distribution of identified variants across dystonia-associated genes
according to their positions within the coding sequences.
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Figure 2

Gene—phenotype heatmap- Heatmap showing associations between dystonia genes and clinical
features, with color intensity representing the strength of association.
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Gene Ontology enrichment analysis- Functional enrichment of dystonia-associated genes highlighting

significant Biological Process, Cellular Component, and Molecular Function categories.
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Figure 4

Protein—protein interaction network- PPI network illustrating functional interactions among dystonia-
related proteins; nodes represent proteins and edges represent interactions

Central nodes exhibited multiple interactions, suggesting hub-like roles in the network. GCH1 and THAP1
showed extensive connectivity with other proteins, while TOR1A linked several components associated
with neuronal function. The observed number of interactions was significantly greater than expected by
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chance, with a PPl enrichment p-value < 0.01, indicating that the proteins are biologically connected as a
group rather than representing random associations. This network supports coordinated involvement of
neurotransmitter synthesis, ion transport, and cellular signaling pathways in dystonia pathophysiology.
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Figure 5

Distribution of variant types according to their clinical significance in dystonia-associated genes.
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Figure 6

Schematic representation of dystonia-associated genes and their functional roles. Key genes including
TOR1A, THAP1, SGCE, SPR, SDHA, SCN2A, and PANK2 are shown to be involved in endoplasmic
reticulum function, transcriptional regulation, mitochondrial activity, neurotransmitter synthesis, ion
channel function, and metabolic pathways, indicating their collective role in disease pathogenesis.
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Figure 7

Disease—gene association enrichment showing the relationship between dystonia-associated genes and
different clinical subtypes of dystonia.
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