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Abstract:

Lennox-Gastaut syndrome is a serious developmental and epileptic encephalopathy marked by diverse
seizure types, a characteristic slow spike-and-wave EEG pattern, and progressive cognitive impairment.
LGS is associated with many genes and the functional relationship between these genes and biological
pathway contribute to disease progression. This study utilizes a systems biology strategy to gain insight
into the molecular processes involved in the disease. Gene disease association was collected from DisGeNET
and analyzed using STRING and GeneMANIA to find functional interactions and network connections.
Enrichment analysis was performed using Enrichr and mapped pathways through Reactome to
understand the biological processes linked to the selected gene set. DisGeNET identified high-confidence
genes like SCN1A, SCN2A, CACNA1A, GABRB3, DNM1, CHDZ2, POLG and CUX2 which have strong evidence
linking them to seizure related neurodevelopmental disorders. STRING revealed a significantly enriched
protein-protein interaction network (p < 1.0e-16) showing that there is meaningful biological
connectivity. The enrichment and Reactome analyses consistently connected the genes to synaptic
signaling, ion channel function and GABAergic neurotransmission pathways. The findings indicate that
LGS results from overlapping disruptions in neuronal excitability and synaptic communication,
highlighting the need for precise medicine strategies focused on these pathways.
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Introduction

Lennox- Gastaut syndrome (LGS) is one of the severe forms of developmental and epileptic encephalopathy
identified as multiple seizure type, a characteristic EEG pattern and cognitive disability (1). As of 2022 definition,
the EEG has been described as a slow spike and wave pattern of <3 Hz to <2.5 Hz (2). Considering epidemiology,
the incidence rate is ~2.2- 6.5 per 100,000 while the prevalence rate is ~1.2- 6.5 per 100,000 people (3). Onset
typically occurs in early childhood, with symptoms frequently extending into later stages of life. Developmental
disability and cognitive decline may exist before onset of seizure and can continue to aggravate even after
complete seizure control (4). Medical practitioners and caregivers noted that learning, verbal and non-verbal
communication and developmental delay are severely affected in these cases (5). As the disease progresses,
certain neurological observations like ataxia, movement impairment and behavioral disturbance can arise (6).
Resistant to drugs, poly therapy and adjusting treatment is common in patients prescribed with two or more anti-
seizure medications (7). Here, rather than focusing on complete control over seizures, the main objective of the
treatment is to minimize the frequency of seizures and thereby increase the quality of life (8). New treatments
include Epidyolex which contains cannabidiol and is used as adjunct therapy to treat seizures related to LGS (9).
In a study by (10) , dexamethasone was found efficient against refractory epileptic encephalopathy characterized
as continuous spike and wave patterns during sleep. Other medications for LGS including valproic acid are
frequently used off label (11). Usually the ‘start low, go slow’ approach is chosen to reduce the risk of side effects
and improve patient adherence (12).

Genetic studies over the past years have changed the perception of LGS from a symptomatic syndrome to a
heterogeneous condition with multiple genetic contributions. According to (13), ion channel coding genes have
strongly linked to many epilepsy subtypes like epileptic encephalopathy, generalized and focal epilepsy whereas
other discovered genes are specific to different epilepsy and showcase their genetic basis for different types of
epilepsy. Particularly genes like CACNA1A, CHD2, IQSEC2 and SCN10A shows association with LGS and DNAJC5,
FRRS1L, SHANKS3, SYN1, SYN2 genes are related to epilepsy (14).

The absence of pathway level insight limits the precision medicine approaches and continues the trial and error
treatment strategies. At a research level, it slows the identification of disease modifying mechanisms. Though the
multi-model modelling approaches are developing at a faster pace, their clinical and research oriented
applications are still at an elementary stage (15).

Recent advances in bioinformatics and systems biology offer a way forward. In silico approaches allow for the
integration of genetic data with gene ontology, pathway enrichment analysis, and protein - protein interaction
networks enabling researchers to move from single gene interpretations toward a broader view of disease biology.
Materials and Methods

Retrieval of gene disease association data using DisGeNET

Gene disease association data for Lennox-Gastaut syndrome (LGS) was retrieved from DisGeNET database in
December 2025. The database curates data from expert sources like UniProt, CTD and PsyGeNET (16). This
database includes information on various human diseases along with traits and phenotypes that appear as part of
disease or effect of drug (17). No manual filtering based on DisGeNET score was applied; all available gene

associations were included. The highest gene-disease association score observed in the dataset was 0.75.
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STRING analysis

The selected genes were then analysed using STRING which has a collection of physical and functional protein-
protein interactions (18). The organism selected was Homo sapiens. Default parameters were used for obtaining
the network. Observed interaction scores reached up to 0.75, indicating high-confidence associations among
several proteins.

Prediction of gene interaction and association using GeneMANIA

GeneMANIA was used to explore their genetic association and predict additional genes linked through co -
expression and shared pathways. GeneMANIA identifies genes that are strongly connected in the network (19).
Functional enrichment analysis using Enrichr

The curated gene set was subjected to enrichment analysis using Enrichr in order to identify the biological
processes and cellular pathways. Enrichment was performed for multiple pathways and a transcription database
under default parameters. No p-value cutoff was applied and the result was thoroughly visualized using
Clustergram.

Reactome pathway analysis

Reactome pathway analysis was performed to map the genes to disease-related pathways. Analysis was conducted
using Homo sapiens as a reference organism. Result interpretation of the molecular mechanisms contributing to
LGS was done without manual adjustments.

Results

DisGeNET
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Figure 1: DisGeNET derived gene disease association results showing high confidence LGS genes
The standardized MeSH term was used to search genes associated with LGS on DisGeNET and a structured and
curated evidence for genes associated with Lennox Gastaut syndrome (LGS). This provided strongly connected
genes on the basis of their gene-disease association score. Highest score obtained was 0.75 which is a part of
default database output and not applied cutoff score. The genes obtained at highest confidence of 0.75 were
SCN1A, GABRB3 and DNM1. This shows their strong connection to Seizures, Sodium/ Calcium Channelopathies
and Neurodevelopmental Disorders. Other than these CHD2 (850 variants), POLG (1387 variants), CUX2 (83
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variants), SCN2A (1179 variants) and CACNA1A (1346 variants) were seen, indicating mutation in these genes can
lead to epilepsy like disorders. Genes that are related to sodium/calcium ion channel activity shows that altered
neuronal excitability is a key mechanism in LGS. Few genes were involved in GABAergic inhibitory
neurotransmission that indicate improper inhibitory signaling that leads to neural firing during seizures. Overall,
the integration of MeSH vocabulary to search relevant disease and data collected through evidence-based gene
associations supports the finding of multiple genetic basis of LGS.
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Figure 2: PPI network demonstrating significant functional connectivity among LGS genes

The STRING protein-protein interaction (PPI) analysis revealed a network among genes associated with Lennox
Gastaut syndrome indicating a strong functional relationship at the protein level. The network represented 29
nodes and 61 edges which is significantly higher than the expected number of interactions (5 edges) and shows
significant PPI enrichment PPI enrichment p-value < 1.0 x 10-16. This suggests that the identified proteins do not
interact randomly but are biologically connected. Central proteins such as SCN1A, SCN2A, CACNA1A, GABRB3,
GABRA1, and GABRG2 showed considerable interactions which focus on their key role in regulating excitability,
neurotransmission and synaptic transmission.

Table 1: Gene ontology enrichment terms identified by STRING PPI network in LGS.

Theme (Biological process) GO terms and pathways

Synaptic organization and synaptic | Inhibitory synapse assembly, chemical synaptic transmission,

transmission regulation of post synapse organization.
GABAergic neurotransmission Synaptic transmission, GABA signaling pathway
Excitatory neurotransmission Excitatory postsynaptic potential, positive regulation of excitatory

postsynaptic potential

Ion transport and membrane | Regulation of membrane potential, lon transmembrane transport

potential regulation

Nervous system development Cell to cell signaling, nervous system process
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GeneMANIA

Figure 3: Functional gene network revealing co-expression, pathway sharing and predicted interaction
in LGS.

GeneMANIA network analysis supports the strong functional relation between genes affecting Lennox Gastaut
syndrome. The network shows high linkage between the genes involved in neurotransmission and ion channel
activity. Genes such as GABRA1, GABRB3, GABRG2, SCN1A, SCN2A, CACNA1A and CDKL5 show extensive links
indicating their central role in inhibitory neurotransmission and neural signaling. Importantly the consistent
network structure seen across the orientations strengthens the reliability of these interactions. Overall, the
GeneMANIA results complement the DisGeNET and STRING analyses by demonstrating that LGS-associated genes
form a highly connected functional network rather than acting individually.

Enrichr

Across the different pathway and transcription databases used (Reactome Pathway 2024, KEGG 2021, ChEA 2022,
and WikiPathways 2024 Human respectively), a common pattern is seen. Most of the genes are repeatedly linked
to brain signaling, synapse activity and seizure-related pathways. Many of them, especially the GABA receptor
genes (GABRA1, GABRB2, GABRB3, GABRG2) appear together in pathways related to neural signaling which is
important for controlling brain activity. The results also show links to ion channel activity and synaptic
transmission involving genes such as SCN1A, SCN2A, CACNA1A and STXBP1. These genes help regulate how
signals pass between nerve cells. Some pathways are associated with known neurological and developmental

disorders, supporting the clinical features seen in LGS patients. Overall, the Enrichr results suggest that the studied
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genes mainly affect neuronal communication explaining their role in the development of Lennox Gastaut

syndrome.
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Figure 4: Enrichr output showed overrepresented biological processes and signaling pathway linked

to LGS
Table 2: Hub-genes identified by multi database Enrichment Analysis
Gene Reactome KEGG 2021 ChEA 2022 WikiPathways Count
Pathway2024 2024 Human
STXBP1 v v v v 4
GABRB2 v v v v 4
GABRG2 v v v 3
SCN1A v v v 3
DNM1 v v v 3
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Reactome
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Figure 5: Reactome pathway mapping of LGS genes emphasizing synaptic transmission, neuronal
signaling and neurotransmitter regulation

The Reactome pathway analysis helped to understand biological activities that are most affected by the genes.
From the results, most of the highlighted pathways are related to brain cell communication. Several pathways
involve the release of chemical signals between neurons and how these signals are received at synapses. This is
important because proper communication between nerve cells is essential for normal brain function. The results
also point toward pathways involved in signal transmission and regulation of nerve activity, which means these
genes help control the signalling in neurons. When this balance is disturbed, it can lead to excessive brain activity,
which is a key feature of epilepsy and Lennox Gastaut syndrome.
Overall, the Reactome analysis suggests that the genes studied are mainly involved in brain signaling, synaptic
communication and regulation of neuronal activity. This supports the idea that control signals play a major role
in the development of LGS.
Discussion
Lennox-Gastaut syndrome (LGS) is widely recognized as a complex developmental and epileptic encephalopathy,
where seizures and neurodevelopmental impairment arise from disrupted brain network function rather than a
single abnormality. The bioinformatics findings support this model by showing linked genes and pathways
involved in inhibitory neurotransmission, ion channel activity and synaptic signaling.
At the gene level, DisGeNET identified key LGS-associated genes such as SCN1A, SCN2A, CACNA1A, GABRB3,
DNM1, CHD2, POLG and CUX2. A clear pattern is visible in this that several genes are directly involved in neuronal
excitability and synaptic communication. Sodium channel genes such as SCN1A and SCN2A are central to action
potential generation, while calcium channel genes such as CACNA1A influence neurotransmitter release patterns.
Other than this KCNQ2, KCNT1, IQSEC2, Glutamate Receptor Dysfunction including NMDA and AMPA are
commonly associated with LGS [20]. The convergence of sodium channel, calcium channel, and GABA receptor

genes suggests that LGS may represent a disorder of excitation-inhibition imbalance at the network level.
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A convincing explanation is that different genetic variants may still converge on the same interacting synaptic and
ion-channel network, producing a similar clinical syndrome. This idea aligns with the precision-therapeutics
perspective in LGS, where the goal is to move from a symptom based definition toward a pathway based
understanding that explains shared clinical outcomes across different genetic backgrounds.
GeneMANIA also highlighted extensive links among GABRA1, GABRB3, GABRG2, SCN1A, SCN2A, CACNA1A, and
CDKL5 reinforcing the centrality of inhibitory neurotransmission and neural signaling in LGS. The repeated
appearance of GABA receptor genes across multiple tools is particularly meaningful, because impaired GABAergic
signaling is strongly associated with seizure susceptibility and network instability. Clinically, this connects well
with modern management strategies in LGS like corpus callosotomy, dietary therapy, VNS and DBS [21].
Enrichment results from Enrichr supported the same biological direction across Reactome, KEGG, WikiPathways,
and transcription factor databases. Reactome results further emphasized synapse-level mechanisms, with
multiple pathways linked to neurotransmitter release, synaptic reception, and neuron to neuron communication.
Finally, while analysis mainly highlights molecular signaling pathways, it also supports the broader framework of
treatment. CBD is approved by the European Medicines Agency (EMA) as adjunctive therapy combined with CLB
for LGS in patients of more than 2 years of age [22].
This study has certain limitations. The analysis relies on publicly available curated databases, which may
introduce bias toward well-studied genes while underrepresenting novel or rare contributors. Protein-protein
interaction networks represent predicted and literature-supported associations rather than experimentally
validated interactions specific to LGS. Additionally, the study does not incorporate transcriptomic or proteomic
expression data from LGS patients, which could provide context-specific validation. Future studies integrating
multi-omics datasets and experimental validation would strengthen pathway-level insights.
Conclusion
This study shows that Lennox- Gastaut syndrome is best seen as a genetically diverse disorder that revolves
around a shared functional network involving synaptic transmission, ion channel regulation, and weakened
inhibitory signaling. They form a tightly connected molecular network enriched in seizure related neurobiological
pathways. The consistent grouping of sodium channel genes (SCN1A, SCN2A), calcium channel genes (CACNA1A),
and GABA receptor subunits strongly indicates that disrupted neuronal excitability and diminished inhibitory
control are key mechanisms behind LGS. These results help clarify why LGS causes severe, treatment-resistant
epilepsy and lasting neurodevelopmental problems.
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