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Abstract 
 

Brain tumor-associated seizures and epilepsy (BTAE) represent a 

significant clinical challenge, other than Temporal Lobe Epilepsy and other 

epilepsies or seizures, impacting both patient quality of life and treatment 

outcomes. Recent advances in molecular approaches have provided valuable 

insights into the underlying mechanisms of these neurological disorders, 

offering new avenues for diagnosis, treatment, and management. Here an 

overview of the latest research findings and methodologies in molecular studies 

of brain tumor seizure and epilepsy is presented. The use of lower to higher 

model organisms, brain tumor induced epilepsy models, genomic and proteomic 

techniques, cellular and molecular heterogeneity, chromatin modifications, post-

translational modifications, kinase signaling pathways, and cellular metabolism 

in unraveling the complex pathophysiology of BTAE is discussed. Additionally, 

the implications of these molecular insights for the development of targeted 

therapies and precision medicine approaches, as well as future directions for 

research in this field are explored. 
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1. INTRODUCTION   
 

Brain tumor-associated seizures and epilepsy (BTAE) represent a 

multifaceted clinical phenomenon (1), characterized by spontaneous seizures in 

patients with brain tumors (2-5). These seizures not only impact patient quality 

of life but also pose challenges in diagnosis, treatment, and management(6). 

Understanding the molecular mechanisms underlying brain tumor seizures and 

epilepsy is essential for developing effective therapeutic strategies and 

improving patient outcomes(7, 8). In recent years, molecular approaches have 

emerged as powerful tools for unraveling the complex pathophysiology of these 

neurological disorders(3, 9-17). 

 

Here a comprehensive overview of recent insights gained from molecular 

studies of BTAE is discussed. The clinical significance and impact of these 

disorders, highlighting the need for innovative research approaches to address 

the challenges they present are discussed and then outline of various molecular 

methodologies and approaches used to study BTAE is covered. 

 

One key area of focus is the use of model organisms, ranging from simple 

organisms like yeast to more complex vertebrate models such as rodents and 

primates(18, 19). These model systems offer unique advantages for studying 

specific aspects of BTAE, including genetic manipulation, high-throughput 

screening, and the ability to recapitulate key features of the disease. 

 

Next, it delves into genomic and proteomic approaches that have 

revolutionized our understanding of the molecular landscape of brain tumors 

and epileptogenesis(14, 20, 21). These techniques allow researchers to identify 

genetic alterations, protein expression patterns, and molecular signatures 

associated with BTAE, providing valuable insights into disease mechanisms and 

potential therapeutic targets. 

 

Furthermore, it explores the role of cellular and molecular heterogeneity 

within brain tumors and their microenvironment in driving epileptogenesis and 

seizure susceptibility. It discusses how chromatin modifications (22-31), post-

translational modifications(32, 33), kinase signaling pathways(34-38), and 

cellular metabolism(39) contribute to the pathophysiology of BTAE. 

 

Overall, the molecular approach in greater detail is presented, 

highlighting recent advancements and their implications for understanding and 

treating BTAE.  By integrating data from various molecular studies, it aims to 

offer a comprehensive understanding of BTAE, paving the way for innovative 

treatments and improved patient care. 
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2. LOWER TO HIGHER MODEL ORGANISM FOR 

MOLECULAR STUDIES IN BTAE  
 

The use of model organisms spanning from lower to higher species has 

been instrumental in elucidating the molecular mechanisms underlying BTAE 

(40).  

 Studies in virus (41) to yeast provide fundamental insights into molecular 

pathways implicated in BTAE, laying the groundwork for further 

investigations in higher organisms.  

 Invertebrate models allow researchers to study basic neuronal functions, 

synaptic transmission, and the genetic basis of neurological disorders, 

including epilepsy. 

 Zebrafish serve as powerful vertebrate models for studying brain 

development, neural circuitry, and disease modeling. 

 Zebrafish embryos are transparent, allowing for real-time visualization of 

brain development and seizure activity (42).  

 Studies in Drosophila have revealed conserved signaling pathways, such 

as the PI3K-Akt-mTOR pathway, implicated in both brain tumors and 

epilepsy (43). 

 Genetic and chemical screens in zebrafish models facilitate the discovery 

of novel genes and pathways involved in BTAE. 

 Transgenic and knockout rodent models enable researchers to manipulate 

specific genes implicated in brain tumor formation and epileptogenesis. 

 Rodent models allow for detailed behavioral, electrophysiological, and 

imaging studies of seizure activity and its modulation by brain tumors 

(44). 

 Non-human primates provide the closest resemblance to human brain 

anatomy, physiology, and behavior. 

 Primate models offer unique insights into complex cognitive functions, 

seizure propagation, and the impact of brain tumors on higher-order brain 

regions (45). 

 While less frequently used due to ethical considerations and cost, primate 

models are invaluable for translational research and preclinical testing of 

therapeutic interventions. 

 Human-derived models, including patient-derived tumor xenografts and 

induced pluripotent stem cell (iPSC)-derived neuronal cultures, provide a 

direct link to human disease pathology (46). Patient-derived xenograft 

models implanted into immunocompromised mice retain key features of 

the original tumor microenvironment, allowing for the study of tumor 

growth, invasion, and response to therapy. iPSC-derived neuronal 

cultures derived from patient samples offer a platform for studying the 
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effects of specific genetic mutations on neuronal function and network 

activity. 

 

Integrating findings across multiple model organisms facilitates 

translational research and improves the likelihood of successful clinical 

outcomes for patients with BTAE. 

 

3. DRUG INDUCED AND OTHER APPROCHES USED TO STUDY 

BTAE 
 

Here are various models used to study BTAE, including chemical, 

thermal, mechanical, and other models: 

1. Chemical-Induced Models 

 N-Ethyl-N-Nitrosourea (ENU) Models: Administration of ENU induces 

brain tumors, including gliomas, in rodents (47). These tumors can lead to 

epilepsy. 

 3-Nitropropionic Acid (3-NP) Models: 3-NP administration can induce 

oxidative stress and excitotoxicity, leading to epileptogenesis in animal 

models. 

 Alkylating Agents: Various alkylating agents like temozolomide, used in 

chemotherapy, have been studied to induce tumors and epilepsy in animal 

models. 

 

2. Thermal-Induced Models 

 Laser-Induced Thermal Models: Laser ablation techniques can be used 

to induce localized thermal damage to brain tissue, mimicking aspects of 

tumor growth and causing epileptic activity. 

 

3. Mechanical-Induced Models 

 Implantation of Tumor Cells: Tumor cells obtained from either animals 

or humans can be implanted directly into the brain tissue of animals to 

induce tumor growth and associated epilepsy. 

 Stereotactic Injection Models: Injection of tumor-inducing agents or 

genetically modified cells into specific brain regions can be performed to 

induce tumor formation and epilepsy. 

 

4. Genetic Models 

 Genetically Engineered Mouse Models (Gemms): These models 

involve altering specific genes related to tumor formation or epilepsy to 

study their role in the development of BTAE. 
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 Transgenic Models: Animals expressing mutated genes associated with 

brain tumors (PTEN, TP53) can develop tumors and epileptic seizures, 

providing insights into the underlying mechanisms (48). 

 

5. Patient-Derived Xenograft Models 

 Xenografting human tumor tissues into immunodeficient mice allows 

researchers to study the interaction between human tumor cells and the 

host microenvironment, including the development of epilepsy. 

 

6. Combined Models 

 Some studies combine different induction methods (chemical, mechanical, 

genetic) to better replicate the complexity of human BTAE and its 

underlying mechanisms. 

 

These models offer valuable tools for understanding the pathophysiology of 

BTAE.  

 

4. GENOMICS AND PROTEOMICS APPROCHES TO STUDY 

BTAE 
 

Genomics and proteomics have revolutionized our understanding of the 

molecular mechanisms underlying BTAE. Genomic studies have identified 

genetic alterations that contribute to tumor development and epileptogenesis. 

High-throughput sequencing techniques, such as whole-genome sequencing 

(WGS) and whole-exome sequencing (WES)(49), have uncovered recurrent 

mutations in genes involved in cell cycle regulation (TP53, CDKN2A/B), 

growth factor signaling (EGFR, PDGFRA), and chromatin remodeling (ATRX, 

IDH1/2) in various types of BTAE. 

 

Proteomics approaches complement genomics by characterizing the 

protein expression profiles and signaling pathways dysregulated in BTAE. Mass 

spectrometry-based proteomics enables the identification and quantification of 

proteins involved in tumor growth, invasion, and response to therapy. Proteomic 

studies have revealed aberrant expression of proteins implicated in cell 

proliferation (Ki-67), angiogenesis (VEGF), and neuronal excitability (ion 

channels, neurotransmitter receptors) in epileptogenic brain tumors. 

 

Integration of genomic and proteomic data has facilitated the 

identification of potential therapeutic targets for BTAE.  
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Genomics Approaches 

1. Whole Genome Sequencing (WGS) 

 WGS enables comprehensive analysis of the entire genome, allowing 

identification of genetic mutations, copy number alterations, and 

structural variations BTAE. 

 In BTAE research, WGS helps elucidate the genetic landscape of tumors, 

including driver mutations and alterations in genes involved in seizure 

susceptibility and epileptogenesis. 

 

2. Whole Exome Sequencing (WES) 

 WES focuses on sequencing the protein-coding regions of the genome, 

providing insights into somatic mutations and germline variants 

implicated in brain tumor development and seizure onset(49). 

 By pinpointing mutations in genes encoding ion channels, 

neurotransmitter receptors, and signaling molecules, WES aids in 

understanding the genetic basis of epileptogenesis in the context of brain 

tumors. 

 

3. Transcriptomics 

 Transcriptomic profiling using techniques such as RNA sequencing 

(RNA-seq) allows for the characterization of gene expression patterns in 

BTAE. 

 Differential gene expression analysis reveals dysregulated pathways 

involved in tumor growth, inflammation, and synaptic transmission, 

shedding light on molecular mechanisms underlying seizure generation 

and propagation. 

 

4. Epigenomics 

 Epigenetic modifications, including DNA methylation and histone 

modifications, play a crucial role in regulating gene expression in brain 

tumors and epilepsy (20, 22-24, 28-31, 50, 51). 

 Epigenomic profiling elucidates epigenetic alterations associated with 

tumor progression and epileptogenicity, offering potential biomarkers and 

therapeutic targets for intervention. 

 

Proteomics Approaches 

1. Mass Spectrometry (MS)-based Proteomics 

 MS-based proteomics enables the identification and quantification of 

proteins in brain tumor tissues and epileptic brain regions (52). 

 Comparative proteomic analyses reveal protein expression changes 

associated with tumor progression, epileptogenesis, and treatment 

response, providing mechanistic insights into disease pathogenesis. 
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2. Protein-Protein Interaction (PPI) Networks 

 Computational analysis of PPI networks constructed from proteomic data 

elucidates molecular pathways and protein complexes dysregulated in 

brain tumors associated with epilepsy. 

 Network-based approaches identify hub proteins and signaling cascades 

implicated in tumor growth, invasion, and seizure induction, guiding the 

development of targeted therapies. 

 

3. Single-Cell Proteomics 

 Single-cell proteomics technologies enable the characterization of cellular 

heterogeneity within brain tumors and epileptic brain regions at the 

protein level. 

 Single-cell proteomic profiling identifies cell-type-specific protein 

expression patterns and signaling pathways dysregulated in epileptogenic 

foci, facilitating the development of targeted therapies tailored to 

individual patients. 

 

5. CELL-to-CELL AND MOLECULAR HETEROGENEITY 

STUDIES IN BTAE 
 

Cell-to-cell and molecular heterogeneity studies have advanced our 

understanding of yeast cell (53-56) biology to tumor biology and 

epileptogenesis, revealing distinct subpopulations of tumor cells with diverse 

genetic, epigenetic, and functional properties. 

 

Single-cell sequencing technologies, such as single-cell RNA sequencing 

(scRNA-seq) and single-cell ATAC-seq (scATAC-seq), have enabled the 

characterization of individual tumor cells and their transcriptional and 

epigenetic profiles. These studies have identified cellular states associated with 

tumor progression, invasion, and treatment resistance, as well as cell types 

involved in epileptogenic networks within the tumor microenvironment. 

 

In addition to cellular heterogeneity, molecular heterogeneity at the 

genetic, epigenetic, and proteomic levels contributes to the diverse clinical 

manifestations of BTAE. Integrative multi-omics analyses have identified 

molecular subtypes and dysregulated pathways associated with epileptogenesis 

and treatment response variability.  

 

1. Cellular Heterogeneity 

 Tumor Microenvironment (TME) 
 The TME of brain tumors comprises various cell types, including 

tumor cells, immune cells, stromal cells, and vascular cells. 
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 Studying cellular interactions within the TME provides insights into 

tumor progression, immune evasion, and therapeutic resistance in 

BTAE. 

 Neuronal and Glial Cell Types 

 BTAE arise from different cell types, including neurons, astrocytes, 

oligodendrocytes, and neural stem cells (3, 10). 

 Investigating the cellular origin and heterogeneity of tumor cells and 

their interactions with surrounding neural and glial cells elucidates the 

mechanisms underlying epileptogenesis and seizure generation. 

 

2. Molecular Heterogeneity 

 Genetic Alterations 

 BTAE exhibit genetic heterogeneity, with distinct mutational profiles 

and copy number alterations (57). 

 Genomic profiling reveals driver mutations, oncogenic pathways, and 

tumor suppressor gene alterations contributing to tumor growth and 

epileptogenicity. 

 Gene Expression Signatures 

 Transcriptomic analyses identify gene expression patterns associated 

with different tumor subtypes, histological grades, and clinical 

outcomes (18). 

 Molecular subtyping based on gene expression signatures helps 

stratify patients with BTAE and predict response to therapy. 

 Epigenetic Modifications 
 Epigenetic alterations, including DNA methylation patterns and 

histone modifications, contribute to molecular heterogeneity in BTAE 

(51, 58). 

 Epigenomic profiling elucidates epigenetic regulatory mechanisms 

underlying tumor heterogeneity and their impact on epileptogenesis 

and treatment response. 

 

Methodologies for Studying Heterogeneity 

1. Single-Cell Analysis 

 Single-cell RNA sequencing (scRNA-seq) and single-cell proteomics 

enable the characterization of cellular heterogeneity within brain tumors 

and epileptic brain regions at unprecedented resolution. 

 Single-cell analysis identifies rare cell populations, transcriptional states, 

and cell-to-cell interactions driving tumor progression and 

epileptogenicity. 
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2. Spatial Transcriptomics 

 Spatial transcriptomic techniques, such as spatially resolved RNA-seq 

and multiplexed imaging, provide spatial context to gene expression 

patterns within tumor tissues and epileptic brain regions. 

 Spatial profiling reveals spatial heterogeneity in gene expression, cell 

types, and cellular interactions, offering insights into tumor 

microenvironment dynamics and epileptogenic foci. 

 

3. Multi-Omics Integration 

 Integrating multi-omics data, including genomics, transcriptomics, 

proteomics, and epigenomics, facilitates comprehensive characterization 

of tumor heterogeneity and molecular networks. 

 Multi-omics integration identifies convergent molecular pathways, 

biomarkers, and therapeutic targets for personalized treatment strategies 

in BTAE. 

 

In summary, cell-to-cell and molecular heterogeneity studies play a crucial role 

in deciphering the complex biology of BTAE.  

 

6. CHROMATIN MODIFICATIONS, POL II MEDIATED 

TRANSCRIPTIONAL REGULATION AND SPLICING 

STUDIES IN BTAE 
 

Chromatin modifications and transcriptional regulation play crucial roles 

in the pathogenesis of BTAE. Epigenetic alterations, including changes in DNA 

methylation, histone modifications, and chromatin remodeling, have been 

implicated in tumor development and epileptogenesis. Studies have shown 

aberrant DNA methylation patterns in genes involved in neuronal excitability, 

synaptic transmission, and cell cycle regulation in epileptogenic brain tumors. 

Histone modifications, such as histone acetylation and methylation, can 

modulate gene expression and influence cellular phenotypes associated with 

epileptogenicity. 

 

Furthermore, transcriptional regulation mediated by RNA polymerase II 

(POL II) is dysregulated in BTAE. Genome-wide studies have revealed 

alterations in POL II-mediated transcriptional programs, leading to aberrant 

expression of genes involved in cell proliferation, apoptosis, and synaptic 

plasticity (21, 59). Dysregulated transcriptional networks contribute to tumor 

growth, invasion, and resistance to therapy, as well as the generation of 

epileptogenic foci within the tumor microenvironment. 
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Splicing dysregulation is another hallmark of BTAE and other 

cancers(60). Alternative splicing events can generate diverse transcript isoforms 

with distinct functional properties, impacting cellular phenotypes and disease 

progression (61, 62). Dysregulated splicing factors and splice variants have 

been implicated in epileptogenic pathways and seizure susceptibility in brain 

tumors. Understanding the splicing landscape in epileptogenic tumors may 

uncover novel therapeutic targets for controlling seizures and tumor growth. 

 

1. Chromatin Modifications 

 Histone Acetylation and Methylation 

 Chromatin modifications, such as histone acetylation and methylation, 

dynamically regulate gene expression by modulating chromatin 

structure and accessibility to transcriptional machinery. 

 Dysregulation of histone modifications in BTAE alters the expression 

of genes involved in tumor growth, invasion, and seizure susceptibility. 

 DNA Methylation 
 Aberrant DNA methylation patterns are commonly observed in brain 

tumors and epileptic brain regions, contributing to gene silencing and 

genomic instability (30). 

 DNA methylation changes affect the expression of genes implicated in 

neuronal excitability, synaptic transmission, and inflammation, 

thereby influencing epileptogenic processes. 

 

2. Pol II-Mediated Transcriptional Regulation 

 Transcription Factor Dysregulation 

 Alterations in transcription factor activity and expression disrupt the 

balance of gene regulatory networks in BTAE. 

 Dysregulated transcription factors, such as NF-κB, AP-1, and CREB, 

modulate the expression of genes involved in inflammation(63), 

gliosis, and seizure susceptibility. 

 Enhancer and Promoter Activity 
 Pol II-mediated transcriptional regulation at enhancer and promoter 

regions controls the expression of genes critical for tumor growth and 

epileptogenesis. 

 Enhancer hijacking and promoter activation by oncogenic drivers and 

transcriptional co-factors contribute to aberrant gene expression in 

BTAE. 

 

3. Splicing Studies 

 Alternative Splicing Variants 
 Alternative splicing generates transcript isoforms with diverse 

functions, contributing to cellular heterogeneity and phenotypic 

diversity in BTAE. 
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 Dysregulated alternative splicing events alter the expression of genes 

involved in ion channel function, neurotransmitter signaling, and 

synaptic plasticity, influencing seizure susceptibility (64). 

 Splicing Factor Dysregulation 

 Dysregulation of splicing factors, such as SF3B1(65), SRSF1 (66), 

and hnRNPs, disrupts pre-mRNA splicing and mRNA processing in 

brain tumors and epileptic brain regions. 

 Aberrant splicing factor expression correlates with altered splicing 

patterns and aberrant protein isoform expression associated with 

tumor progression and epileptogenesis. 

 

Methodologies for Studying Chromatin Modifications, Transcriptional 

Regulation, and Splicing 

 Chromatin Immunoprecipitation (ChIP) and ChIP-seq for mapping 

histone modifications and transcription factor binding sites. 

 RNA sequencing (RNA-seq) and nascent RNA sequencing (nRNA-seq) 

for profiling transcriptional activity and Pol II occupancy. 

 Splice junction analysis and RNA-seq data analysis pipelines for 

quantifying alternative splicing events and splice isoform expression. 

 

7. POST TRANSLATIONAL MODIFICATIONS STUDIES IN 

BTAE 
 

Post-translational modifications (PTMs) play critical roles in regulating 

protein function and signaling pathways dysregulated in BTAE. PTMs such as 

phosphorylation, acetylation, hypusination (8, 13, 32, 33),ubiquitination, and 

glycosylation modulate protein stability, localization, and activity, thereby 

influencing cellular processes relevant to tumor growth and epileptogenesis. 

 

Phosphorylation, mediated by kinases and phosphatases, is one of the 

most common PTMs implicated in BTAE.  

 

Acetylation and methylation of histone proteins and non-histone proteins 

modulate chromatin structure and gene expression in epileptogenic tumors. 

Dysregulated histone acetylation, mediated by histone acetyltransferases 

(HATs) and histone deacetylases (HDACs), alters the expression of genes 

involved in synaptic plasticity, neuronal excitability, and inflammation. 

Similarly, histone methylation by histone methyltransferases (HMTs) and 

histone demethylases (HDMs) regulates transcriptional programs implicated in 

epileptogenesis. 
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Ubiquitination, glycosylation, and other PTMs also contribute to the 

molecular pathogenesis of BTAE. Dysregulated ubiquitin-proteasome system 

(UPS) activity and protein degradation pathways disrupt protein homeostasis 

and promote tumor growth and seizure susceptibility. Aberrant glycosylation of 

cell surface receptors and adhesion molecules influences cell-cell interactions 

and tumor invasion in epileptogenic brain tumors. 

 

Overall, PTMs play multifaceted roles in the molecular pathogenesis of 

BTAE, offering potential therapeutic targets for controlling seizures and tumor 

growth. 

1. Acetylation: Acetylation involves the addition of an acetyl group to 

lysine residues and is mediated by acetyltransferases. Histone acetylation 

regulates chromatin structure and gene expression, impacting cellular 

processes relevant to epilepsy and tumorigenesis, such as cell cycle 

control, DNA repair, and apoptosis. Dysregulated protein acetylation has 

been implicated in both epileptogenesis and gliomagenesis (67). 

 

2. Ubiquitination: Ubiquitination is the attachment of ubiquitin molecules 

to target proteins, marking them for degradation by the proteasome or 

regulating their localization and activity. Dysregulated ubiquitination 

pathways have been associated with altered protein turnover, disrupted 

cellular homeostasis, and increased oncogenic signaling in BTAE. 

 

3. SUMOylation: Small ubiquitin-like modifier (SUMO) proteins can be 

conjugated to target proteins, modulating their function, stability, and 

interactions. SUMOylation has been implicated in the regulation of ion 

channels, transcription factors, and DNA repair proteins, influencing 

neuronal excitability, glioma cell proliferation, and response to therapy in 

BTAE (68). 

 

4. Glycosylation: Glycosylation involves the attachment of sugar molecules 

to proteins, affecting their stability, localization, and activity. Aberrant 

protein glycosylation has been observed in gliomas and epileptic brain 

tissue, contributing to tumor invasion, angiogenesis, and 

neuroinflammation. 

 

5. Methylation: Methylation of DNA and histones regulates gene 

expression patterns in both neurons and glioma cells and by microRNA in 

other cancers (69). Altered DNA methylation patterns have been 

associated with changes in the expression of genes involved in 

epileptogenesis, gliomagenesis, and treatment resistance. 
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Studies investigating PTMs in BTAE employ various experimental 

techniques, including mass spectrometry, immunohistochemistry, chromatin 

immunoprecipitation, and gene expression profiling. By elucidating the role of 

PTMs in the molecular pathogenesis of BTAE, researchers aim to identify novel 

therapeutic targets and develop more effective treatment strategies tailored to 

individual patients' molecular profiles. 

 

8. KINASES, PHOSPATASES AND KINASE TARGETS STUDIES 

IN BTAE 
 

Kinases and phosphatases are critical regulators of signaling pathways 

implicated in BTAE. Dysregulation of kinase and phosphatase activity leads to 

aberrant phosphorylation events, which can drive tumor growth, invasion, and 

epileptogenesis. Targeting specific kinases and phosphatases and their 

downstream signaling targets holds promise for developing novel therapeutic 

strategies for managing BTAE. 

 

Several kinase pathways have been implicated in the pathogenesis of 

BTAE. The PI3K-Akt-mTOR pathway, frequently dysregulated in gliomas and 

other brain tumors and other cancers (60, 70), plays a key role in promoting cell 

survival, proliferation, and metabolism. Hyperactivation of this pathway 

contributes to tumor growth and epileptogenesis, making it an attractive 

therapeutic target. Inhibition of mTOR signaling using drugs like rapamycin 

and its analogs has shown antiepileptic effects in preclinical models and clinical 

trials. 

 

Other kinase targets implicated in BTAE include receptor tyrosine 

kinases (RTKs) such as EGFR and PDGFRA, which drive oncogenic signaling 

cascades promoting tumor growth and seizure generation. Small molecule 

inhibitors targeting these kinases have shown promise in preclinical studies and 

are being evaluated in clinical trials for their efficacy in controlling seizures and 

tumor progression. 

 

Phosphatases, including protein phosphatase 2A (PP2A) and protein 

tyrosine phosphatases (PTPs), counterbalance kinase activity by 

dephosphorylating proteins involved in cell signaling pathways. Dysregulated 

phosphatase activity contributes to the hyperactivation of kinase signaling 

pathways in BTAE. Restoring phosphatase function or targeting specific 

phosphatases may provide alternative therapeutic strategies for controlling 

seizures and tumor growth. 

 

Furthermore, kinase-targeted therapies are being explored in combination 

with other treatment modalities, such as radiation therapy and chemotherapy, to 
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enhance their efficacy in managing BTAE. Combinatorial approaches targeting 

multiple signaling pathways may overcome resistance mechanisms and improve 

treatment outcomes in patients with refractory epilepsy. 

 

Overall, elucidating the role of kinases, phosphatases, and their 

downstream targets in BTAE is essential for developing precision therapies that 

target the molecular drivers of both tumor growth and seizure generation. 

1. Kinases: Kinases are enzymes that catalyze the transfer of phosphate 

groups from ATP to specific target molecules, typically proteins, in a 

process called phosphorylation. In the context of BTAE, dysregulated 

kinase activity can contribute to aberrant signaling pathways, neuronal 

hyperexcitability, and seizure generation. Identifying overactive kinases 

or those involved in promoting tumor growth and epileptogenesis can 

provide insights into potential therapeutic interventions (34-37, 71-73). 

 

2. Phosphatases: Phosphatases, on the other hand, are enzymes that 

catalyze the removal of phosphate groups from proteins through 

dephosphorylation. They play a crucial role in regulating cellular 

signaling pathways by counteracting the actions of kinases. Dysregulation 

of phosphatase activity can also contribute to aberrant signaling cascades 

and neuronal dysfunction seen in BTAE. Understanding the balance 

between kinase and phosphatase activity is essential for deciphering the 

molecular mechanisms underlying epileptogenesis. 

 

3. Kinase Targets: Kinases phosphorylate a wide range of target proteins 

involved in various cellular processes, including cell growth, survival, 

differentiation, and synaptic transmission. In the context of BTAE, 

identifying specific kinase targets that contribute to seizure generation or 

tumor progression is critical for developing targeted therapies. These 

targets may include ion channels, neurotransmitter receptors, synaptic 

proteins, and transcription factors implicated in epileptogenesis and 

tumor growth. 

 

By elucidating the dysregulated signaling pathways and molecular 

alterations driving epileptogenesis in the context of brain tumors, researchers 

aim to identify novel therapeutic targets and develop more effective treatments 

for epilepsy associated with these tumors.  

 

9. CELLULAR METABOLISM STUDIES IN BTAE 
 

Cellular metabolism plays a critical role in the pathogenesis of BTAE. 

Dysregulated metabolism, characterized by altered glucose utilization, 

mitochondrial dysfunction, and aberrant nutrient sensing, contributes to tumor 
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growth, invasion, and epileptogenesis. Understanding the metabolic 

reprogramming of tumor cells and their interactions with the surrounding 

microenvironment is essential for developing novel therapeutic strategies for 

managing BTAE(39). 

 

One hallmark of BTAE is increased glucose uptake and glycolytic flux, 

known as the Warburg effect. Tumor cells preferentially metabolize glucose via 

glycolysis, even in the presence of oxygen(60), leading to the accumulation of 

lactate and acidification of the tumor microenvironment. This metabolic shift 

supports tumor growth and provides energy substrates for sustained 

proliferation and seizure generation. 

 

In addition to glycolysis, alterations in mitochondrial metabolism 

contribute to the pathogenesis of epileptogenic brain tumors. Mitochondrial 

dysfunction, characterized by impaired oxidative phosphorylation and increased 

reactive oxygen species (ROS) production, disrupts cellular bioenergetics and 

redox homeostasis, further promoting tumor growth and epileptogenesis. 

Targeting mitochondrial metabolism and redox signaling pathways may offer 

therapeutic opportunities for controlling seizures and tumor progression. 

 

Furthermore, dysregulated nutrient sensing pathways, such as the 

mechanistic target of rapamycin (mTOR) and AMP-activated protein kinase 

(AMPK) pathways, play crucial roles in coordinating cellular metabolism and 

growth in BTAE. Hyperactivation of mTOR signaling promotes protein 

synthesis, cell proliferation, and epileptogenesis, while AMPK activation 

inhibits mTOR activity and promotes catabolic processes such as autophagy and 

lipid oxidation(38). 

 

Therapeutic strategies targeting cellular metabolism in BTAE aim to 

exploit metabolic vulnerabilities while minimizing toxicity to normal brain 

tissue. Inhibitors of glycolysis, mitochondrial metabolism, and nutrient sensing 

pathways are being evaluated as potential antiepileptic drugs and adjuvant 

therapies for controlling seizures and tumor growth. Combinatorial approaches 

targeting multiple metabolic pathways may offer synergistic effects and 

improve treatment outcomes in patients with refractory epilepsy. 

 

Overall, elucidating the complex interplay between cellular metabolism 

and epileptogenesis in brain tumors provides insights into novel therapeutic 

targets and treatment strategies for managing seizures and tumor progression. 

 

Here are some key aspects of cellular metabolism studied in the context of 

BTAE: 
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1. Aerobic Glycolysis (Warburg Effect): Many brain tumors, including 

gliomas, exhibit a metabolic phenotype characterized by increased 

glucose uptake and lactate production even in the presence of oxygen, a 

phenomenon known as the Warburg effect. This metabolic 

reprogramming provides rapid energy production and biosynthetic 

precursors necessary for tumor growth and proliferation. Dysregulated 

aerobic glycolysis can also contribute to neuronal hyperexcitability and 

seizure generation by altering local metabolic microenvironments and 

neurotransmitter dynamics. 
 

2. Glutamate Metabolism: Glutamate is the major excitatory 

neurotransmitter in the brain, and its metabolism is tightly regulated to 

maintain neuronal excitability within physiological limits. Dysregulated 

glutamate metabolism in brain tumors can lead to excessive glutamate 

release, synaptic excitotoxicity, and seizure activity. Glutamate 

excitotoxicity is implicated in both epileptogenesis and gliomagenesis, 

highlighting the complex interplay between neuronal and glial 

metabolism in BTAE (10-12). 
 

3. Mitochondrial Dysfunction: Mitochondria play a central role in cellular 

metabolism, energy production, and redox balance. Dysfunctional 

mitochondria in brain tumors can impair oxidative phosphorylation, 

leading to energy depletion, increased reactive oxygen species (ROS) 

production, and altered cellular signaling. Mitochondrial dysfunction 

contributes to both tumor progression and epileptogenesis by disrupting 

neuronal and glial energy metabolism and promoting oxidative stress-

mediated damage. 
 

4. Ketone Metabolism: Ketone bodies, such as β-hydroxybutyrate and 

acetoacetate, are alternative energy substrates produced during fasting or 

ketogenic diets. Emerging evidence suggests that ketone metabolism may 

provide neuroprotective effects and alleviate seizure activity in BTAE by 

restoring metabolic homeostasis, enhancing mitochondrial function, and 

modulating neurotransmitter release. Ketogenic therapies have shown 

promising results in preclinical and clinical studies as adjuvant treatments 

for both epilepsy and glioma patients(74). 
 

5. Redox Metabolism: Redox metabolism, including antioxidant defense 

mechanisms and ROS scavenging pathways, plays a critical role in 

maintaining cellular redox balance and protecting against oxidative 

stress-induced damage. Dysregulated redox metabolism in brain tumors 

can disrupt cellular homeostasis, promote DNA damage and genomic 

instability, and contribute to tumor progression and epileptogenesis. 
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Targeting redox pathways represents a potential therapeutic strategy for 

managing BTAE by modulating oxidative stress responses and sensitizing 

tumor cells to therapy. 
 

By elucidating the metabolic adaptations and vulnerabilities of BTAE, 

researchers aim to identify novel therapeutic targets and develop personalized 

treatment strategies to improve patient outcomes and quality of life.  

 

10. SURGICAL APPROACHES AND ANTIEPILEPTIC DRUGS 

TO TARGET BTAE  
 

Surgery plays a pivotal role in the management of BTAE, aiming to 

achieve maximal tumor resection while preserving neurological function and 

controlling seizures. Resective surgery, including gross total resection (GTR) or 

subtotal resection (STR) of the tumor and surrounding epileptogenic tissue, 

offers the potential for long-term seizure control and improved survival 

outcomes. Advanced neuroimaging techniques, such as functional MRI (fMRI) 

and intraoperative electrocorticography (ECoG), aid in identifying epileptogenic 

zones and guiding surgical resection to minimize postoperative deficits. 

 

In cases where complete resection is not feasible due to tumor location or 

involvement of eloquent brain regions, surgical techniques such as laser 

interstitial thermal therapy (LITT) and stereotactic radiosurgery (SRS) offer 

minimally invasive alternatives. LITT utilizes laser energy to ablate tumor 

tissue while sparing adjacent healthy brain tissue, providing a precise treatment 

option for deep-seated or inoperable tumors. SRS delivers high-dose radiation 

to the tumor with submillimeter accuracy, inducing tumor cell death and 

reducing seizure burden. 

 

Antiepileptic drugs (AEDs) are routinely used as adjunctive therapy to 

manage seizures in patients with BTAE. Traditional AEDs such as phenytoin, 

carbamazepine, and valproate are commonly prescribed to control seizures 

perioperatively and in the postoperative period. However, newer generation 

AEDs like levetiracetam and lamotrigine are preferred due to their favorable 

side effect profiles and reduced drug interactions. 

 

Combining surgical resection with targeted molecular therapies offers a 

multimodal approach to treating BTAE. Molecularly targeted therapies, such as 

inhibitors of the PI3K-Akt-mTOR pathway or receptor tyrosine kinase 

inhibitors, may complement surgical resection by targeting residual tumor cells 

and reducing the risk of tumor recurrence and seizure recurrence. 
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In conclusion, surgical resection remains the cornerstone of treatment for 

BTAE, offering the potential for long-term seizure control and improved quality 

of life. Combinatorial approaches integrating surgery, targeted molecular 

therapies, and antiepileptic drugs hold promise for optimizing treatment 

outcomes and addressing the complex interplay between tumor biology and 

epileptogenesis(75). 

 

Here's an overview of surgical strategies and AED therapies targeting BTAE 

(76): 

1. Surgical Resection: Surgical resection of the brain tumor is often the 

primary treatment approach for managing tumor-associated epilepsy, 

especially when the tumor is localized and accessible without causing 

significant neurological deficits. The goal of surgery is to remove as much 

of the tumor as possible while preserving neurological function and 

controlling seizures. Complete or near-complete resection of the tumor can 

lead to significant reduction or elimination of seizures in many patients. 

 

2. Awake Craniotomy: In cases where the tumor is located in or near 

eloquent brain regions responsible for critical functions such as language or 

motor control, awake craniotomy techniques may be employed. This 

approach allows the surgeon to map functional areas of the brain in real-

time while the patient is awake, minimizing the risk of postoperative 

neurological deficits while maximizing tumor resection. 

 

3. Stereotactic Radiosurgery (Srs): Stereotactic radiosurgery delivers highly 

focused radiation beams to target the tumor, sparing surrounding healthy 

tissue. While primarily used for small, deep-seated, or surgically 

inaccessible tumors, SRS can also be an option for controlling tumor-

associated seizures, particularly in cases where surgery is not feasible or 

when residual tumor remains after resection. 

 

4. Electrophysiological Monitoring: Intraoperative electrocorticography 

(ECoG) and intraoperative neurophysiological monitoring (IONM) 

techniques may be employed during surgery to identify epileptogenic zones 

and functional brain regions. This helps guide the surgical approach and 

minimize the risk of postoperative seizures or neurological deficits. 

 

5. Antiepileptic Drugs (Aeds): AEDs are commonly used as adjunctive 

therapy to control seizures in patients with brain tumors, both before and 

after surgical intervention. The choice of AED depends on factors such as 

seizure type, patient characteristics, drug interactions, and potential side 

effects. AEDs commonly used in the management of BTAE include 

levetiracetam, lacosamide, carbamazepine, and others (77). 
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6. Chemotherapeutic Agents: Chemotherapy is a standard treatment for brain 

tumors, and certain chemotherapeutic agents may also have antiepileptic 

effects. Preclinical studies often involve testing the efficacy of 

chemotherapeutic agents in reducing seizure frequency and tumor growth in 

animal models of BTAE(78). 

 Temozolomide, lomustine, and vincristine are examples of 

chemotherapeutic agents investigated for their potential antiepileptic 

properties (79). 

 

7. Antineoplastic Agents 

 Antineoplastic agents target tumor cells and may indirectly affect seizure 

activity by reducing tumor burden and associated inflammation. 

 In research studies, antineoplastic agents are evaluated for their ability to 

suppress tumor growth and mitigate seizure activity in animal models. 

 Bevacizumab, a monoclonal antibody targeting vascular endothelial 

growth factor (VEGF), is an example of an antineoplastic agent 

investigated for its effects on both tumor progression and seizure control 

(80). 

 

8.  Immunotherapies 

 Immunotherapies harness the immune system to target tumor cells and 

modulate inflammatory responses associated with epilepsy. 

 Preclinical research explores the efficacy of immunotherapeutic 

approaches, such as immune checkpoint inhibitors and chimeric antigen 

receptor (CAR) T cell therapy, in controlling tumor growth and reducing 

seizure frequency. 

 Checkpoint inhibitors (pembrolizumab, nivolumab) and adoptive T cell 

therapy represent promising avenues for immunotherapy in BTAE. 

 

9.  Non-Invasive Neuromodulation 

 Non-invasive neuromodulation techniques, such as transcranial magnetic 

stimulation (TMS) and transcranial direct current stimulation (tDCS), 

offer potential therapeutic benefits for epilepsy. 

 Research efforts focus on optimizing stimulation parameters and 

identifying patient populations most likely to benefit from 

neuromodulation therapy. 

 Non-invasive neuromodulation may complement traditional 

pharmacological and surgical approaches in the management of drug-

resistant BTAE (80). 
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10.  Preclinical Imaging And Biomarkers 

 Preclinical imaging modalities, including magnetic resonance imaging 

(MRI), positron emission tomography (PET), and electroencephalography 

(EEG), enable the assessment of tumor progression and seizure activity in 

animal models. 

 Biomarkers, such as circulating tumor DNA (ctDNA) and inflammatory 

cytokines, provide insights into disease progression and treatment 

response in preclinical studies. 

 Integrating preclinical imaging and biomarker analysis enhances our 

understanding of the relationship between brain tumors and epilepsy and 

informs the development of novel therapeutic strategies. 

 

11. Targeted Therapies: In addition to traditional AEDs, there is growing 

interest in targeted therapies that specifically address the molecular 

mechanisms underlying tumor-associated epilepsy. For example, drugs 

targeting the PI3K-Akt-mTOR pathway, which is frequently dysregulated in 

certain types of BTAE, have shown promise in preclinical and clinical 

studies for controlling seizures. Examples include EGFR inhibitors (e.g., 

erlotinib), mTOR inhibitors (everolimus), and histone deacetylase inhibitors 

(vorinostat)(81). 

 

12. Multimodal Treatment Approaches: Multimodal treatment approaches 

that combine surgery, radiation therapy, chemotherapy, and AEDs may be 

necessary for optimal management of BTAE, particularly in cases of high-

grade or recurrent tumors. These approaches aim to achieve maximal tumor 

control while minimizing seizure frequency and improving overall patient 

outcomes. 

 

These approaches not only elucidate the underlying mechanisms of 

seizure generation but also inform the development of targeted therapies and 

personalized treatment strategies for patients with this challenging neurological 

condition. 

 

11. FUTURE PROSPECTS 
 

The future of managing BTAE lies in advancing precision medicine 

approaches tailored to individual patient profiles. Integrating genomic, 

proteomic, and metabolic profiling techniques will enable the identification of 

patient-specific molecular targets and personalized therapeutic strategies. 

Furthermore, the development of novel imaging modalities and biomarkers for 

early detection and monitoring of tumor progression and treatment response will 

enhance clinical decision-making and prognostication. 
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Advancements in neurosurgical techniques, including minimally invasive 

approaches and intraoperative imaging technologies, will continue to improve 

surgical outcomes and reduce morbidity associated with tumor resection. 

Moreover, the integration of neurostimulation techniques such as responsive 

neurostimulation (RNS) and deep brain stimulation (DBS) may offer alternative 

treatment options for patients with refractory epilepsy. 

 

Emerging therapies targeting immune checkpoints, tumor 

microenvironment, and tumor metabolism hold promise for overcoming 

treatment resistance and improving long-term outcomes in patients with BTAE. 

Collaborative multidisciplinary efforts across neurosurgery, neuro-oncology, 

neurology, and molecular biology will be essential for translating these 

advancements into clinical practice and improving patient care. 

 

Here are some recent insights and prospects in this field: 

1. Genomic and Transcriptomic Profiling: Advances in high-throughput 

sequencing technologies have enabled comprehensive genomic and 

transcriptomic profiling of brain tumors and epileptic tissues. This has led to 

the identification of various genetic alterations and gene expression patterns 

associated with tumor-associated seizures and epilepsy. Understanding these 

molecular signatures can provide insights into disease mechanisms and 

potential therapeutic targets. 

 

2. Identification of Driver Mutations: By analyzing the genomic landscape of 

brain tumors and epileptic tissues, researchers have identified specific driver 

mutations and molecular pathways implicated in seizure generation and 

epileptogenesis. Targeting these driver mutations or dysregulated pathways 

with precision therapies could potentially suppress seizures and improve 

epilepsy management. 

 

3. Molecular Classification: Molecular profiling has facilitated the 

subclassification of brain tumors and epilepsies based on their underlying 

molecular features rather than just histological characteristics. This 

molecular classification allows for more accurate diagnosis, prognosis, and 

personalized treatment strategies tailored to individual patients. 

 

4. Biomarker Discovery: Molecular studies have identified potential 

biomarkers associated with seizure occurrence, recurrence, and drug 

responsiveness in brain tumor patients with epilepsy. These biomarkers 

could aid in early diagnosis, monitoring disease progression, predicting 

treatment responses, and developing novel therapeutic approaches. 
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5. Targeted Therapies: Molecular insights into the signaling pathways 

involved in BTAE have paved the way for the development of targeted 

therapies. For example, drugs targeting specific molecular alterations such as 

mutations in the PI3K-Akt-mTOR pathway have shown promise in 

preclinical and clinical studies for controlling seizures in patients with 

certain types of brain tumors and epilepsies. 

 

6. Immunotherapy: Emerging evidence suggests that immunotherapy 

approaches, including immune checkpoint inhibitors and chimeric antigen 

receptor (CAR) T-cell therapy, may have potential in treating brain tumors 

and associated seizures by harnessing the immune system to target tumor 

cells. Molecular profiling can help identify patients who are most likely to 

benefit from these immunotherapeutic strategies. 

 

7. Drug Repurposing: Molecular studies have identified existing drugs 

targeting specific molecular pathways that could be repurposed for treating 

BTAE. Drug repurposing offers a cost-effective and time-efficient strategy 

to rapidly translate molecular insights into clinical applications. 

 

Overall, molecular approaches to studying BTAE are opening new 

avenues for understanding the underlying pathophysiology and developing 

innovative therapeutic interventions. Continued research efforts in this area are 

essential for improving patient outcomes and quality of life. 

 

12. CONCLUDING REMARK 
 

Understanding and treating BTAE represent a dynamic and evolving field, 

bridging oncology, neurology, and pharmacology. As research continues to 

unravel the complex interplay between tumors and neuronal circuits, the future 

promises more targeted and effective strategies for managing both tumor growth 

and epilepsy, ultimately improving patient outcomes. 

 

In conclusion, the management of BTAE requires a comprehensive and 

multidisciplinary approach, integrating surgical resection, targeted molecular 

therapies, and antiepileptic drugs. Advances in precision medicine, 

neurosurgical techniques, and therapeutic modalities offer hope for improved 

seizure control, tumor management, and patient outcomes. By continuing to 

innovate and collaborate, we can strive towards personalized and effective 

treatments for this complex neurological condition. 
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