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Introduction

Glioma represents the most prevalent primary malignant tumor in the central nervous system, a deeper understanding of the underlying molecular mechanisms driving glioma is imperative for guiding future treatment strategies. Emerging evidence has implicated a close relationship between glioma development and epigenetic regulation. However, there remains a significant lack of comprehensive summaries in this domain. This study aims to analyze epigenetic publications pertaining to gliomas from 2009 to 2024 using bibliometric methods, consolidate the extant research, and delineate future prospects for investigation in this critical area.





Methods

For the purpose of this study, publications spanning the years 2009 to 2024 were extracted from the esteemed Web of Science Core Collection (WoSCC) database. Utilizing advanced visualization tools such as CiteSpace and VOSviewer, comprehensive data pertaining to various aspects including countries, authors, author co-citations, countries/regions, institutions, journals, cited literature, and keywords were systematically visualized and analyzed.





Results

A thorough analysis was conducted on a comprehensive dataset consisting of 858 publications, which unveiled a discernible trend of steady annual growth in research output within this specific field. The nations of the United States, China, and Germany emerged as the foremost contributors to this research domain. It is noteworthy that von Deimling A and the Helmholtz Association were distinguished as prominent authors and institutions, respectively, in this corpus of literature. A rigorous keyword search and subsequent co-occurrence analysis were executed, ultimately leading to the identification of seven distinct clusters: “epigenetic regulation”, “DNA repair”, “DNA methylation”, “brain tumors”, “diffuse midline glioma (DMG)”, “U-87 MG” and “epigenomics”. Furthermore, an intricate cluster analysis revealed that the primary foci of research within this field were centered around the exploration of glioma pathogenesis and the development of corresponding treatment strategies.





Conclusion

This article underscores the prevailing trends and hotspots in glioma epigenetics, offering invaluable insights that can guide future research endeavors. The investigation of epigenetic mechanisms primarily centers on DNA modification, non-coding RNAs (ncRNAs), and histone modification. Furthermore, the pursuit of overcoming temozolomide (TMZ) resistance and the exploration of diverse emerging therapeutic strategies have emerged as pivotal avenues for future research within the field of glioma epigenetics.
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1 Introduction

Gliomas, which typically arise from neuroglial stem or progenitor cells, are commonly categorized into three distinct subtypes based on their histological characteristics: astrocytic tumors, oligodendroglial tumors, and ventriculomembranous tumors (1). According to the database maintained by the International Agency for Research on Cancer, brain and central nervous system cancers presently constitute 3% of all cancer-related deaths (2). Furthermore, projections suggest a potential for this figure to nearly triple by the year 2040 (3). Malignant gliomas represent the second leading cause of cancer-related deaths among individuals under the age of 35 (4). Between 2014 and 2018 in the United States, an average of 16,606 deaths per year were attributed to malignant brain and other central nervous system tumors, resulting in a mortality rate of 4.43 deaths per 100,000 individuals (5). Gliomas constitute the most prevalent primary malignant brain tumors, accounting for approximately 30% of all brain tumor cases, and are among the most lethal forms of this disease (6). According to the latest definition by the World Health Organization (WHO), adult gliomas are primarily classified as WHO grade II to IV tumors (7). Among these glioma classifications, glioblastoma (GBM, WHO grade IV) is considered one of the most lethal types (8). For GBM, the Stupp regimen has been reported to result in a median survival of approximately 14.6 months, a median progression-free survival of 6.9 months, and a two-year overall survival rate of 26.5% (9–11). Gliomas present significant treatment challenges owing to their poor prognosis, high recurrence rate, and considerable mortality rate, thereby posing a severe threat to the health of patients (6).

Current treatments for gliomas primarily include surgery, chemotherapy and radiotherapy (12). However, the notable heterogeneity exhibited by glioma cells plays a pivotal role in their heightened resistance to both chemotherapy and radiotherapy (13). However, the substantial heterogeneity observed among glioma cells contributes significantly to their pronounced resistance to both chemotherapy and radiotherapy (14). The emergence of increasing resistance to TMZ, coupled with the drug’s ineffective distribution across the blood-brain barrier (BBB), has posed significant challenges in the treatment of gliomas (15). Despite the advent of numerous emerging therapeutic strategies, none have ushered in fundamental alterations in the management of glioma patients (16). Recent studies in molecular pathology have uncovered a significant association between the development of gliomas and various epigenetic phenomena. Mutations in genes regulated by epigenetic mechanisms have been pinpointed as pivotal factors in the formation of distinct glioma subtypes. Additionally, epigenetic alterations hold promise as valuable biomarkers, offering novel avenues for classifying gliomas and informing treatment decisions (17). Epigenetics refers to heritable changes in cellular phenotypes that occur without alterations in the DNA sequence (18). Recent research has pinpointed several key components of epigenetic regulatory mechanisms in gliomas, encompassing DNA methylation, dysregulation of ncRNAs, chromatin remodeling, and abnormalities in histone modifications (19). Epigenetic factors play a pivotal role in the diagnosis and treatment of diseases (20). Current research on glioma epigenetics centers around several pivotal areas: DNA methylation, integrated genomic analysis, epigenetic silencing, histone posttranslational modifications, and ncRNAs. The pathogenesis of gliomas is influenced by a complex interplay of genetic and environmental factors, posing significant challenges for treatment and diagnosis. By elucidating the reversibility of epigenetic changes, researchers aim to unravel the underlying causes of glioma development, potentially paving the way for novel therapeutic strategies. However, there remains a paucity of statistical data on the research frontiers and emerging trends in this field.

Bibliometrics is a discipline that employs quantitative methods to systematically organize and analyze information in the field of scientific research. It involves categorizing information based on various variables, including keywords, authors, and institutions. This categorization enables the rapid identification of research trends and focal points within a specific field of study. By utilizing mathematical and statistical techniques, bibliometrics provides researchers with a comprehensive and systematic understanding of the structure and development of scientific knowledge (21). Therefore, we adopted a systematic bibliometric approach to visually present and analyze the research trends and hotspots in the field of glioma epigenetics over the past 15 years.




2 Materials and methods



2.1 Data extraction

On January 25, 2024, a systematic literature search was conducted utilizing the WoSCC database to identify studies on glioma epigenetics published between the years 2009 and 2024. The search criteria were restricted to English-language articles, with a specific focus on glioma and epigenetics across all relevant fields to ensure comprehensive coverage. This encompassed both research articles and reviews. Initially, a total of 1,306 articles were retrieved and subjected to screening based on their titles, keywords, abstracts, and full texts. After the exclusion of irrelevant papers and the removal of duplicates, a final selection of 858 articles was made for further analysis. The selection process is depicted in Figure 1.




Figure 1 | Flow chart of the literature selection process.






2.2 Data analysis and analysis tools

We conducted bibliometric and visualization analyses of the literature on glioma epigenetics using CiteSpace (version 6.2. R4), VOSviewer (version 1.6.11), Scimago Graphica, Pajeck32 portable (version 5.18), and the “bibliometrix” package in RStudio with R software (version 4.3.2). The data were statistically analyzed using Microsoft Excel 2019. The analysis covered three main aspects: 1. Statistical analysis, which involved annual publication trends, countries/regions of publication, institutions, authors, cited authors and journals. 2. Co-citation cluster analysis of references to identify key research themes and track research trends. 3. Keyword analysis to identify current research hotspots. CiteSpace, a bibliometric software package developed by Prof. Chen, utilizes co-occurrence network mapping to visualize relationships within the literature (22). In CiteSpace, node size reflects co-occurrence frequency, node connections represent relationships, line strength indicates relationship strength, and node connection color signifies different years. Purple circles outside nodes indicate centrality ≥ 0.1, highlighting nodes that play a mediating role in the cooperative network. VOSviewer, another bibliometric software developed by Leiden University, offers user-friendly operation and produces concise graphs. The results were presented in both general views and heatmap formats, which were utilized in this study for analyzing cited authors and keywords.





3 Results



3.1 Analysis of annual publications

A comprehensive search was conducted to identify English-language papers on glioma and epigenetics, encompassing both articles and reviews, published between January 1, 2009, and February 1, 2024. This search yielded a total of 858 papers. Statistical analysis of these papers revealed significant changes in publication volumes over time. Specifically, from 2009 to 2013, there was a slow but steady increase in the number of publications in this field. However, a notable rise in publication output was observed since 2014, with a peak occurring in 2022. The logarithmic trend line clearly illustrates this marked increase, indicating a growing interest and research focus on glioma and epigenetics. Consequently, the surge in the number of published papers underscores the current importance and prominence of glioma and epigenetics as a research area (Figure 2).




Figure 2 | Annual number of publications in the relevant literature from 2009 to January 2024.






3.2 Distribution of countries/regions and institutions

The analysis conducted comprehensively identified a total of 58 countries/regions and 316 institutions actively engaged in epigenetic studies of gliomas. The findings revealed that the United States contributed the largest number of publications, with 305 publications accounting for 34.00% of the total. China followed closely, contributing 226 publications, which represented 25.19% of the overall publications. Germany and Canada also demonstrated significant contributions, with 92 publications (10.26%) and 46 publications (5.13%), respectively. These results highlight the prominent role played by these countries in advancing research on the epigenetic aspects of gliomas. (Table 1). The papers from United States received the highest number of citations (16,616 citations). Figure 3 illustrates collaborations among the top 30 countries/regions in glioma epigenetics research, based on publication numbers. The United States dominates the field with a centrality value of 0.3, while Germany exhibits significant influence with a centrality value of 0.14. This underscores their prominent roles in advancing glioma epigenetics research. Table 2 presents the top 10 institutions in glioma epigenetics research by publication count. The Helmholtz Association leads with 42 publications, followed closely by the University of Texas System (n=41) and the University of California System (n=40). A significant majority of these leading institutions are located in the United States (60%) and Germany (30%). Notably, the University of California System holds the highest centrality value of 0.28, indicating its substantial influence in the field. The University of Texas System follows with a centrality value of 0.13. Both institutions are based in the United States. Figure 4 categorizes these institutions into ten clusters based on their disciplinary focus. The clusters emphasize “medical research and experimentation”, “pathology” and “pediatrics”, highlighting the key areas of research within glioma epigenetics.


Table 1 | Top 10 countries/regions for related publications from 2009 to 2024.






Figure 3 | National Partnership Network. Visual map showing the country cooperation network, with circles representing a country/region and the color and size of the circles being proportional to the number of publications.




Table 2 | Top 10 most active organizations and their countries of affiliation.






Figure 4 | A visual map of thematic clusters of disciplines to which the institution belongs. The clusters are categorized into clusters #0-10 by different colors, and the clustered subjects are displayed on the corresponding cluster blocks.






3.3 Analysis of authors and author co-citations

Using CiteSpace for author co-occurrence network analysis (Figure 5), we found that 279 researchers contributed to the relevant literature publications in glioma epigenetics. Table 3 ranks the top 10 authors by their publication output, with von Deimling A leading with 10 publications. Pfister SM follows with 9 publications, and Aldape K and Reifenberger G each have 8 publications. Among these leading authors, Aldape K has the highest centrality at 0.07, indicating significant influence in the research community. Zhang W, James CD, and Nazarian J each have a centrality of 0.03. Author co-citation analysis was conducted to identify citation relationships between authors whose work is cited together by a third author. This method provides valuable insights into major academic researchers and their specific areas of expertise in glioma epigenetics (23). Louis DN is the most cited author with 276 citations, followed by Stupp R with 179 citations, and Hegi ME with 139 citations. Figure 6 displays a visual network diagram illustrating the relationships between co-cited authors.




Figure 5 | Collaborative network of authors involved in glioma and epigenetic studies.




Table 3 | The top 10 authors with the most publications.






Figure 6 | Visualizing collaborative networks of co-cited authors.






3.4 Analysis of journals and cited journals for publications on glioma epigenetics

Using the bibliometric online analysis platform bibliometrix, we conducted a comprehensive analysis of the literature sourced from various journals. Our analysis revealed a total of 316 journals that have published articles in the field of glioma epigenetics. Figure 7 presents a visual mapping of the top ten journals by the number of articles published. Neuro-Oncology emerged as the predominant journal in this field, with a total of 63 articles. This finding suggests that Neuro-Oncology is a key platform for disseminating research related to glioma epigenetics. Following Neuro-Oncology, Oncotarget ranks second with 28 articles, and Cancer Research ranks third with 24 articles. These journals also contribute significantly to the publication of research in this field. The relatively uniform distribution of articles across the other journals indicates the diversity of research in glioma epigenetics. Researchers are contributing their work to a wide range of publications, highlighting the multidisciplinary nature of this field. Overall, the analysis of journal publications demonstrates the prominence of Neuro-Oncology as the leading journal in glioma epigenetics research and the diverse range of journals in which researchers publish their work. This diversity reflects the broad scope and interdisciplinary nature of research in this field. Figure 8 presents the journal dual-map overlays, which illustrate the positioning of research on a specific topic in relation to major research disciplines. Each point on the map represents a journal. The citation map is displayed on the left, the cited map is shown on the right, and the connecting lines in the middle represent citation paths. These linking trajectories highlight the interconnections between different disciplines within the field. The colors on the map indicate clusters identified by the Blondel clustering algorithm. On the left map, the width of the ellipses correlates with the number of publications, while the length represents the number of authors. The findings reveal that publications in the Molecular Biology and Immunology field (yellow trajectory) are significantly influenced by research in Molecular Biology and Genetics (z=6.72, f=21592). Table 4 presents the top 10 cited journals based on citation frequency, 2022 impact factor (IF) and centrality. Nature has the highest citation frequency and impact factor, establishing it as the most influential journal in the field.




Figure 7 | Visual presentation of the top ten journals belonging to the glioma and epigenetic research literature.






Figure 8 | Double image overlay of journals.




Table 4 | Top 10 most cited journals.






3.5 Citation analysis

Reference analysis plays a pivotal role in bibliometric studies. Table 5 highlights the top 5 co-cited references based on centrality. The most central reference is the article titled “IDH1 and IDH2 mutations in gliomas”, authored by Yan H, and published in The New England Journal of Medicine in 2009 (24). This study identified mutations in the IDH1 gene and related IDH2 mutations in 445 central nervous system tumors and 494 non-central nervous system tumors. These findings suggest that mutations in NADP (+)-dependent isocitrate dehydrogenase, encoded by IDH1 and IDH2, could serve as a classification criterion for certain malignant gliomas. Further research indicated a potential link between one of the isocitrate dehydrogenase mutations and epigenetic inheritance (25). Another study published in “Cancer Research” titled “EMP3, a Myelin-Related Gene Located in the Critical 19q13.3 Region, is Epigenetically Silenced and Exhibits Features of a Candidate Tumor Suppressor in Glioma and Neuroblastoma” underscores the significance of EMP3 in epigenetic silencing and its potential role as a tumor suppressor in glioma and neuroblastoma. The co-citation analysis network identified 14 clusters, named by index terms as shown in Figure 9. The significance of the cluster structure is indicated by q values, where a q value greater than 0.3 is generally considered significant. In this study, the q value was 0.7449, and an s value greater than 0.7 is typically deemed convincing for clusters, with this study showing an s value of 0.9005. The largest cluster (#0) was “metabolic reprogramming”, followed by “DMG” (#1), “DNA methylation” (#2) and “IDH1” (#3).


Table 5 | Top 5 most cited references from 2009 through January 2024.






Figure 9 | Analysis of references. A co-citation graph (timeline view) of references to publications related to epigenetic studies of gliomas.






3.6 Keyword analysis

Keywords were analyzed using CiteSpace to generate a keyword co-occurrence network diagram, as shown in Figure 10. After removing meaningless words, the ten most frequent keywords were “DNA methylation” (n=152), “GBM” (n=115), “mutations” (n=77), “stem cells” (n=64), “hypermethylation” (n=40), “proliferation” (n=59), “classification” (n=52), “differentiation” (n=71), “TMZ” (n=62), and “survival” (n=41). Notably, “DNA methylation”, “differentiation”, “GBM” and “stem cells” exhibited high centrality (Table 6). These top keywords can be categorized into two main groups: the first five focus on the epigenetic mechanisms of glioma, while the last five are related to glioma treatment. The analysis indicates that research on glioma epigenetics predominantly focuses on understanding the underlying mechanisms and exploring therapeutic options. Figure 11 illustrates the top 25 keywords based on burst intensity, with “central nervous system” showing the highest burst intensity (9.96), followed by “promoter methylation” (8.67). Interestingly, besides keywords related to glioma epigenetics and treatment, the term “central nervous system” has also emerged as a popular topic. Furthermore, the study highlights specific types of gliomas and other common cancers, such as prostate, breast and lung cancers, indicating a wider range of interests in disease associations. Clustering analysis of co-occurring keywords revealed the main research themes in the field, as shown in Figure 12. The co-occurring keywords formed a total of seven clusters. Clusters #0 and #3 centered on potential epigenetic targets and specific therapies for gliomas. Key terms in these clusters included targeted therapy, protein kinase inhibitors, ion channels, proliferation, DNMT3a (DNA methyltransferase 3a), MIR-129-5P and TMZ. Cluster #1 focused on glioma genome-related content, including keywords such as EGFR/EGFRVIII, UBXN1, CRISPR/Cas9, NF-κB, differentiation and self-renewal. Cluster #2 addressed the prognosis and genetic factors of glioma, featuring topics like genetic abnormalities, epigenetic age, long-term survival, short-term survival and hypomethylation. Cluster #4 covered specific types of gliomas, such as diffuse midline glioma (DMG), pediatric diffuse glioma, hemispheric glioma and intrinsic pontine glioma. Clusters #5 and #6 explored potential mechanisms of epigenetic inheritance in gliomas, highlighting keywords like DNA methylation, chromatin modification, transcription, cancer cells, proliferation and migration. Lastly, Cluster #7 included discussions of other tumors.




Figure 10 | Visual mapping of the keywords.




Table 6 | Top 10 keywords and their centrality.






Figure 11 | Top 25 keywords with the strongest citation bursts. The strongest citation bursts time period was indicated in red.






Figure 12 | CiteSpace based keyword clustering. These keywords are divided into 7 categories by clustering and are shown in different color clusters. The topics of the thematic groups are shown in the corresponding legends.







4 Discussion



4.1 General information

The distribution of time and annual volume of published literature provides valuable insights into the research hotspots and pace of development within the field of glioma epigenetics. By analyzing the publication volumes across four distinct time periods spanning from 2009 to 2024, we can gain a comprehensive understanding of the trends and shifts in this research area. Throughout these time periods, notable shifts in publication volumes were observed in 2016, 2019 and 2022. Despite these shifts, each period exhibited consistent stability in publication output, indicating a sustained level of research activity within the field. This stability, alongside an overall upward trend in publication volumes, underscores the increasing interest and importance of epigenetically related aspects of gliomas. The prominence of publications from specific countries, regions, or institutions further reflects their scientific contributions and capacity in this domain. The United States stands out as a leader in both the total number of publications and centrality, highlighting its prominent role in glioma epigenetics research. This dominance is indicative of the significant scientific resources and expertise dedicated to this field within the United States. Among the top authors in glioma epigenetics research, K Aldape holds the highest centrality, indicating a significant impact on the research community. Aldape’s contributions include a study identifying H3F3A and IDH1 hotspot mutations, which has defined an epigenetic subgroup of GBM. This research underscores the importance of understanding the epigenetic alterations in gliomas and their implications for disease classification and treatment. In conclusion, the analysis of the distribution of time and annual volume of published literature in glioma epigenetics research reveals consistent stability within each time period, alongside an overall upward trend. This trend underscores the increasing interest and importance of epigenetically related aspects of gliomas. The prominence of specific countries, regions, and institutions, as well as the significant contributions of key authors, further highlights the scientific capacity and advancements in this field (26). The epigenetic subgroup of GBM identified through the study of H3F3A and IDH1 hotspot mutations exhibits distinct global methylation patterns, DNA copy numbers, and transcriptome patterns. These unique features pave the way for the development of epigenetic-targeted therapies, offering new avenues for treating this aggressive brain tumor. Epigenetic markers, along with specific DNA alterations such as methyl-cytosine changes, low trimethylation of H3K27 (H3K27me3), reduced 5-methylcytosine (5mC), and elevated 5-hydroxymethylcytosine (5hmC), are emerging as key features of diffuse intrinsic pontine glioma (DIPG). This distinct epigenetic profile presents new opportunities for therapeutic interventions that target the underlying epigenetic alterations driving the disease. The imbalance between 5mC and 5hmC in DIPG is particularly noteworthy, as it suggests potential targets for therapeutic manipulation. By understanding the epigenetic mechanisms that contribute to the development and progression of DIPG, researchers can explore novel therapeutic strategies that specifically target these alterations, ultimately leading to improved patient outcomes. In conclusion, the identification of the epigenetic subgroup of GBM and the emerging features of DIPG provide new insights into the underlying mechanisms of these diseases. These distinct patterns and epigenetic markers offer promising opportunities for the development of targeted therapies that can address the specific alterations driving these gliomas. Further research in this area is crucial to advance our understanding of these complex diseases and to improve treatment options for patients (27). Keyword analysis is a critical method for unveiling research topics within the field. It illuminates trends such as epithelial-mesenchymal transition and the use of histone deacetylase inhibitors. IDH mutations are pivotal in the development of the CpG island methylator phenotype in gliomas, shedding light on mechanisms driving glioma development and intricate interplays between epigenetic modifications and genome-wide alterations (28). ncRNAs, which constitute crucial components of epigenetics, play a pivotal role in the development of glioma and the underlying mechanisms of resistance to TMZ (29). The co-citation analysis of references reveals the prevailing research focus in this field. Among the top 10 co-citations, the literature predominantly explores the discovery of specific therapeutic targets (30, 31), along with investigating the influence of related epigenetic factors on the diagnosis and detailed classification of gliomas (26, 28). As evidenced by analyzing authors, keywords and literature co-citations, both the investigation of epigenetic underpinnings in glioma genesis and the exploration of emerging therapeutic strategies represent pivotal focuses within the field of glioma epigenetics. Therefore, we will delve further into these two areas.




4.2 Epigenetic mechanisms



4.2.1 DNA methylation

DNA methylation, a crucial epigenetic modification, has been extensively researched in the field of epigenetics. This process entails the addition of a methyl group to the 5th carbon atom of the cytosine ring, ultimately yielding 5mC (32). Specific methyltransferases recognize this modification, namely the addition of the methyl group to the cytosine ring, which subsequently plays a crucial role in regulating gene expression (33). In a study involving 20 glioma patients, Zhang et al. demonstrate that DNMT1-mediated methylation of Runx2 can impact miR-152, ultimately influencing glioma cell proliferation and apoptosis (34). Additionally, the reprogramming transcription factor Oct4 is found to promote GBM cell proliferation by directly activating the promoter of DNMT (35). DNA methylation plays a crucial role in regulating gene expression, and aberrant methylation patterns can lead to tumorigenesis by destabilizing tumor suppressor genes (36).

The dioxygenase family members, TET1, TET2, and TET3, can convert 5mC to 5hmC, which is the initial step in the process of DNA demethylation (37). IDH is an enzyme that is dependent on NAD+ and NADP+, and it plays a vital role in catalyzing the third step of the tricarboxylic acid cycle (38). Mutations in IDH1 have been linked to the accumulation of the metabolite 2-hydroxyglutarate (2-HG), which has the potential to induce the glioma-CpG island methylator phenotype (G-CIMP) by inhibiting TET-mediated production of 5hmC (19). The inhibition of TET activity represents a pivotal factor contributing to the observed abnormal DNA hypermethylation. This aberrant DNA methylation primarily affects promoter regions, where hypermethylation leads to the inactivation of tumor suppressor genes, whereas hypomethylation results in the activation of oncogenes (39). The O(6)-methylguanine-DNA methyltransferase (MGMT) gene, which is located on chromosome 10q26, is closely associated with DNA repair enzymes. Normal expression of MGMT significantly reduces the damage caused by alkylating chemotherapies in patients receiving such treatments (40). However, aberrant methylation of the MGMT gene promoter region in malignant gliomas leads to its inactivation. The activation of gene transcription necessitates the interaction of transcription factors with gene promoters, and the involvement of various transcription factors is crucial in the development of gliomas. Suva et al. have identified four transcription factors (SOX3, SALL2, OLIG2, and POU3F2) that are essential for the propagation of GBM (41). Preliminary experiments have demonstrated variations in mitochondrial DNA (mtDNA) copy numbers between glioma cells and healthy cells (42, 43). Subsequent studies suggest that epigenetic factors influence cell proliferation, apoptosis, and energy metabolism by regulating mtDNA gene expression, which is closely associated with the pathogenesis of gliomas (44). Further investigations have revealed that mtDNA methylation influences mtDNA transcriptional regulation and copy number variations. This alteration shifts the reliance of glioma cells from oxidative phosphorylation to glycolysis for ATP production, thereby promoting cell proliferation (45).




4.2.2 Histone modifications

Histone modifications refer to alterations occurring at the amino terminus of histones during translation. These modifications encompass a wide range of processes such as phosphorylation, ubiquitination, acetylation, methylation and ADP-ribosylation (46). Recent research has underscored the pivotal role of histone modifications in the initiation and progression of human cancers (47). Histone acetylation, a process catalyzed by histone acetyltransferases (HATs), involves the covalent attachment of an acetyl group to specific lysine residues on histone proteins. This reaction occurs through the transfer of an acetyl group from acetyl-CoA to the hydrogen atoms of the ϵhemsge group of lysine, forming an N-acetyl-lysine linkage (48). The addition of acetyl groups to histone proteins disrupts the tight packaging of histone/DNA complexes within nucleosomes and subsequently impacts other interactions between nucleosomal histones (49). A study involving 70 human glioma samples revealed that histone deacetylation in the promoter regions of specific oncogenes, such as NECL1 and RRP22, led to reduced expression of these genes (50). Yu et al. demonstrated that hyperacetylation of histone H3 at lysine 9 (H3K9) contributed to abnormal hyper-transcription of the promoter region of the glial cell line-derived neurotrophic factor gene in glioma cells (51). Different levels of acetylation at specific sites on histone proteins can lead to diverse biological effects, which are indirectly influenced by changes in the associated enzymes that regulate histone acetylation levels and gene expression. Specifically, histone acetyltransferases (HATs) disrupt histone-DNA interactions, resulting in chromatin relaxation and facilitating access for transcription factors to the DNA (52). Conversely, histone deacetylases (HDACs) promote condensation of the chromatin, leading to transcriptional inhibition. Studies have found that HDAC inhibitors effectively prevent tumor progression by inducing cell death, cell cycle arrest, senescence, differentiation, and autophagy. For example, the HDAC inhibitor pracinostat has been shown to inhibit the acquisition of malignant features in brain tumors by upregulating TIMP3 expression and downregulating MMP2, MMP9 and VEGF in brain tumor cells (53, 54). In addition, HDAC inhibitors such as valproic acid and trichostatin A have been shown to enhance histone H4 acetylation and affect the biological behavior of glioma C6 cells (55).

Histone methylation involves the transfer of methyl groups from S-adenosylmethionine to histones, which is catalyzed by histone methyltransferases (HMTs) (56). The impact of histone methylation on transcription is influenced by various factors, including the type of histone, the specific modifying residues, and the extent of methylation at each site. For example, the methylation of H3K4, H3K36, and H3K79 is typically associated with active transcription in euchromatin, whereas the methylation of H3K9, H3K27 and H4K20 is linked to heterochromatic regions of the genome (57). Among the various histone modifications, H3K27me3 plays a crucial role in neural differentiation, particularly in the development of glioma. The PRC2 has been identified as a pivotal regulator of plasticity in glioma stem cell differentiation (58). The recruitment of PRC1 via the Chromobox (CBX) family proteins allows PRC2 to exhibit substrate specificity for H3K27, leading to the production of H3K27me3. Furthermore, H3K27 methylation promotes the binding of polycomb, a constituent of the PRC1 complex, to histone H3, thereby establishing a link between histone methylation and PcG-mediated gene silencing (59). The presence of H3K27M, in which methionine replaces the lysine residue at position 27, disrupts post-transcriptional silencing by inhibiting PRC2-mediated trimethylation, ultimately leading to increased histone hypomethylation (60). Conversely, the histone methyltransferase EZH2, a component of the PRC2 complex, catalyzes the methylation of histone H3 at lysine 27 (H3K27), ultimately resulting in the formation of H3K27me2 or H3K27me3. This epigenetic modification plays a crucial role in maintaining the progenitor state of neuroblastomas by silencing tumor suppressor genes, including CASZ1, CLU, RUNX3 and NGFR (61). Dysregulation of EZH2-H3K27me3 has been implicated in tumor progression, suggesting that EZH2-H3K27me3 represents a potential therapeutic target for gliomas (62, 63). The underlying mechanisms in the carcinogenesis led by alterations in EZH2 activity have been actively investigated (64). Moreover, up to 70% of secondary GBM patients harbor IDH1 mutations, which lead to neomorphic enzyme activity. This activity results in the production of 2-HG, an oncometabolite that inhibits αnhibitsbolite <EndNote>< dioxygenases, such as jumonji-C domain histone demethylases (JHDMs). This inhibition, due to the accumulation of 2-HG in malignant cells, promotes methylation (38, 65, 66). The accumulation of 2-HG plays a crucial role in the progression of LGGs to GBM, particularly in the presence of IDH1 mutations that are associated with H3K27- or H3K36-methylation (67). Therapeutic approaches targeting IDH mutations hold promise for enhancing glioma treatment, offering a potential new avenue for effective therapy (68).




4.2.3 ncRNA dysregulation

A growing body of research has demonstrated that epigenetic alterations resulting from dysregulated ncRNAs play a significant role in influencing glioma progression (69). Long noncoding RNAs (lncRNAs), a distinct subtype of ncRNAs, play pivotal roles in a wide range of biological processes, notably including cancer progression (70). lncRNAs function as platforms that facilitate the localization of chromatin-modifying factors to specific genomic sites during gene expression. They can either redirect regulatory factors away from their intended targets or promote the spatial organization of chromosomes via epigenetic regulatory pathways. As an illustrative example, the lncRNA HOTAIRM1 has been shown to regulate HOXA1 gene expression by influencing key regulators, such as the demethylases G9a and EZH2, at transcriptional start sites. This regulation subsequently leads to a reduction in gene methylation and promotes the self-renewal and metastasis of glioma cells (71–73). Additionally, it has been reported that BRD4, a bromodomain-containing BET protein, binds to the promoter of the lncRNA HOTAIR (74). This interaction underscores the significance of structural domain proteins that target both the bromodomain and the extra terminal region as promising epigenetic regulators, offering new avenues for the treatment of gliomas (75). In addition to these elucidated mechanisms, lncRNAs can also influence disease progression through modulating protein activity, altering target interactions, and functioning as scaffolds for subcellular structures that bind to specific proteins, such as PCG, EZH and PRC22 (76).

MicroRNAs (miRNAs), a class of endogenous ncRNAs with a length of 21-25 nucleotides, have recently been implicated in playing complex roles in glioma genesis. Specifically, the overexpression of oncogenic miRNAs, such as miR-128-3p or miR-145-5p, has been shown to induce anti-tumor effects in GBM (77). Conversely, the downregulation of oncogenic miRNAs, such as miR-21-3p or miR-21-5p, has been shown to prevent tumor progression in GBM. Furthermore, miRNAs also influence epitheliale,on.DATA ot transition (EMT) events by targeting ZEB regulators and other EMT-related factors. Specifically, in neural and glioma cells, miR-200c and miR-141 have been identified as inhibitors of cell growth and migration through their targeting of ZEB1 (78). Zinc finger E-box-binding homology box proteins, which play crucial roles in glioma developmental networks, represent potential therapeutic targets for intervention (79, 80). MiRNAs can be detected in the blood due to pathological changes in the BBB and have been proposed as biomarkers for central nervous system diseases (77). Overall, miRNAs play a pivotal role in glioma development, and continued research in this field holds great promise for the advancement of glioma treatment strategies. Recent studies have unveiled a reciprocal regulatory relationship between miRNAs and lncRNAs, where the decay of lncRNAs initiated by miRNAs influences the functional regulation of both miRNAs and lncRNAs (81). In gliomas, miRNAs and lncRNAs are primarily involved in the PI3K/Akt/mTOR, Wnt//Akt/mTOR, and Notch signaling pathways. Exploring the key molecules that connect these pathways offers a promising new direction for glioma research. Figure 13 outlines these three key pathways of glioma epigenetics.




Figure 13 | Graphical abstract. The epigenetic generation of gliomas consists of three components: DNA methylation, lncRNA dysregulation, and histone modifications. DNMT, the TET family, and the Thymine DNA glycosylase proteins are the current correlates of the factors that contribute to DNA methylation. In the ncRNA dysregulation section, miRNAs through enhancement of oncogenic miRNA genes and lncRNAs through alteration of promoter regions collectively affect gene regulation further altering the production of epigenetic regulators. In the histone modification part, reducing the activity of histone methyltransferase and HDAC to acetylate more sites in histone tails, thus reversing the aberrant histone modification, further inhibiting the proliferation and inducing apoptosis of tumor cells. Several targets have been used for glioma therapy (red arrows).







4.3 Research prospects and limitations



4.3.1 Hot research topic

The frequency and intensity of keywords can provide insights into possible future developments in this field. As Table 6 reveals, the keywords “GBM”, “TMZ” and “stem cells” rank highest in frequency, indicating that these topics dominate current research in the field of glioma epigenetics. Consequently, we will delve deeper into these three topics in our subsequent exploration.



4.3.1.1 TMZ and GBM resistance

TMZ serves as the primary chemotherapeutic agent for treating GBM and has significantly enhanced patient survival rates. However, concerns regarding drug toxicity and resistance have become increasingly significant. Despite extensive research into resistance mechanisms and treatment strategies, clinical trials have yet to yield practical approaches for addressing TMZ resistance. Currently, the primary causes of TMZ resistance are believed to include the DNA repair system, autophagy, and glioma stem cells (GSCs). Specifically, three key DNA repair mechanisms are believed to contribute to TMZ resistance: (1) MGMT, (2) the mismatch repair (MMR) system, and (3) base excision repair (BER) via the poly (ADP-ribose) polymerase (PARP) pathway (82). If cells are deficient in MGMT, the primary resistance mechanism is directly related to high MGMT expression. In contrast, the secondary mechanism involves the mismatch repair (MMR) system in those cells (83–85). Targeting the PARP pathway involves the critical elimination of N7-methylguanine and N3-methyladenine adducts (86). TMZ-induced autophagy via the ATM/AMPK pathway can lead to the formation of autophagic vacuoles (AVOs) and the aggregation of LC3, both of which are essential for the interaction between autophagosomes and lysosomes. This interaction facilitates cytoprotective autophagy and promotes cell survival (87). GSCs can acquire resistance to TMZ by altering their phenotypes or differentiating into TMZ-resistant GBM cells through interactions with the tumor microenvironment, radiotherapy or hypoxic conditions (87). Furthermore, differentiated GBM cells may regain stem cell characteristics through modulation and reprogramming of the tumor microenvironment (88).

Besides the main TMZ resistance pathways mentioned previously, the significance of epigenetic factors in TMZ resistance is increasingly being recognized (89). Epigenetic alterations, specifically encompassing DNA methylation, histone modification, and chromatin remodeling, play pivotal roles in enhancing drug resistance and exacerbating mortality rates in GBM. These alterations contribute to therapeutic resistance through a multitude of mechanisms, which include promoting cell proliferation, inhibiting cell death, inducing stemness, impairing DNA damage repair mechanisms, and stimulating processes such as autophagy and EMT (90, 90). Recent research has demonstrated that the lncRNA SOX2OT plays a pivotal role in enhancing resistance to TMZ in GBM. This enhancement is achieved through the augmentation of SOX2 expression, which is mediated by ALKBH5-driven epigenetic mechanisms (91). Induced epigenetic modifications have been identified as key drivers of adaptive drug resistance in GBM (90). In addition to the aforementioned findings, it has been demonstrated that certain oncogenic lncRNAs, including H19, MALAT1, SNHGs, MIAT, UCA, HIF1A-AS2 and XIST, play a crucial role in regulating the invasion and metastasis of GBM cells. Specifically, lncRNA SBF2-AS1 has been identified as being closely associated with resistance to TMZ, highlighting its potential significance in the development of adaptive drug resistance in GBM (92). Consequently, ncRNAs, particularly lncRNAs, have been found to play critical roles in TMZ resistance, particularly from epigenetic perspectives. Exploring the mechanisms underlying the involvement of ncRNAs in TMZ resistance and their interactions with other epigenetic phenomena represents a promising direction for future research. Therefore, targeting epigenetic regulators in GBM patients holds potential clinical significance. At present, key epigenetic regulators that have been identified include histone methyltransferases (HMTs), histone demethylases, and histone deacetylases (90). A number of potential epigenetic-based therapeutic targets have been identified, including G9a, EHMT1, EZH2, PRMT1, PRMT5, and SYMD4 (17, 93). These epigenetic inhibitors have demonstrated not only the ability to target TMZ-resistant cells but also the capacity to directly inhibit the proliferation of GBM cells, highlighting their potential as therapeutic agents in GBM treatment (94–96). Furthermore, the combination of specific histone methyltransferase inhibitors with radiotherapy has shown potential to enhance tumor radiosensitivity, especially in tumors that exhibit significant treatment resistance, making this a promising approach for improving the efficacy of radiotherapy in GBM treatment (97). Therefore, continued research into epigenetic inhibitors may not only offer solutions for addressing TMZ resistance but also enhance drug efficacy for gliomas when combined with other therapeutic approaches, ultimately providing greater benefits to patients.




4.3.1.2 Stem cells and GBM

GBM is the most prevalent and malignant primary brain tumor, with its high malignancy closely correlated with the presence of cancer stem cells (CSCs). These CSCs contribute to the occurrence and progression of GBM due to their strong tumorigenic, self-renewal, and multidirectional differentiation abilities (98). Epigenetic mechanisms are essential for maintaining normal stem and progenitor cells. Dysregulation of these mechanisms can result in the accumulation of cells with enhanced stemness properties and self-renewal capacity, potentially leading to the development of cancer stem cells CSCs (99). For example, GBM and other malignancies are composed of heterogeneous cancer cells, including glioblastoma-initiating cells (GICs). This heterogeneity in GBM and other malignancies is associated with various genetic mutations and epigenetic modifications that glioblastoma-initiating cells (GICs) acquire during their transformation (100).

Given the critical role of epigenetic mechanisms in regulating the properties of stem cells within cancer cells, targeting elements of these pathways could significantly contribute to eradicating CSCs and larger tumor populations. Currently, various therapeutic strategies are being proposed to address these mechanisms. Among them, inhibitors of epigenetic regulatory enzymes, such as HDACs and DNMTs, are being studied most extensively. Many of these inhibitors are currently undergoing clinical trials for the treatment of various cancers (99). Additionally, altered expression or activity of key epigenetic regulators can serve as prognostic indicators. For example, altered expression or activity of HDAC in GBM stem cells is associated with poor prognosis (101). Current experiments have shown that GSCs are particularly sensitive to the inhibition of histone demethylases KDM4C and KDM7A. This inhibition results in DNA damage and subsequent death of GSCs, while non-stem glioma cells remain unaffected (102). Currently, stem cell therapy is emerging as a viable alternative to the multimodal treatment of gliomas. In addition, stem cell therapy offers the advantages of tumor selectivity and targeted treatment, which can help to preserve healthy brain tissue (103). Therefore, ongoing epigenetic research focused on GSC transcription factors may unveil new therapeutic targets in the future.





4.3.2 Emerging trends and new research fields



4.3.2.1 Nano drug delivery systems with TMZ and epigenetics

Mechanisms of drug resistance pose a significant challenge in clinical practice, as they markedly limit the available treatment options for patients. Furthermore, the presence of the BBB further complicates therapeutic interventions, as it often reduces the effectiveness of drugs in reaching and treating conditions within the central nervous system, ultimately adversely affecting patient outcomes. These dual challenges underscore the need for continued research and development of novel strategies to overcome drug resistance and enhance drug delivery to the brain (104). Certain drugs, such as TMZ and paclitaxel, have the ability to cross the BBB, but they often require higher dosages due to their limited efficacy and permeability within the brain (105). Nano drug delivery systems (NDDS) could be the ideal solution to this problem (106). Currently, the use of target-responsive polymeric carriers has become a significant factor in selecting therapies for glioma, as they offer a more targeted and effective approach to delivering drugs to the brain (107). Furthermore, the limitations of immunotherapy, including local immune tolerance, the BBB, spatial heterogeneity, and the immune specificity of the glioma microenvironment, highlight the urgent need for more effective and targeted strategies to improve treatment outcomes (108). Combining immunotherapy with nanotechnology also emerges as a promising approach for glioma treatment. Current drug delivery methods encompass various types of carriers, including microspheres, biodegradable wafers, and colloidal drug carrier systems such as liposomes, exosomes and quantum dots, which offer improved targeting and delivery of therapeutic agents to the brain (109). It has been found that NDDS can enhance the targeting ability of TMZ. These systems can also control the release of TMZ, inhibit its degradation in the acidic environment of tumors and extend its biological half-life (110, 111). In recent years, experiments have been conducted to develop an effective NDDS for the chemotherapy of GBM using dopamine (PDA)-based, TMZ -loaded, Pep-1 (peptide-1)-coupled nanoparticles (NPs). This innovative approach aims to enhance the targeting and delivery of TMZ to GBM cells, ultimately improving treatment outcomes (112).

Among all NDDS, exosomes have garnered the most attention in recent decades. This is primarily due to their small size and the presence of natural protein and lipid components in the exosome membrane, which enable them to effectively penetrate biological barriers including the BBB and facilitate natural cellular uptake (113). Recent studies have revealed that exosomes can affect post-transcriptional regulation by involving in various epigenetic events. Additionally, certain ncRNAs, particularly miRNAs, have been shown to modulate cancer treatment resistance by regulating the expression of multiple oncogenes and tumor suppressors (114). Concurrently, exosomes hold promise as potential therapeutic and diagnostic tools, capable of carrying miRNAs and other compounds. These exosomes play a vital role in mediating intercellular communication during brain tumor development, thereby reflecting the progression of various brain pathologies (115–117). Currently, although therapeutic strategies for gliomas have achieved significant milestones, NDDS-based therapeutic strategies for gliomas are still in the preliminary clinical stage (118). For instance, certain drug delivery systems contend with endogenous substances within the body, which may subsequently lead to a reduction in their delivery efficiency (104). The development of multifunctional and multi-targeted NDDS is anticipated to be a prominent trend in the future of glioma nano-therapy. In the context of glioma nano-systems, especially from an epigenetic perspective, it is imperative to conduct further research on exosomes and comprehensively explore their role in epigenetic regulation.




4.3.2.2 Photodynamic therapy with GBM and epigenetics

Over the past 50 years, the utilization of photosensitizers (PSs) in fluorescence-guided surgery and photodynamic therapy (PDT) for gliomas has experienced rapid expansion (119, 120). Compared to standard radiotherapy and chemotherapy, PDT selectively targets tumor tissue (121). The sensitivity and specificity for tumor targeting offered by PSs make PDT highly attractive for treating GBM. PDT exhibits high cytotoxicity against tumors while minimizing normal tissue toxicity and systemic effects, thereby reducing the risk of local recurrence (122, 123). Unlike TMZ, which exerts its therapeutic effect through DNA destabilization, photodynamic therapy (PDT) achieves tumor killing through oxidative damage to cell membranes, organelles, and proteins. This treatment modality induces a combination of apoptosis, necrosis, and autophagy (124).

In the realm of epigenetics, an experiment has used a straightforward and versatile strategy to change the subcellular localization of plasma membrane-targeted PDT PSs by amino acid modifications, aiming at precise tumor therapy (125). Meanwhile, histone deacetylase inhibitors have been discovered to enhance photodynamic therapy through the chromatin-based epigenetic regulation of CDKN1A in colon cancer cells (126). Is GBM photodynamic therapy also closely related to the discovery of a certain epigenetic regulatory mechanism? Furthermore, the combination of photodynamic therapy with epigenetic approaches has demonstrated potential in enhancing the efficacy of other treatment modalities. For instance, Ding and colleagues enhanced the efficacy of photoimmunotherapy by combining PDT with epigenetic therapy, which activates cellular pyroptosis and the cGAS-STING pathway in a light-controlled manner (127).

PDT presents a novel approach for managing malignant gliomas, offering potential solutions to various challenges in current treatments, particularly in targeted tumor therapy (128). However, the genetic and phenotypic diversity of gliomas suggests that single-agent PDT is unlikely to fully meet therapeutic needs, necessitating further studies. Moreover, research focusing on the epigenetic and photodynamic aspects of glioma treatment remains limited and warrants deeper exploration to fully understand its potential and limitations.




4.3.2.3 Immunotherapy and glioblastoma epigenetics

Currently, ongoing research in GBM immunotherapy, which includes immune checkpoint blockade, chimeric antigen receptor T (CAR-T) cell therapy, oncolytic virus therapy (with more than 20 oncolytic virus candidates), and vaccine therapy, aims to minimize adverse side effects and enhance anti-tumor immune response through combination therapies (129, 130). Immunotherapy, as a systemic approach, has demonstrated promising potential in combating metastasis. However, it is acknowledged that current clinical immunotherapies are not universally effective across all patients or cancer metastasis types, primarily due to inadequate immune response. This underscores the need for further research to enhance immunotherapy efficacy and broaden its applicability in metastatic cancer treatment (131). This observation is particularly pertinent to GBM, a malignant tumor with a high risk of metastasis. Compared to other tumor types, GBM exhibits a relatively low number of somatic mutations and a notable lack of T-cell infiltration. These characteristics pose unique challenges for immunotherapy in GBM, highlighting the need for tailored strategies to enhance immune response and improve treatment outcomes (132). Indeed, the limited availability of immune checkpoint blockade in GBM, coupled with the fact that current immunotherapy approaches have not been successful, underscores the challenges faced in treating this malignancy. These limitations necessitate the exploration of novel immunotherapy strategies tailored to the unique features of GBM, with the aim of enhancing immune response and improving treatment outcomes (133). Despite the encouraging results from preclinical and phase I/II clinical trials, as well as success in some case reports, the transition to phase II/III remains particularly challenging in the context of GBM immunotherapy. This is evident by the fact that only a few vaccination approaches have been tested in phase III clinical trials for GBM patients, while many other immunotherapy approaches are still in the early stages of clinical development (129). To date, no successful phase III clinical trials of GBM immunotherapy targeting large patient cohorts have been reported (129), immunotherapy has a long way to go in the treatment of GBM (134).

Recent studies have elucidated epigenetic pathway regulation of GBM tumor expansion (93). By developing somatic mutations and epigenetic modifications, GBM tumor cells acquire the ability to counteract local immune responses (135). Meanwhile, the ability of glioma to evade immune surveillance and its resistance to therapy are attributed to epigenetic reprogramming of immune cells in the tumor microenvironment, which is induced by cancer metabolism. This reprogramming leads to an immunosuppressive state that facilitates tumor growth and progression, hindering the effectiveness of immunotherapy. Thus, elucidating the mechanisms underlying this epigenetic reprogramming and its interplay with cancer metabolism is essential for developing novel therapeutic strategies to overcome glioma’s immune evasion and resistance to treatment (136). In fact, a key factor in epigenetic regulation appears to be lncRNA that promote epigenetic regulatory molecular processes (137). lncRNA have been shown to control the activation and regulation of epigenetic enzymes (138), and participate in the resistance of cancer to immune response through antigen release, antigen presentation, immune activation, and immune cell migration and infiltration (139–141). Indeed, it is evident that epigenetic changes play a crucial role in the occurrence and development of GBM. Recent findings have shown that epigenetic regulation using GSK126, an EZH2 inhibitor, can improve current immunotherapy strategies by reversing the epigenetic changes that allow immune cells to evade, ultimately leading to enhanced transport of immune cells to tumors. This approach presents a promising new avenue for enhancing the effectiveness of immunotherapy in treating GBM and other cancers. By targeting epigenetic mechanisms, researchers hope to develop more effective and targeted therapies that can improve patient outcomes (142). Epigenetic modification factor JMJD6 has shown potential in modulating tumor immune response and may be an attractive target for novel tumor immunotherapy and prevention (143).

Therefore, further research in the field of glioma epigenetics is crucial for not only exploring the underlying causes of glioma occurrence and development but also identifying novel targets for immunotherapy. lncRNAs have emerged as key players in the field of epigenetics and warrant closer attention, not only in tumor treatment but also in prognosis. Studies have indeed shown that lncRNAs can serve as reliable prognostic and predictive tools to speculate which patients will benefit from adjuvant chemotherapy. By unraveling the roles of lncRNAs in glioma epigenetics, researchers can potentially uncover new avenues for targeted therapies and personalized treatment strategies, ultimately improving patient outcomes (141).





4.3.3 Limitations

This pioneering bibliometric analysis provides valuable insights into the epigenetics of gliomas, offering an objective and quantitative evaluation of research trends and hotspots in the field. The findings have the potential to influence future research directions. However, the study has certain limitations. First, the data analyzed were solely from the WoSCC database, excluding other databases such as non-English databases, which may have led to the omission of relevant literature. Second, the filtering process using CiteSpace software was limited to SCI-Expanded from the WoSCC database. Finally, there is a possibility that some relevant literature lacking specific keywords may have been overlooked during the keyword-based search.






5 Conclusion

	This study conducted a bibliometric analysis of literature on glioma epigenetics from 2009 to 2024, revealing that GBM has been extensively studied among all glioma types in the realm of epigenetics. Research has particularly focused on mechanisms of TMZ resistance and overcoming therapeutic challenges, which remain current research hotspots. Continued in-depth exploration of epigenetic mechanisms such as DNA modifications, ncRNAs and histone modifications is crucial for identifying emerging targets. In the therapeutic arena, promising measures like nano-delivery systems, stem cell therapy, epigenetic immunology, and photodynamic therapy are emerging with momentum, facilitated by epigenetics. Furthermore, the exploration of epigenetic inhibitors and detailed study of exosomes represent future directions in glioma epigenetics research, holding potential for the development of novel therapeutic strategies and improved patient outcomes.
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Glossary

WoSCC Web of Science Core Collection

DMG Diffuse Midline Glioma

ncRNAs non-coding RNAs

TMZ Temozolomide

WHO World Health Organization

GBM Glioblastoma

BBB Blood‒Brain Barrier

ncRNAs non-coding RNAs

IDH1 Isocitrate dehydrogenase 1

EMP3 Epithelial Membrane Protein 3
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