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Glioma represents a highly lethal form of malignant tumour, with RNA methylation emerging as a critical regulator of its oncogenesis and progression. As a prevalent post-translational modification, methylation influences various biological functions, particularly RNA processing, by modulating splicing, transport, and degradation of both mRNAs and noncoding RNAs. Key methylation types such as N6-methyladenosine (m6A), N5-methylcytosine (m5C), N7-methylguanosine (m7G), and N1-methyladenosine (m1A) are dynamically regulated by specific enzymes known as writers, erasers, and readers. Dysregulation of these modifications contributes to glioma pathophysiology, while offering potential biomarkers for early detection and promising therapeutic targets. This review explores the mechanistic roles of RNA methylation in glioma and highlights its translational implications, aiming to advance molecular diagnostics and targeted interventions in glioma treatment.
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1 Introduction

Glioma is the most common and lethal primary malignant tumour (14.2% of all tumours and 50.1% of all malignant tumours) of the central nervous system (CNS) (1). The annual incidence of glioma is approximately 6 per 100,000 individuals, with a male-to-female prevalence ratio of 1.6 (2). Gliomas are primarily categorized into four distinct groups: adult diffuse gliomas, paediatric diffuse low-grade gliomas, paediatric diffuse high-grade gliomas, and localized astrocytoma (3). Despite substantial investments in glioma-associated research, the underlying mechanisms governing glioma development remain inadequately understood. However, in recent years, with advancements in clinical and transcriptomic research, several crucial mechanisms underlying glioma progression have been elucidated, which have significantly contributed to the diagnosis and treatment of glioma. Among these modifications, RNA modification is a widespread and common posttranslational modification that is significantly altered during the development and progression of cancers, including glioma (4). Furthermore, RNA methylation is the most common type of RNA modification and widely occurs in various processes of the cell cycle. It plays an important role in the regulation of gene expression and RNA stability, thus affecting the occurrence and development of cancer cells (5). Methylation and its effects on RNA are collectively determined by methyltransferases (writers), demethylases (erasers), and RNA-binding proteins (readers). These methylation-associated proteins can significantly alter the splicing, export, translation, and decay of RNA (6). We briefly summarize the various types of methylation-associated proteins and their biological effects (Figure 1).




Figure 1 | The main types of RNA methylation modifications. RNA methylation encompasses several modifications, including m6A, m5C, m7G, and m1A. The formulas demonstrate the dynamic and reversible processes of RNA methylation modifications and associated writers and erasers. Writers and erasers highlighted in red are specifically involved in noncoding RNA modifications, while others highlighted in black are involved in mRNA modifications. Different types of methylation modifications are recognized by distinct RNA readers, leading to various biological effects, including RNA decay, stabilization, splicing, nuclear transport, translation initiation and enhancement.





1.1 m6A

In the process of RNA methylation, N6-methyladenosine (m6A) modification has been the most frequently studied modification (7). Importantly, RNA modifications, particularly m6A modifications, have been shown to be essential for tumour development (8). The m6A modification of RNA is located primarily within the mRNA transcription start site and the 3′-untranslated region (UTR) and commonly occurs in the conserved RRACH (R, purine; H, nonguanine base; A, adenine; C, cytosine) motif (9, 10). The effects of m6A modification on mRNAs include splicing transcripts (11), epigenetic silencing (12), and stabilizing the mRNA, the latter of which is the main effect (13, 14). In addition, m6A modifications are present in other types of RNA such as ribosomal RNA (rRNA), transfer RNA (tRNA), small nucleolar RNA (snoRNA), microRNA (miRNA), long noncoding RNA (lncRNA), circular RNA (circRNA), and small nuclear RNA (snRNA) (15, 16).

The m6A writer refers to the methyltransferase complex (MTC). The MTC consists of two parts: the catalytic subunit m6A-METTL complex (MAC) and the regulatory subunit m6A-METTL-associated complex (MACOM). The methyltransferase-like 3 (METTL3) and methyltransferase-like 14 (METTL14) constitute the MAC, and the RNA-binding motif protein15/15B (RBM15/RBM15B), Wilms’ tumour 1-associating protein (WTAP), and VIR-like m6A methyltransferase associated (VIRMA) form the core structure of the MACOM (17, 18). ZC3H13, a zinc-finger protein, is integral to the regulation of RNA m6A methylation within the nucleus and is recognized as a crucial component of the m6A methylation complex (19). It promotes the nuclear localization of WTAP, Virilizer, and Hakai, thereby ensuring accurate m6A methylation of RNA by the MTC (19). Additionally, ZC3H13 interacts with VIRMA, inducing a conformational change in the latter (20).

The term m6A eraser refers to a demethylase. The fat mass and obesity-associated protein (FTO) and the α-ketoglutarate-dependent dioxygenase alkB homologue 5 (ALKBH5) demethylate RNA m6A residues through their oxidative demethylation activity (21, 22). FTO preferentially demethylates N6,2’-O-dimethyladenosine (m6Am) rather than m6A and reduces the stability of m6Am mRNAs (23). m6Am modification is a terminal cap modification found in higher eukaryotic mRNAs and ncRNAs, particularly snRNAs and viral RNAs, typically occurring at the first or occasionally second nucleotide following the m7G cap (24). This modification is consistent with the fact that FTO mainly catalyses snRNA methylation (23). ALKBH5, another demethylase, significantly affects mRNA export, RNA metabolism, and the assembly of mRNA processing factors within nuclear speckles (22).

Through the specific recognition and binding of m6A residues, m6A reader proteins are integral to a variety of biological processes, including RNA splicing, export, translation, and decay (6). Different families of readers recognize different m6A-modified RNAs, which mediate different physiological functions (7). Notably, the RNA methylation condition is determined by the relative weight of m6A writer or eraser functions, but most of the final biological effects of RNA methylation are determined by m6A readers. The m6A readers include the YTH domain family (YTHDF), YTH domain-containing family (YTHDC), insulin-like growth factor 2 mRNA-binding protein (IGF2BP), eukaryotic initiation factor 3 (EIF3), and heterogeneous nuclear ribonucleoprotein (hnRNP) (25). Readers are classified into nuclear readers and cytoplasmic readers based on their location. The nuclear readers include YTHDC1, YTHDF2, YTHDF3, Fragile X mental retardation protein (FMRP), and hnRNPA2/B1, which are responsible for the splicing and exporting of mRNAs. The cytoplasmic readers include YTHDF2, YTHDF3 (RNA decay), IGF2BP1, IGF2BP2, IGF2BP3, FMRP (RNA stabilization), YTHDF1, YTHDF3, IGF2BP1, IGF2BP2, IGF2BP3 (translation initiation), and EIF3 (translation enhancement) (25). Notably, YTHDC2 stands out as the largest m6A-binding protein within the YTH protein family and is distinguished by its exclusive possession of ATP-dependent RNA helicase activity (26).




1.2 m5C

N5-methylcytosine (m5C) modification is another RNA methylation process that specifically modifies the fifth carbon atom of cytosine. It is found mainly in cytoplasmic and mitochondrial mRNAs, enhancer RNAs, and several noncoding RNAs. Notably, the distribution of m5C on mRNAs is also not random. m5C modifications in mRNAs are enriched mainly in nontranscriptional regions (27).

Like m6A, m5C is regulated by writer, eraser, and reader proteins. The m5C writers include the DNA methyltransferase 2(DNMT2) and NOL1/NOP2/SUN domain (NSUN) families, which include 7 members (NSUN1-7) (28–31). Among these writers, DNMT2 are responsible for DNA m5C methylation via the catalysis of the covalent addition of methyl groups to the cytosine ring (29). Only NSUN2 is involved in mRNA modification and was identified by ALY/REF export factor (ALYREF) to mediate mRNA nucleus export (32, 33). The TET family is the main eraser of DNA m5C methylation and has three members: TET1, TET2, and TET3. TET1 and TET2 are distributed mainly in the nucleus, whereas TET3 is found in both the nucleus and the cytoplasm (34–36). The m5C readers include Y box binding proteins 1 (YB-1) (37) and ALYREF (38, 39). ALYREF is a subunit of the transcription-export complex (TREX), which mediates mRNA nuclear export and binds to its m5C sites in the 3’-UTR to prevent mRNA degradation (38, 39). Additionally, YB-1 stabilizes m5C-modified mRNAs and promotes the development of a variety of cancers such as digestive cancers, glioblastoma (37), and leukemia (40).




1.3 m7G

N7-methylguanosine (m7G) modification is another type of RNA methylation (41, 42). The m7G modification of RNA is a widespread posttranscriptional modification found in mRNAs, rRNAs, and tRNAs (43, 44). Researchers have noted that m7G modification of mRNAs is particularly abundant in the 5’UTR and in AG-rich contexts (44). Currently identified m7G writers include RNA guanine-7 methyltransferase (RNMT) and its cofactor RNMT-activated small protein (RAM), the methyltransferase 1-WD repeat-containing protein 4 (METTL1-WDR4) complex, the Williams-Beuren syndrome chromosome region 22 (WBSCR22) and tRNA methyltransferase activator subunit 112 (TRMT112) (45–48). Notably, these m7G writers exhibit different catalytic activities towards various RNA types. Specifically, RNMT/RAM is involved in mRNA methylation, contributing to the cap homeostasis of the mRNA transcriptome (45). The METTL1-WDR4 complex participates in the m7G modification of tRNA and prevents its degradation (46). WBSCR22 and TRMT112 are responsible for mediating m7G methylation in rRNA (47).




1.4 m1A

In addition, RNA modifications include N1-methyladenosine (m1A) modifications (49). In general, the functional role of m1A lies in promoting the translation of methylated mRNAs (50). m1A modification is dynamically regulated in mammalian RNAs. Among the m1A methyltransferases, the nucleomethylin (NML) and tRNA methyltransferase 10C (TRMT10C) methylate mitochondrial ND5 mRNA, whereas TRMT6 and TRMT61A methylate tRNA T-loop-like structures (51). TRMT61B methylates human mitochondrial tRNAs (52). In conclusion, NML, TRMT10C, TRMT6, TRMT61A, and TRMT61B are identified as m1A writers.

ALKBH1 and ALKBH3 are responsible for demethylation. ALKBH1 is a tRNA demethylase that mediates the demethylation of N1-methyladenosine (m1A) in tRNAs, which results in attenuated translation initiation and decreased usage of tRNAs in protein synthesis (53). Reversible tRNA modifications can broadly affect protein synthesis. However, the role of altered protein synthesis in the development of glioma remains to be further studied. ALKBH3 is the only known mRNA m1A demethylase. One study revealed that Thr133 is mutated to the corresponding residue, converting the selectivity of the ALKBH3 substrate from m1A to m6A (49). However, the role of ALKBH3 in the development of glioma has not yet been reported.

Similar to the m6A modification, YTHDF1, YTHDF2, YTHDF3, and YTHDC1 are considered methylation readers. However, the m6A reader YTHDC2 has no m1A binding activity (54). A previous study revealed that removing ALKBH3 increases the amount of m1A-modified mRNA. The endogenous transcripts modified by m1A can recognize the reader YTHDF2, which mediates its degradation (55). In addition, the comparison between LGG and HGG revealed that high expression of NML, TRMT6, TRMT10C, TRMT61B, ALKBH1, ALKBH3, YTHDF1, YTHDF2, and YTHDF3 are risk factors for HGG, whereas YTHDC1 is a protective factor (56).

In summary, RNA methylation involves a complex network in which writers, erasers, and readers interact with and influence each other, jointly regulating the cell developmental cycle and physiological functions (Supplementary Table 1). Disruption of any part of this network can trigger a series of downstream effects, potentially promoting the occurrence and progression of various tumours, including gliomas (37, 40). To gain a deeper understanding of the role of RNA methylation in gliomas, we have summarized the mechanisms of RNA methylation in the pathogenesis of gliomas. Furthermore, tracking and monitoring changes in methylation levels may aid in the early diagnosis of gliomas, and drugs developed to target this process have shown promise in the treatment of gliomas (4).





2 The milestones in RNA methylation field

The RNA synthesized following DNA transcription undergoes more than 170 posttranscriptional modifications (57). These modified RNAs include mRNAs, rRNAs, and tRNAs, and the modifications include mainly m6A, m5C, m7G, and m1A methylation. The discovery of these RNA methylation processes has undergone a considerable exploration (Figure 2). In 1958, m5C methylation was first discovered in RNA from Escherichia coli (58). Shortly after that, m1A methylation was documented in the 1960s (59). In 1971, researchers reported that tRNA methylation levels are significantly elevated in brain tumour tissues (60). This paved the way for a new perspective and insight into the role of RNA methylation in the mechanisms underlying glioblastoma formation. In 1974, the dynamic reversible m6A modification of mRNAs was first discovered (61). Shortly thereafter, the initial function of m6A methylation was demonstrated, revealing a connection between the presence of m6A and mRNA instability (62). In 1975, the modifying effect of m7G on mRNA was reported (63). In 1986, the concept of “RNA editing”, which helps researchers better understand the molecular regulatory mechanisms within cells, was first proposed. Additionally, the discovery of the conversion of adenosine into inosine (A-to-I editing) in 1989 further confirmed the importance of posttranscriptional modifications. Since then, scientists have realized that in addition to DNA, posttranscriptional modifications play irreplaceable roles in determining biological traits and disease processes (64, 65). A 2002 report revealed that the m7G writers METTL1 and WDR4 were involved in tRNA m7G methylation; this was the first report of an m7G writer (48). In 2011, FTO was first reported as an m6A eraser that has demethylase activity (21). In 2012, the advent of antibody-mediated capture and massively parallel sequencing with the m6A-Seq technique led to the analysis of RNA methylation at the transcriptome-wide level (66). Moreover, based on the combination of m6A-specific methylated RNA immunoprecipitation and next-generation sequencing (MeRIP-Seq), researchers have reported that m6A sites are enriched near stop codons and in 3’-untranslated regions (3’UTRs) (67). In 2014, the METTL3-METTL14 complex was shown to function as an essential m6A writer, possessing specific methyltransferase activity for RNA m6A methylation (68). Since then, research on methylation writers has experienced a remarkable surge, particularly in the investigation of m6A methylation. A 2015 study revealed that m6A participates in the modification of primary miRNAs, which are recognized by the RNA-binding protein DGCR8 and trimmed into mature miRNA (69). Researchers have begun to realize that the role of noncoding RNA methylation in altering the biological functions of cells is as important as that of mRNAs and cannot be disregarded. In 2021, m7G modification was shown to participate in the modification of tRNAs and increase the translation of cell cycle regulator mRNAs, thus leading to oncogenic transformation. These findings underscore the comparable significance of noncoding RNA methylation and mRNA methylation in cancer development (70, 71). Those results also provide a new way to understand the occurrence and progression of cancers. With the deepening understanding of RNA methylation and the underlying mechanisms of cancer initiation, research on RNA methylation has increasingly transitioned from theoretical exploration to clinical applications. Notably, several RNA methylation-based antitumour drugs have exhibited promising therapeutic prospects. A 2022 study reported that the therapeutic sensitivity to dasatinib can be improved by blocking WEE2-AS1 expression (72). We anticipate a proliferation of diagnostic biomarkers and therapeutic drugs targeting RNA methylation alterations in the future. These advances offer great prospects for extending the human lifespan.




Figure 2 | The milestones in RNA methylation field. The first RNA methylation type m5C was discovered from bacteria in 1958. Since then, other RNA methylation, including m1A, m6A, and m7G were progressively discovered. Along with the accumulation of knowledge on RNA modifications, regulators related to m6A, m5C, m7G, and m1A have been discovered, further completing the RNA editing and splicing theories. This lays the groundwork for further research into the mechanisms of methylation in disease development. The past six decades have witnessed significant advancements in mapping RNA methylation through epi-transcriptomic technologies and tremendous progress from the discovery of RNA methylation to its omics research. The future research direction for RNA methylation will focus more on its application in disease-oriented clinical studies to better improve patient outcomes.






3 The roles of RNA methylation in glioma pathology

As research on RNA methylation has advanced, an increasing number of oncogenic roles related to RNA methylation have been elucidated (17). Notably, recent studies have revealed a close association between RNA methylation and the onset and progression of gliomas (14, 73, 74). Moreover, as investigations into glioma treatment have advanced, RNA methylation has been shown to play a role in the emergence of drug resistance in gliomas (75). Through a comprehensive review of the literature, we discovered that RNA methylation constitutes a highly intricate regulatory network (Table 1). Both excessive methylation and demethylation disrupt the delicate balance of methylation within cells, thereby triggering the onset and progression of gliomas. For a deeper understanding of the role of this RNA methylation regulatory network in gliomas, we summarize the mechanisms of RNA methylation in the genesis, development, and drug resistance of gliomas.


Table 1 | Mechanisms of RNA methylation-associated proteins in glioma development and progression.





3.1 Role of RNA methylation in glioma tumorigenesis

Glioma stem-like cells (GSCs) are crucial constituents within glioma tissues, contributing to the heterogeneity of gliomas and exerting a significant influence on glioma tumorigenesis, recurrence, and drug resistance (76). RNA methylation can significantly alter the biological behaviour of GSCs and thus contribute to the tumorigenesis of glioma (Figure 3). One study reported that METTL3, an m6A writer, methylates the SRY-box transcription factor 2 (SOX2) mRNA, which is recognized by human antigen R (HuR). Consequently, methylation increases SOX2 expression (13). Interestingly, with the addition of four developmental transcription factors (SOX2, OLIG2, SALL2, and POU3F2), differentiated glioma cells can be induced to differentiate into undifferentiated GSCs (77). Furthermore, METTL3 expression is increased in undifferentiated GSCs and attenuated during differentiation. These reports suggest that high METTL3 expression has a carcinogenic effect (77). Some bioinformatics studies have also revealed that high expression of METTL3 in glioma tissues can activate multiple oncogenic pathways and upregulate the expression of oncogenic factors, including those in the Notch pathway and NOTCH3, thereby promoting the onset of gliomas (73). Interestingly, another m6A writer, METTL14, together with METTL3, can inhibit ADAM19 mRNA and thus inhibit the growth and self-renewal of GSCs. Additionally, the expression of ADAM19 is increased after METTL14 knockdown, which promotes the occurrence of glioma (78). Depletion of METTL14 in the mouse embryonic nervous system also prolongs radial glial cell cycle progression and extends cortical neurogenesis to the postnatal stage (25). Intriguingly, the levels of m6A are relatively low in mouse brain tissue during embryogenesis but drastically increase in adulthood. A previous study demonstrated that m6A modification is regulated in a tissue-specific manner and is markedly increased throughout brain development (67). We conclude that METTL14 collaborates with METTL3 to form MTCs and that the role of the METTL14 subunit alone is more concentrated during neurogenesis.




Figure 3 | Schematic representation of RNA methylation alteration and its corresponding biological effects in tumourigenesis. Green icons represent writers (METTL3, RNMT), red icons represent erasers (ALKBH5, FTO). They determine the methylation status of RNAs, which is recognized by specific readers, leading to alterations in molecular expression levels and subsequent activation or inhibition of downstream pathways. The activities of METTL3, RNMT, ALKBH5, and FTO significantly regulate the biological behavior of GSCs, inhibiting their apoptosis and facilitating their generation, maintenance, proliferation, growth, and dedifferentiation, which ultimately contributes to tumour formation.



In addition to the oncogenic effect of MTC, several m6A erasers also promote the occurrence of gliomas. For example, ALKBH5, an m6A eraser, demethylates the FOXM1 premRNA that can also be read by HuR, which increases pre-mRNA stability and thus enhances FOXM1 expression, leading to the formation of GSCs (79). Another m6A eraser, FTO, has been shown to promote glioma onset by targeting MYC mRNA. Mechanistically, FTO promotes the expression of the miR155 and miR23a cluster, thereby suppressing MXI1 expression. Eventually, FTO enhances tumorigenesis in U87 glioma cells (80). Notably, the MYC pathway is crucial for the onset of gliomas.

m6A methylation is commonly recognized as the primary mRNA methylation process. However, the onset of gliomas also involves various other types of RNA methylation-associated proteins. Researchers have reported that the m7G writer RNMT is involved in the B7-H6/c-myc axis. B7-H6 can activate the oncogene Myc and the PI3K/AKT and ERK/MAPK signalling pathways, leading to the proliferation of GSCs (81). Additionally, as previously mentioned, YTHDF2 is a reader that commonly promotes RNA degradation (25). Nevertheless, it is particularly noteworthy that YTHDF2 in GSCs plays a role in stabilizing MYC and VEGFA transcripts. IGFBP3 is a downstream factor of the YTHDF2-MYC axis. Along with high expression of YTHDF2, highly expressed IGFBP3 sustains GSC growth (82). In contrast, YTHDC1 is a reader that inhibits RNA degradation. METTL3 methylates the SRSF mRNA start codon, which can recruit YTHDC1 and inhibit nonsense-mediated mRNA decay (NMD). Ultimately, SRSF protein expression increases, leading to greater changes in alternative splicing events (ASEs), including BCL-X and NCOR2 transcript variant changes, which account for the antiapoptotic and GSC-generating effects, respectively. These effects eventually lead to GBM tumour outgrowth and self-renewal (83). In addition to altering ASEs, SRSFs themselves can promote methylation. SRSF7 methylates target mRNAs by recruiting MTC and is further recognized by IGF2BP2, thus stabilizing target mRNA (84). Although methylation promotes the variable splicing activity of SRSF, SRSF can in turn recruit MTC to change the methylation level of mRNA.

In addition to mRNA methylation, noncoding RNA methylation plays an important role in the oncogenesis of glioma. The let-7 miRNA is capable of differentiating cells by repressing stem cell programs. However, IGF2BP2, an m6A reader, binds to let-7 miRNA, thereby sustaining glioma cells in an undifferentiated state and maintaining GSCs, thus promoting the progression of glioma (85). Furthermore, IGF2BP2 is associated with the oxidative phosphorylation process. IGF2BP2 interacts with multiple mRNAs encoding subunits of the mitochondrial respiratory chain complex, thereby increasing the stability of components involved in oxidative respiration and promoting efficient oxidative phosphorylation in GSCs. Repression of oxidative phosphorylation leads to a decrease in the activity of GSCs, impeding the formation of cancer cell colonies (86). Interestingly, hypoxia promotes the expression of IGF2BP2 in GSCs by inducing the expression of hypoxia-inducible factor 1 alpha-antisense RNA 2 (HIF1A-AS2). Consequently, highly expressed IGF2BP2 stabilizes HMGA1 mRNA and contributes to the maintenance of GSCs (87). These findings indicate that RNA methylation plays a crucial role in the biological activity of GSCs through its impact on the oxidative phosphorylation chain. RNA methylation is involved in stabilizing components of the oxidative phosphorylation chain, thus stabilizing the metabolism of GSCs. However, under hypoxic conditions, GSCs can compensate for the detrimental effects of hypoxia by promoting high expression of IGF2BP2. Other studies have demonstrated that the expression of the lncRNA LINC00689 is upregulated in glioma, leading to increased expression of IGF2BP1 via the inhibition of miR-526b-3p. IGF2BP1 is an mRNA stabilizer for a series of oncogene-related pathways such as the MAPK signalling pathway (88, 89). In addition, some circRNAs are highly expressed in glioma, such as circNEIL3 (90) and circHIPK3 (91), which increase IGF2BP3 expression. Similar to IGF2BP1, IGF2BP3 is a carcinogenic protein that significantly promotes the progression of glioma. Furthermore, hnRNPC, another m6A reader, is highly expressed within the GBM microenvironment. This expression hinders the tumour immune microenvironment (TIME) via the immune checkpoint protein (ICP) network and activates the GALECTIN signalling pathway. Consequently, it significantly facilitates the stemness state in GBM cancer cells (92). Moreover, statistical analysis revealed that the upregulated expression of YTHDC2 is a risk factor for the occurrence of low-grade glioma (26). However, the specific carcinogenic mechanism is still worthy of further research in the future.

In conclusion, GSCs constitute integral components of glioma tissue. During the initiation of GSCs, substantial alterations in the methylation patterns of both mRNAs and noncoding RNAs occur. Predominantly, there are variations in m6A methylation accompanied by changes in m7G methylation levels. Ultimately, these shifts in methylation patterns are closely linked with multiple oncogenic pathways, significantly influencing the biological functions of GSCs and thereby promoting the initiation of gliomas (Figure 3).




3.2 Role of RNA methylation in glioma malignant progression, proliferation, invasiveness, and angiogenesis

In addition to contributing to the oncogenesis of glioma, methylation of mRNAs leads to the activation of a series of pathways that significantly contribute to the progression of malignant gliomas (14, 93). To comprehensively understand the underlying mechanisms of RNA methylation in the progression of gliomas, we have provided an overview of the involvement of RNA methylation and its associated proteins in various aspects of glioma progression, including proliferation and growth, invasiveness, epithelial-mesenchymal transition (EMT), and angiogenesis (Figure 4).




Figure 4 | Schematic representation of RNA methylation alteration and its corresponding biological effects in glioma progression. Green icons represent writers (METTL3, NSUN2, METTL1-WDR4, TRMT6, WBSCR22, TRMT12, WTAP, and ZC3H13), red icons represent erasers (ALKBH5). They determine the methylation status of RNAs, which is recognized by specific readers, leading to alterations in molecular expression levels and subsequent activation or inhibition of downstream pathways. The dashed line box highlights the activation of the PI3K-AKT pathway, a core mechanism driving glioma progression, which promotes the EMT, proliferation, and invasion of glioma cells. Alterations in other molecules, such as upregulation of MBNL1 phosphorylation and VEGFR2 expression, contribute to glioma angiogenesis and vascular mimicry. Downregulation of LXRα and HIVEP2 enhances glioma invasion. Activation of other pathways, including NF-κB and ERK, drives glioma malignancy. The HR pathway activation promotes glioma radioresistance. Activation of NRAS, MEK1, ERK, and PPP supports glioma cell proliferation. RNA editing, such as A-to-I editing and ASE, is altered, which contributes to the malignant progression of glioma.



The changes in RNA m6A methylation levels represent a primary mechanism underlying the formation of GSCs and the onset of gliomas. Similarly, significant alterations in RNA methylations also occur during glioma progression, with the role of m6A methylation in promoting glioma progression being extensively studied and mechanistically well understood. METTL3, an m6A writer, methylates the mRNAs of MALAT1 and UBXN1, which are recognized by the m6A readers HuR and YTHDF2, respectively. Consequently, HuR stabilizes MALAT1 mRNA and promotes its expression, whereas YTHDF2 mediates UBXN1 mRNA degradation and decreases its expression. Consequently, both pathways activate NF-κB signalling and promote the malignant progression of gliomas (14, 74). Furthermore, NF-κB signalling can also be activated by the m6A reader EIF3i, which can affect mRNA processing, translation, and TCR signalling and is associated with the malignancy of glioma (93). Thus, the NF-κB signalling pathway has emerged as a pivotal pathway driving the malignant progression of gliomas.

In addition to its role in malignant progression, studies have revealed that METTL3 increases astrocyte immortality by recruiting RasV12, which accounts for the growth of glioma tumours (13). Furthermore, METTL3 methylates and stabilizes the adenosine deaminase acting on RNA (ADAR) mRNA, which encodes a deaminase with mRNA binding activity. Consequently, increasingly expressed ADAR1 binds to CDK2 mRNA and activates A-to-I editing, which significantly promotes glioma growth (94). Furthermore, the co-upregulation of METTL3 and ALKBH5 promotes the activation of the homologous recombination (HR) pathway. This reduces the radiosensitivity of glioma tissues, but it also significantly enhances their invasiveness (13, 95). The demethylase ALKBH5 has also been reported to facilitate the growth of gliomas. The downregulation of ALKBH5 expression promotes the recognition and degradation of ZDHHC3 mRNA by YTHDF2. Inhibition of ZDHHC3 mRNA expression can reduce the expression of the PD-L1 protein, thereby activating tumour immunity and disrupting the suppressive TIME, ultimately inhibiting glioma growth (96). Additionally, ALKBH5 can also impact the progression of gliomas by influencing the oxidative phosphorylation chain. ALKBH5 demethylates the G6PD transcript and enhances its mRNA stability, thereby promoting G6PD translation and activating the pentose phosphate pathway (PPP), consequently enhancing glioma cell proliferation (97). Interestingly, the chaotic progression of malignant tumours leads to the formation of localized hypoxic conditions within and around the tumour, which leads to the release of miR-200c-3p from neurons to the surrounding area and the activation of local neurons. Consequently, the expression of ZC3H13 decreases in microglia and inhibits the methylation of dual specificity phosphatase 9 (DUSP9) mRNA. Downregulation of DUSP9 promotes ERK pathway activation, resulting in microglial M2 polarization, which promotes the progression of glioma (98). Similarly, owing to the activation of the EGFR/SRC/ERK pathway, YTHDF2, an m6A reader, is highly expressed. The highly expressed YTHDF2 facilitates m6A-dependent mRNA decay of LXRα and HIVEP2, which promotes GBM cell proliferation and invasion (99). NSUN2 methylates the 3’-UTR of ATX mRNA, which increases the expression of the ATX protein, converting lysophosphatidylcholine (LPC) into lysophosphatidic acid (LPA). Consequently, this alteration further promotes the migration and proliferation of glioma cells (33). Moreover, it is important to highlight that TRIM29 is a factor intricately linked to inflammation. It plays a role in modulating endoplasmic reticulum (ER) stress, apoptosis, reactive oxygen species (ROS) responses, and inflammasome activation via the protein kinase RNA-like endoplasmic reticulum kinase (PERK) and other pathways (100, 101). In the context of glioma initiation and progression, TRIM29 serves as a significant immunosuppressive factor. Mechanistically, via degrading the adaptor NEMO, TRIM29 inhibited interferon-regulatory factors and NF-κB signaling, as it directly interacted with NEMO and triggered its ubiquitination and breakdown (102–104). Throughout glioma progression, the recruitment of YTHDF1 facilitates an elevation in m6A-modified TRIM29 mRNA levels, subsequently leading to the upregulation of tumor stem cell markers CD44 and CD133 (105). The upregulation observed in gliomas facilitates tumor growth and invasion via the activation of the Wnt/β-catenin signaling pathway (106, 107).

In addition to mRNAs, methylation-associated proteins can also modify noncoding RNAs, thereby contributing to the progression of gliomas. METTL3 is involved in the m6A methylation of the lncRNA LINREP and maintains its stability by recruiting HuR. Consequently, highly expressed LINREP confers protection upon polypyrimidine tract-binding protein 1 (PTBP1) against degradation, thereby significantly impeding ASEs and promoting glioma progression (108). Previous studies have demonstrated that the m6A reader EIF4A3 interacts with the circASAP1 flanking sequence, leading to upregulation of its expression. This upregulation subsequently activates the NRAS/MEK1/ERK1–2 signalling pathway by sequestering miR-502–5p, thereby promoting glioma cell proliferation (109). The function of tRNA can also be affected by RNA methylation. The METTL1-WDR4 complex participates in the m7G modification of tRNA and prevents its degradation. Researchers have reported that aberrant expression of METTL1 is associated with brain malformation and multiple malignancies (46). Interestingly, METTL1 is highly expressed in glioma and significantly promotes its growth and proliferation via activation of the MAPK pathway (110). In addition to METTL1, TRMT6 and TRMT61 can promote malignant transformation and progression by sustaining tRNA methylation in glioma (111). Bioinformatics screening revealed that TRMT6 is highly expressed in high-grade gliomas and is involved in regulating the cell cycle and the PI3K-AKT, TGF-β, MTORC1, NOTCH, and MYC pathways to promote glioma proliferation. The inhibition of TRMT6 significantly suppresses the proliferation, migration, and invasion of glioma cells (112). Within this cascade of pathways, the PI3K-AKT pathway can also be activated by elevated IGF2BP2 in gliomas, thereby promoting GBM cell proliferation, migration, invasion, and EMT (113). In fact, the PI3K-AKT pathway plays a particularly crucial role in the progression of gliomas, with various RNA methylations promoting glioma progression by influencing this pathway. For example, WTAP is a nuclear protein that regulates the activity of epidermal growth factor receptor (EGFR) and has been reported to be associated with cell proliferation and apoptosis (114). WTAP activates the PI3K-AKT and extracellular signal-related kinase pathways, thereby promoting glioma cell proliferation, migration, and invasion (115). WTAP is highly expressed in glioma, and its expression is closely correlated with glioma grade. Interestingly, the gene encoding WTAP (WT1) is closely related to CD97. CD97 is also a member of the EGFR family. Increased CD97 expression promotes cellular invasiveness and tumour migration (116–118). WBSCR22 and TRMT112 are responsible for mediating m7G methylation in rRNA (47). A recent study demonstrated that WBSCR22 is upregulated in glioma and increases its growth and proliferation via activation of the PI3K/AKT/GSK3β pathways (119). The m6A writer hnRNPC promotes miR-21 expression in T98G cells. Interestingly, the combination of miR-21 with programmed cell death 4 (PDCD4) can inhibit PDCD4 expression, which inhibits apoptosis and promotes glioma invasive activities via the promotion of AKT and p70S6K pathway activation (120). Moreover, the expression of the long noncoding RNA DDX11 antisense RNA 1 (DDX11-AS1) is increased in gliomas. DDX11-AS1 interacts with hnRNPC and thus activates the Wnt/β-catenin and AKT pathways, which promote the EMT process in gliomas (121).

In general, the NF-κB signalling pathway plays a crucial role in the malignant progression of gliomas, whereas the PI3K-AKT pathway contributes to glioma proliferation and growth and facilitates glioma invasiveness and migration (Figure 4).

In addition to participating in the proliferation and growth of gliomas, METTL3 is involved in the formation of the glioma vasculature. It stabilizes the mRNAs of BUD13 and CDK12, thereby promoting MBNL1 phosphorylation and subsequently facilitating the formation of glioma vasculogenic mimicry (VM) (122). Notably, however, the downregulation of METTL3 expression and the upregulation of expression of the eraser ALKBH5 can also promote VM (123). This paradoxical phenomenon requires further investigation. The m5C writer NSUN2 is also increased in glioblastoma endothelial cells, which increases the stability of LINC00324 by m5C modification and upregulates its expression. The highly expressed LINC00324 binds with the AUH protein. Thus, the ability of the AUH protein to bind to CBX3 mRNA is reduced. LINC00324 thus increases the expression of CBX3, which binds to the promoter region of VEGFR2 to promote the expression of VEGFR2, promoting angiogenesis in glioma (124). Similar to LINC00324, many noncoding RNAs, such as the small nucleolar RNA SNORD17, are highly expressed in glioma tissues. SNORD17 can promote the methylation of KAT6B mRNA, leading to decreased KAT6B expression, which in turn promotes the upregulation of VEGFR2 and VE-cadherin expression, thereby facilitating VM in GBM (125).

Given that RNA methylation-associated proteins promote glioma development, reversing this trend could inhibit glioma progression. We found that EIF3b knockdown can inhibit the proliferation of glioma U87 cells through cell cycle arrest in the G0-G1 phase and promote apoptosis (126). Another report demonstrated that hnRNPA2/B1 knockdown leads to inactivation of the AKT and STAT3 signalling pathways, which ultimately reduces the expression of B-cell lymphoma-2 (Bcl-2), cyclin D1, and proliferating cell nuclear antigen (PCNA) (127). The hnRNPA2B1 ablation exhibited a significant tumour-suppressive effect on glioma cell proliferation, GSC self-renewal and tumorigenesis (128). YB-1 is an m5C reader that affects the expression of key proteins and the phosphorylation of key pathways involved in the cell cycle, adhesion, and apoptosis in gliomas (129). It is highly expressed in glioma tissues. The upregulated YB-1 protein binds to CCT4 mRNA to promote its expression, which enhances the mLST8 folding process and eventually activates the mTOR signalling pathway in glioma (130). YB-1 is also highly expressed in glomeruloid microvascular endothelial cells of brain tumours and microvessels in the desmoplastic region around multiple solid tumours. Inhibition of this high expression can decrease the vasogenic effect of growth factors, thus inhibiting tumour growth (131).

In summary, significant alterations in the methylation of mRNAs and noncoding RNAs occur during the malignant progression of gliomas. The majority of alterations in mRNA methylation directly contribute to glioma progression by activating specific signalling pathways. For instance, the activation of the NF-κB signalling pathway is implicated in the malignant advancement of gliomas, while the PI3K-AKT pathway is known to enhance glioma proliferation and growth, as well as facilitate invasiveness and migration. Nevertheless, some of these pathways exhibit correlational relationships, and the mechanisms leading to glioma progression are multifaceted. For example, the m5C reader influences the expression of key proteins and the phosphorylation of critical pathways involved in the cell cycle, adhesion, and apoptosis in gliomas (129). In conclusion, we have systematically reviewed the complete signalling pathways currently reported to be associated with RNA methylation and glioma progression. Among these modifications, the most important is m6A modification. Additionally, m7G, m5C, and m1A also exhibit varying degrees of alteration. These alterations in methylation levels ultimately activate downstream pathways that drive a sequence of malignant progression events in gliomas. These processes include proliferation, growth, invasion, EMT, and angiogenesis. m6A modification changes across these progression stages and broadly impacts the methylation levels of both mRNAs and noncoding RNAs. Intriguingly, the m7G, m5C, and m1A modifications influence the methylation status of noncoding RNAs. The effects of m6A, m7G, m5C, and m1A methylation are intricately regulated by a network involving writers, erasers, and readers, thereby contributing to the evolution of glioma cell biological behaviours.




3.3 Role of RNA methylation in glioma drug resistance

Drug resistance in gliomas is one of the primary reasons for their high degree of malignancy, low survival rates, and propensity for recurrence. Previous studies have revealed the critical role of RNA methylation alterations in the development of drug resistance in gliomas. Therefore, gaining a deeper understanding of the mechanisms by which RNA methylation leads to glioma drug resistance is imperative.

Temozolomide (TMZ) is the most common and fundamental chemotherapeutic drug used to treat malignant gliomas (132, 133). Research has revealed a close correlation between the methylation levels of RNA and the emergence of resistance to TMZ. In 2008, it was first concluded that MGMT promoter methylation is a recognized test indicator for predicting the efficacy of TMZ in the treatment of glioma (75). Therefore, we examine the specific mechanisms by which RNA methylation leads to resistance to TMZ (Table 1).

m6A methylation is the most prevalent RNA modification observed to be significantly altered in gliomas. Interestingly, the m6A writer METTL3 stabilizes the mRNAs of MGMT and ANPG, which are two molecules responsible for critical DNA repair processes. Consequently, high METTL3 expression results in increased resistance to TMZ in GSCs (134, 135). The findings of these studies pave the way for the proposition of broadly reducing methylation to increase glioblastoma TMZ sensitivity (134). In addition to m6A writers, some erasers and readers can also promote TMZ resistance in gliomas. For example, the m6A reader EIF4 has been shown to increase glioma drug resistance. EIF4A3 activates the NRAS/MEK1/ERK1–2 signalling pathway by upregulating the expression of circASAP1, which significantly promotes glioma reproduction and TMZ resistance (109). Moreover, the m6A eraser FTO was reported to reduce the efficacy of TMZ by targeting the MYC signalling pathway (80). Additionally, elevated circ_0072083 inhibits the expression of miR-1252-5p, resulting in increased ALKBH5 levels that contribute to the demethylation of Nanog homeobox (NANOG) mRNA. This increase in NANOG expression also results in increased TMZ resistance in gliomas (136). Interestingly, ALKBH5 can also enhance glioma resistance to TMZ by stimulating the expression of SOX2, which coincides with the role of METTL3 in stabilizing GSCs through the promotion of SOX2 expression. ALKBH5 demethylates SOX2 mRNA, consequently stabilizing it and leading to SOX2 overexpression, which in turn activates the Wnt5α/β-catenin signalling pathway. This not only promotes glioma cell proliferation but also enhances TMZ resistance (137). Moreover, the upregulation of SOX2 mediated by METTL3 and the increased expression of ALKBH5 also enhance the radioresistance of glioma. Both contribute to activation of the HR pathway, thereby promoting DNA damage repair and radioresistance (95). In summary, increased expression of ALKBH5 poses a significant obstacle to glioma therapy. Further elucidating its pathogenic mechanisms and investigating strategies to inhibit the effects of ALKBH5 will be important research directions for the future. ZC3H13, which acts as a stabilizer of the MTC, facilitates the localization of the ZC3H13-WTAP-Virilizer-Hakai complex in the nucleus, thereby maintaining normal RNA m6A methylation (19, 20). Researchers have revealed that the ZC3H13 mutation (decrease) significantly disrupts the balance of intracellular methylation, which increases the resistance of glioma to TMZ (138).

In addition to conferring TMZ resistance, RNA methylation-related proteins also contribute to resistance against other targeted drugs, thereby posing significant challenges in the treatment of gliomas. For example, in the glioblastoma U87 cell line, YTHDF3 can suppress the expression of p21 by inhibiting the p21 signalling pathway, thereby promoting resistance to a targeted drug, osimertinib (139). Furthermore, hnRNPA1 binds methylated cyclin D1 and c-myc internal ribosome entry site (IRES) mRNAs, leading to elevated IRES activity and drug resistance protein synthesis, which is correlated with increased resistance of GBM to mTOR inhibitors (140). In most reported cases, METTL3 promotes the occurrence of gliomas. Studies have reported that high METTL3 expression in gliomas increases their resistance to antiangiogenic drugs. The specific mechanism involves METTL3 stabilizing the mRNAs of BUD13 and CDK12, leading to their overexpression, which in turn promotes the phosphorylation of MBNL1 and facilitates the VM process in gliomas (122).

In summary, METTL3-mediated m6A methylations represent crucial factors contributing to drug resistance in gliomas. These methylation alterations can induce resistance to the conventional chemotherapy drug TMZ and interfere with other targeted therapies. Therefore, given that the MGMT promoter methylation level can be used to predict the curative effects of TMZ (75), combining chemotherapy with drugs that target methylation changes may represent a promising new therapeutic approach for treating gliomas in the future.




3.4 RNA methylation-associated proteins inhibit the progression of gliomas

In most cases, increased levels of RNA methylation and the expression of associated proteins contribute to the deterioration of gliomas, including their initiation, progression, and resistance to drug therapy. Nevertheless, several studies have demonstrated that certain methylation-related proteins can inhibit the progression of gliomas and may serve as protective factors. These proteins, such as FTO, are demethylases that reverse the high methylation levels typically found in gliomas. Although FTO is upregulated in gliomas, it may counteract abnormal methylation, serving as a compensatory mechanism that reduces the malignancy of gliomas. However, some methyltransferases also exhibit antiglioma effects. This might occur because methyltransferases stabilize the disrupted methylation network in glioma tissue or because methyltransferases can recruit demethylases to maintain cellular methylation homeostasis.

Although reports suggest that FTO can promote the onset of gliomas (80), notably, in most cases, the expression of FTO in gliomas is significantly negatively correlated with tumour malignancy. Therefore, FTO is generally considered a protective factor against glioma progression. Furthermore, reports indicate that FTO can inhibit glioma growth and invasion, making it a potential suppressor of GBM (141). Mechanistically, FTO promotes the nuclear translocation of FOXO3a, resulting in high expression of FOXO3a downstream factors such as BIM, BNIP3, BCL-6, and PUMA. This inhibits the hypoxia-induced capacity of glioma cells to proliferate, migrate and invade (98, 141). Artificially blocking the high expression of FTO via the application of miR-27a-3p could significantly promote the progression of glioma (141). Similarly, the downregulated expression of FTO enhances the m6A modification of primary microRNA-10a (pri-miR-10a), which can be recognized by the reader HNRNPA2/B1 and increase the glioma tumour burden (142).

Although many studies have reported that METTL3 promotes the occurrence and progression of gliomas (13, 14, 74, 77), METTL3 also has inhibitory effects on glioma occurrence. Highly expressed METTL3 reduces the mRNA level of a disintegrin and metallopeptidase domain 19 (ADAM19). Consequently, it inhibits the growth and self-renewal of GSCs. After METTL3 knockdown, ADAM19 expression increases, which promotes the occurrence of glioma (78). Moreover, silencing METTL3 also results in downregulated expression of ADAR while increasing the expression of apolipoprotein B mRNA-editing enzyme catalytic subunit 3A (APOBEC). This alteration leads to a series of aberrant ASEs, specifically, the A-to-I and C-to-U RNA editing events in GSCs, and eventually activates oncogenic pathways associated with the development of gliomas (143). In addition to mRNAs, METTL3 mediates the methylation of circRNAs, which methylates and stabilizes circDLC1. This process enhances CTNNBIP1 expression via competitive binding with miR-671-5p. Consequently, highly expressed CTNNBIP1 significantly inhibits glioma cell proliferation (144). Another study reported that METTL3 expression is decreased in the U251 glioma cell line. Along with increased expression of FTO, the m6A modification level significantly decreases and consequently increases the expression of HSP90, which interferes with the apoptotic system and promotes glioma development (145).

In conclusion, the regulation of tumour progression by RNA methylation constitutes a complex network in which both excessively high and low levels of RNA methylation can potentially promote the occurrence and progression of gliomas (Table 1). Therefore, maintaining the homeostasis of RNA methylation within cells is crucial for normal function and provides a novel perspective for glioma therapies.





4 Potential diagnostic implications of RNA methylation in GBM

A 2004 study reported that the DNA m5C modification can be used as a predictive biomarker for the diagnosis and recurrence of gliomas (146). Recently, a scoring system based on the level of RNA m6A methylation was proposed. Patients with low m6A methylation scores tend to exhibit normal T-cell functionality in the tumour microenvironment in contrast to those with high m6A methylation scores. Moreover, the former patients also show better treatment responsiveness to chemotherapy drugs such as bevacizumab and regorafenib (147). These findings shed light on the broad prospects of utilizing RNA methylation for diagnosing gliomas. An increasing number of studies have reported that with the development of glioma, the RNA methylation level changes significantly. Although the specific molecular mechanisms of glioma carcinogenesis remain to be further explored, alterations in RNA methylation during glioma development can be detected manually, which makes it possible to detect glioma earlier and better predict its prognosis. We summarize the trends of alterations in RNA methylation-related molecules in glioma tissues during the course of the disease, and also summarize several possible biomarkers for glioma diagnosis and prognosis (Table 2).


Table 2 | Prognostic value of RNA methylation-associated proteins in gliomas.





4.1 RNA m6A methylation levels and associated proteins serve as diagnostic and prognostic biomarkers

METTL3 is one of the most important m6A writers of RNA. We have reported that high METTL3 expression in GSC-rich GBM is indicative of a poor prognosis (13). Moreover, METTL3 expression is positively associated with a higher malignant grade and poorer prognosis in IDH-wild-type gliomas but not in IDH-mutant gliomas (14). As one of the substrates of METTL3, high expression of SRSF7 also significantly promotes the progression of glioma (84). However, completely contradictory results have been reported, revealing that patients with relatively high expression of METTL3 have prolonged disease-free survival (123). Thus, the diagnostic value of METTL3 is debatable and requires further investigation. WTAP, another important component of the m6A writer, has increased expression in glioma and can predict poor postoperative survival in glioma patients. Thus, WTAP may serve as a good novel prognostic biomarker (116). In addition to WTAP, the expression of METTL14, RBM15, and its paralogue RBM15B is also increased in gliomas (148). It has been reported that increased expression of RBM15 has prognostic value in IDH-wildtype GBM (149). However, not all m6A writer components are elevated during the development of glioma. The expression of ZC3H13 is generally decreased in glioma tissues (148), which increases the resistance of glioma to TMZ (138).

For m6A erasers, the expression of FTO is generally lower in glioma tissues than in normal tissues (148). Decreased FTO expression in clinical samples is correlated with higher glioma grades and poorer clinical outcomes (142). Interestingly, in contrast to FTO expression, increased ALKBH5 expression in gliomas implies a poorer prognosis. Patients with higher expression of ALKBH5 were reported to have a significantly shorter median overall survival (OS) time (123). Furthermore, depleting ALKBH5 expression is responsible for disrupting the tumorigenesis process of gliomas (79). Thus, increased expression of ALKBH5 and decreased expression of FTO can be used to predict the poor prognosis of gliomas.

With respect to m6A readers, according to a Lasso-Cox regression algorithm, glioma patients with high expression of HNRNPC had a good prognosis (150). These findings suggest that high HNRNPC expression can be used to predict a better prognosis in glioma patients. Nevertheless, the high expression of most other m6A readers implies a poor prognosis in gliomas. For example, the m6A reader YTHDF1 positively regulates GBM proliferation, chemoresistance, and cancer stem cell-like properties. Studies have confirmed that high expression of YTHDF1 predicts a poor prognosis in glioma patients (151, 152). In addition, another study demonstrated that YTHDF2 is overexpressed in glioma, which promotes its malignant progression both in vitro and in vivo (74). Clinically, YTHDF2 overexpression is also correlated with poor glioma patient prognosis (99). K-M survival curve showed the prognostic significance of YTHDC2 expression in the context of LGG, which is significantly elevated in LGG (26). Other readers, such as IGF2BP3, can be regulated by circRNAs, specifically circNEIL3 and circHIPK3. The expression of circNEIL3 and circHIPK3 is upregulated in glioma tissues, and this elevated expression level is closely linked to poor patient prognosis (90, 91). Moreover, high expression of eIF3i could be used as an independent prognostic factor for poor prognosis in IDH-mutant LGG (93), which may be highly useful in the diagnosis and treatment of glioma. In addition, the expression levels of YTHDF3 and hnRNPA2/B1 are elevated in gliomas (148), but they may not have as much independent clinical significance as the highly expressed eIF3i in LGG.

In conclusion, among the currently known m6A readers, although highly expressed HNRNPC is a protective factor for glioma, high HNRNPC expression of other readers always indicates a poor prognosis in glioma patients. Expression of some of these readers can even serve as independent predictors of poor prognosis in patients with gliomas.




4.2 Other RNA methylation levels and associated proteins serve as diagnostic and prognostic biomarkers

Similar to the m6A methylation scoring system in glioma patients, which has been demonstrated to predict prognosis (147), a glioma m5C signature has also been established for prognosis prediction (153). Moreover, a predictive nomogram for the m7G modification score has been developed, and the prognostic value of detecting m7G modifications in gliomas has been explored (154). Additionally, recent studies have indicated that m1A-associated proteins can be used to assess the prognosis of gliomas. Collectively, these findings highlight the diagnostic and prognostic significance of m5C, m7G, and m1A methylation in gliomas.

The ability of the m5C writer to predict the prognosis of glioma patients is mainly related to its ability to predict the prognosis of LGG patients. The expression of NSUN2 was found to be upregulated, and this upregulation of NSUN2 serves as an independent biomarker for prognostic evaluation in patients with LGG (155). NSUN5 specifically participates in the methylation process of 28S rRNA, which promotes the synthesis of a series of carcinogenic proteins and thus plays a crucial protumorigenic role. Therefore, highly expressed NSUN5 can be utilized to predict the prognosis of gliomas (156). Moreover, the upregulation of m5C writers contributes to the high methylation of four lncRNAs, including LINC00265, CIRBP-AS1, GDNF-AS1, and ZBTB20-AS4. The m5C methylation level of these genes is associated with LGG prognosis. Therefore, monitoring the m5C methylation levels of these four RNAs can serve as a valuable prognostic tool for LGG, with high expression indicating an unfavourable outcome (157).

The m5C reader includes YB-1 and ALYREF, both of which are reported to have prognostic value. The overexpression of YB-1 has been demonstrated to be positively associated with glioma progression and inversely correlated with patient overall survival (OS) (129). Thus, YB-1 can be considered a risk factor for poor prognosis in glioma patients. Although the carcinogenic mechanism of ALYREF is unclear, it has been reported that high expression of ALYREF can be used to predict poor prognosis in patients with LGG (155). Moreover, increased expression of ALYREF has been reported in gliomas, which also verifies its prognostic value (158).

A predictive nomogram for the m7G modification score has been established that explores the prognostic value of detecting the m7G modality in gliomas. In addition, an analysis of the TCGA and GEO databases has revealed that transcriptomic alterations in genes associated with m7G methylation regulators are linked to the prognosis of gliomas (159). Mechanistically, excessive m7G methylation is positively associated with activation of the SPP1 and PTN signalling pathways. This results in changes in the TIMEs and ASEs, which are associated with the poor prognosis of gliomas (154). Among the m7G writers, METTL1 and WBSCR22, both of which are highly expressed in glioma tissues and promote their proliferation and growth, are closely associated with the prognosis of glioma patients (110, 119). Thus, increased expression of METTL1 and WBSCR22 may be used to determine the prognosis of glioma patients.

With respect to m1A methylation, inhibition of TRMT6 suppressed the proliferation, migration, and invasion of glioma cells. The elevated expression of TRMT6 may serve as a powerful and independent biomarker for poor prognosis in glioma (112). Moreover, a concomitant increase in TRMT6/TRMT61 mRNA and tRNAi (Met) expression with decreased expression of PKCα mRNA was detected in highly aggressive glioblastoma as compared with Grade 2/3 glioma (111). In conclusion, through the comparison of LGG and HGG, increased m1A modification markedly affected glioma prognosis. We conclude that the upregulation of TRMT6 and TRMT61 can be used to predict a poor prognosis. In addition, other studies have demonstrated that the overexpression of NML and TRMT10C can be considered risk factors for gliomas (56).

Generally, the RNA methylation scoring system provides a good research perspective and could serve as an auxiliary diagnostic tool for gliomas in the future. In addition, monitoring alterations in the expression levels of other RNA methylation-related proteins is crucial for the diagnosis and prognostic assessment of gliomas.





5 From bench to bedside: potential therapeutic implications of RNA methylation in gliomas

To date, multiple potential therapeutic targets have been identified based on RNA methylation (160). Generally, these therapeutic targets focus on the m6A methylation of RNA. Additionally, the modification of some noncoding RNAs has also become an increasingly important direction in the study of glioma therapy. We summarize the existing methods for treating gliomas by altering RNA methylation (Table 3).


Table 3 | RNA methylation-associated protein-targeted treatments in gliomas.





5.1 Targeting m6A

As one of the most significant m6A writers, METTL3 has great potential for the development of drugs to treat gliomas. In the majority of cases, METTL3 is known to promote glioma development, and studies have reported that its overexpression enhances the formation of VM in gliomas, thereby increasing glioma resistance to treatment. Inhibiting the methylation of METTL3 or knocking down its downstream upregulated factors, such as BUD13 and CDK12 (122), can significantly suppress VM occurrence. This may become a pivotal strategy for future glioma therapies. It is worth noting that the upregulation of METTL3 and various m6A methylation levels significantly promote glioma cell resistance to TMZ. Nevertheless, an inspiring recent study revealed that DAA-mediated methylation blockade can restore TMZ sensitivity in GBM cells (134). These findings suggest that reducing overall methylation levels may contribute to maintaining methylation homeostasis within cells and provide novel insights into potential therapeutic methods for GBM. One study revealed that miR-29a inhibits mRNA expression of the Quaking gene isoform 6 (QKI-6) by binding to its 3’-UTR, which inhibits the expression of another m6A writer, WTAP. Consequently, downregulated WTAP inhibits the PI3K-AKT and extracellular signal-related kinase pathways, thereby inhibiting cell proliferation, migration, and invasion but promoting apoptosis in GSCs. Thus, miR-29a can be used as a potential therapeutic agent (115).

In addition to targeting m6A writers, studies have reported that m6A erasers may serve as promising therapeutic targets for glioma. IDH mutations block cell differentiation and promote tumour transformation, and the inhibition of mutant IDH (IDHi) can reverse this effect. Thus, as the major metabolic product of IDH mutants, R-2HG has been regarded as an oncometabolite (161–164). However, R-2HG inhibits FTO in glioma, causing MYC/CEBPA mRNA methylation, disrupting the stability of these oncogene transcripts and inhibiting the activation of downstream oncogene pathways. Thus, R-2HG has an antiglioma effect (165). This explains why the IDH mutation is deemed a benign mutation in gliomas and could be used to predict a better prognosis. Meclofenamic acid (MA2) also inhibits the expression of FTO, thus enhancing the ability of the chemotherapy drug TMZ to suppress the proliferation of glioma cells (80). Therefore, inhibiting FTO overexpression may be an effective method for treating glioma. However, another study reported contradictory results. Researchers have shown that application of the SPI1 inhibitor DB2313 increases FTO expression and decreases the GBM tumour burden (142). Although FTO has broad prospects as a therapeutic target for glioma, its specific efficacy still needs to be validated in further clinical trials. Another eraser, ALKBH5, is also highly expressed in gliomas. High expression of ALKBH5 significantly inhibits TME immune activation and promotes glioma growth. IOX1 is a specific inhibitor of ALKBH5. Pharmacological inhibition of ALKBH5 enhances the therapeutic efficacy of anti-PD-1 treatment in preclinical mouse models. Therefore, the combination of anti-PD-1 and anti-ALKBH5 is a promising therapeutic strategy for gliomas (96). Additionally, miR-1252-5p also serves as an inhibitor of ALKBH5, suppressing ALKBH5-mediated demethylation and thereby reducing NANOG expression in gliomas. Consequently, glioma tissues are more sensitive to TMZ, resulting in improved therapeutic outcomes (136).

There are many m6A readers that can be used as therapeutic targets. For example, miR-526b-3p can suppress IGF2BP1, thereby inhibiting the MAPK pathway and reducing the incidence of gliomas (88). Similarly, miR-4500 also targets IGF2BP1 to inhibit the development of gliomas (166). In addition to IGF2BP1, inhibition of IGF2BP2 increases the sensitivity of glioma cells to TMZ (113). Another study revealed that the lncRNA WEE2-AS1 can be methylated by m6A and recognized by IGF2BP3, which activates the PI3K-AKT signalling pathway, leading to the occurrence of glioma. They reported that blocking WEE2-AS1 expression improved the therapeutic sensitivity to dasatinib (72). Moreover, the inhibition of hnRNPC can reduce the expression of miRNA-21 in gliomas and promote the expression of PDCD4, thus inhibiting metastasis (120). Similarly, hnRNPA2/B1 inhibition is also expected to be a therapeutic target for gliomas (127). The IGF1/IGF1R inhibitor linsitinib preferentially targets YTHDF2-expressing cells, inhibiting GSC viability without affecting normal neural stem cells (NSCs) or impairing glioblastoma growth in vivo (82).

In addition to directly inhibiting m6A readers, artificially reducing the upstream inducing factors of m6A readers can also be used for the treatment of glioma. High expression levels of some circRNAs, such as circNEIL3 and circHIPK3, promote the occurrence of glioma by enhancing the high expression of IGF2BP3 (90, 91). Artificially decreasing the expression of circRNAs is a potential prognostic biomarker and therapeutic target in glioma.

Currently, the application of RNA methylation in glioma treatment focuses primarily on alterations in m6A methylation levels. Most of these drugs are still in the preclinical development stage. Therefore, further exploration of glioma treatment through m6A methylation remains a primary research focus in the future. Another promising direction involves expanding trials using other forms of methylation for glioma treatment.




5.2 Targeting m5C

Although targeting m6A methylation remains the predominant approach for RNA methylation in glioma therapy, emerging research has identified RNA m5C methylation as a pivotal therapeutic target for the treatment of gliomas. miR-129-5p can inhibit DNMT3A, leading to significant cell cycle arrest, thereby suppressing the proliferation of glioma cells (167). The RNA decoys YBX1–1 and YBX1–2 specifically target YB-1, which prevents YB-1 from binding to the relevant mRNA and thus inhibits the activation of downstream oncogenes, resulting in slower tumour growth and better survival (130). Interestingly, highly expressed YB-1 can increase the oncolytic activity of XVir-N-31, which is a YB-1-dependent oncolytic adenovirus that has glioma-dissolving activity. Additionally, irradiation therapy before XVir-N-31 infection increases the migration of YB-1 into the nucleus, which significantly increases the oncolytic activity of XVir-N-31 (168). The combination of multiple treatment modalities and methylation therapy may become a hot research topic in the future. The role of TET in glioma is focused mainly on the demethylation of DNA by TET (169). TET converts the 5mC modification on DNA to 5hmC, which can inhibit the development of gliomas. However, high expression of SOX2 can inhibit the function of TET, thus promoting the development of glioma (170). This finding is consistent with the finding that highly expressed METTL3 in glioma increases SOX2 expression, thus inhibiting differentiation and promoting the generation of glioma (13). Therefore, efforts to decrease the expression of SOX2 and increase the expression levels of TET could be used to prevent the occurrence and progression of gliomas. Recent research has revealed that NSUN5 can recruit TET2, leading to conversion of the m5C modification to 5hmC on the CTNNB1 caRNA, which is then recognized by the reader RBFOX2, promoting caRNA degradation and immune system activation, increasing the phagocytosis of tumour-associated macrophages (TAMs) and facilitating the elimination of gliomas. Therefore, promoting NSUN5 expression has emerged as a novel therapeutic target for gliomas (171). Additionally, NSUN5 can facilitate the degradation of β-catenin mRNA, thereby enhancing the phagocytosis of TAMs (171). However, caution should be exercised in blindly increasing the expression levels of NSUN5, as studies have also reported its potential to promote the synthesis of a series of oncoproteins (156). The underlying reasons for this contradictory phenomenon await further investigation.




5.3 Targeting m1A

The application of m1A methylation therapy for treating gliomas is relatively rare. This suggests that the role of m1A in gliomas warrants further investigation. Nonetheless, we observed that TRMT6/61 promotes malignant transformation and progression by sustaining tRNA methylation in glioma. This process is inhibited by the protein kinase C PKCα (111). These findings suggest that PKCα might be used as a new target for the treatment of glioma.

In summary, the investigation of targeted RNA methylation therapy for glioma remains largely at the preclinical stage. While certain studies have exhibited the cytotoxic and inhibitory effects of these therapeutic agents on glioma cells in vitro, without inducing toxicity in normal cells, they usually lack comprehensive pharmacokinetic analyses (82, 115). Nonetheless, the potential of targeted RNA methylation therapy is substantial, particularly in light of the extensive clinical application of TMZ chemotherapy for gliomas characterized by high MGMT methylation, which theoretically enhances its feasibility. Consequently, future research exploring the combination of targeted RNA methylation therapy with TMZ chemotherapy represents a promising avenue for clinical investigation.





6 Conclusions and perspectives

In this review, we summarized the pathogenesis of glioma with respect to the RNA modifications of m6A, m5C, m7G, and m1A. Currently, there are more relevant studies on the role of RNA m6A modifications in the occurrence and development of glioma, whereas relatively few studies have investigated the roles of RNA m5C, m7G, and m1A modifications in the occurrence and development of glioma. We have summarized the changes in RNA methylation levels during glioma development and the associated downstream carcinogenic pathways. We note that most RNA methylations are elevated when glioma occurs. Reversing this alteration and maintaining cellular methylation homeostasis present vast therapeutic prospects. Additionally, detection of this alteration is helpful for predicting patient prognosis and detecting glioma progression.

In recent years, an increasing number of studies have focused on the mechanism of RNA methylation in the development of glioma. Excitingly, several advancements have been made. However, the effect of RNA methylation on glioma remains unclear, particularly the relationship between methylation content and the malignant grade of glioma. Some studies have found that high levels of methylation, such as METTL3-mediated m6A RNA methylation, can increase the incidence of glioma (13). However, some studies have found that high methylation levels can inhibit the progression of glioma, for example, inhibiting the expression of FTO after IDH mutation, resulting in increased methylation that degrades cancer-related mRNAs (165). Some studies have found that increased expression of hnRNPC is related to signalling pathways associated with the malignant degeneration of glioma (92, 120, 121). However, in another Lasso-Cox regression algorithm study, significantly increased hnRNPC expression was associated with a longer OS (150). Some studies have found that METTL3 stabilizes BUD13 and CDK12 mRNAs, subsequently leading to the phosphorylation of MBNL1, and thereby promoting the formation of VM in glioma (122). However, other studies have found that downregulation of METTL3 expression and upregulation of the expression of the eraser ALKBH5 can also promote VM (123). These opposing phenomena require further investigation.

We conclude that these contrasting results are partly due to the role of methylation readers. Some readers break down the methylated RNA, whereas others stabilize it. Due to the selection of various glioma models and the differing grades of glioma in the study, the baseline levels of RNA methylation in cells vary, resulting in divergent prognostic assessments regarding the detection of RNA methylation. Furthermore, the incorporation of studies utilizing diverse research and sequencing platforms introduces inherent systematic biases. To thoroughly assess the mechanisms of RNA methylation in glioma progression and its potential applications in diagnosis and treatment, a future systematic review or meta-analysis will be indispensable. According to the latest guidelines for gliomas, the classification of gliomas at the molecular level is becoming an increasingly accepted standard (3). Therefore, the study of RNA methylation should be synchronized with the molecular type of glioma. Specifically, the effects of RNA methylation alterations on the occurrence and development of glioma should be discussed according to its molecular type.

Our emphasis on the role of RNA methylation in gliomas is primarily informed by three key considerations: 1. Glioma stem cells (GSCs) play a pivotal role in therapeutic resistance and tumour recurrence. Recent research indicates that m6A RNA methylation exerts a dynamic regulatory effect on the equilibrium between self-renewal and differentiation in GSCs (76, 77, 79, 81–83) (Figure 3). This regulatory mechanism seems to be more pronounced in gliomas compared to solid tumours that do not possess a clearly defined stem cell hierarchy. 2. In the distinctively hypoxic microenvironment of gliomas, there is an upregulation of m6A methyltransferases, such as METTL3, which facilitates the adaptive translation of pro-survival mRNAs, including targets of HIF-1α (39, 87). This dependency on hypoxia-induced methylation is comparatively not obvious in cancers characterized by more vascularized microenvironments. 3. The existence of the blood-brain barrier presents a substantial obstacle to the utilization of diagnostic biomarkers and targeted therapies for gliomas. Currently, TMZ chemotherapy constitutes the primary clinical treatment for gliomas exhibiting high levels of MGMT methylation. Nevertheless, treatment alternatives are notably constrained for patients exhibiting resistance to TMZ. Considering the documented benefits of targeting RNA methylation to surmount drug resistance in gliomas (80, 109, 134–137)(Table 1), we posit that exploring RNA methylation in gliomas offers considerable potential for clinical application. Notably, the methylation level of RNA is significantly altered not only in glioma but also in other diseases, so this change may be used as a differential diagnostic marker (40). RNA methylation also plays an important role in promoting haematological tumours such as lymphoma and leukaemia and can be used as a potential diagnostic and therapeutic target. Therefore, we speculate that RNA methylation can be used as a novel biomarker in the differential diagnosis of central nervous system glioma and lymphoma.

In recent years, an increasing number of drugs have been developed based on RNA methylation (72, 113, 115, 168), but most are in the preclinical stage. However, glioma therapeutics based on RNA methylation clearly have broad prospects. In addition, recent research has found that miRNA-124-2, miRNA-135a-2, and miRNA-29a are the most effective miRNAs across all GBM subtypes with clinical relevance. High expression of all three miRNAs in GSCs significantly decreases GSC proliferation in vitro (172, 173). Given that 2012 and 2015 studies reported that m6A methylation is involved in the modification of primary miRNAs, which results in alterations from primary miRNAs to miRNAs (69, 120), we believe that studying the modification of noncoding RNAs such as miRNAs might become a prospective research direction in the future.





Author contributions

S-ZZ: Writing – original draft. S-YL: Funding acquisition, Investigation, Writing – review & editing. M-DC: Investigation, Methodology, Writing – review & editing. Y-FZ: Funding acquisition, Writing – review & editing, Investigation, Methodology, Supervision. J-WT: Writing – review & editing, Investigation, Resources, Supervision.





Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This work was supported by Natural Science Foundation of Shandong Province (ZR2023QH490); National Natural Science Foundation of China (22006084).





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2025.1583039/full#supplementary-material

Supplementary Table 1 | Function implications of RNA methylation regulators.




References

1. Schaff, LR, and Mellinghoff, IK. Glioblastoma and other primary brain Malignancies in adults: A review. Jama. (2023) 329:574–87. doi: 10.1001/jama.2023.0023

2. Ostrom, QT, Price, M, Neff, C, Cioffi, G, Waite, KA, Kruchko, C, et al. CBTRUS statistical report: primary brain and other central nervous system tumors diagnosed in the United States in 2015-2019. Neuro Oncol. (2022) 24:v1–v95. doi: 10.1093/neuonc/noac202

3. Louis, DN, Perry, A, Wesseling, P, Brat, DJ, Cree, IA, Figarella-Branger, D, et al. The 2021 WHO classification of tumors of the central nervous system: a summary. Neuro Oncol. (2021) 23:1231–51. doi: 10.1093/neuonc/noab106

4. Pomaville, MM, and He, C. Advances in targeting RNA modifications for anticancer therapy. Trends Cancer. (2023) 9:528–42. doi: 10.1016/j.trecan.2023.04.003

5. Murakami, S, and Jaffrey, SR. Hidden codes in mRNA: Control of gene expression by m(6)A. Mol Cell. (2022) 82:2236–51. doi: 10.1016/j.molcel.2022.05.029

6. Yang, Y, Hsu, PJ, Chen, YS, and Yang, YG. Dynamic transcriptomic m(6)A decoration: writers, erasers, readers and functions in RNA metabolism. Cell Res. (2018) 28:616–24. doi: 10.1038/s41422-018-0040-8

7. Fu, Y, Dominissini, D, Rechavi, G, and He, C. Gene expression regulation mediated through reversible m6A RNA methylation. Nat Rev Genet. (2014) 15:293–306. doi: 10.1038/nrg3724

8. He, L, Li, J, Wang, X, Ying, Y, Xie, H, Yan, H, et al. The dual role of N6-methyladenosine modification of RNAs is involved in human cancers. J Cell Mol Med. (2018) 22:4630–9. doi: 10.1111/jcmm.2018.22.issue-10

9. Huang, W, Chen, TQ, Fang, K, Zeng, ZC, Ye, H, and Chen, YQ. N6-methyladenosine methyltransferases: functions, regulation, and clinical potential. J Hematol Oncol. (2021) 14:117. doi: 10.1186/s13045-021-01129-8

10. Yue, Y, Liu, J, Cui, X, Cao, J, Luo, G, Zhang, Z, et al. VIRMA mediates preferential m(6)A mRNA methylation in 3'UTR and near stop codon and associates with alternative polyadenylation. Cell Discov. (2018) 4:10. doi: 10.1038/s41421-018-0019-0

11. Wei, G, Almeida, M, Pintacuda, G, Coker, H, Bowness, JS, Ule, J, et al. Acute depletion of METTL3 implicates N (6)-methyladenosine in alternative intron/exon inclusion in the nascent transcriptome. Genome Res. (2021) 31:1395–408. doi: 10.1101/gr.271635.120

12. Liu, J, Gao, M, He, J, Wu, K, Lin, S, Jin, L, et al. The RNA m(6)A reader YTHDC1 silences retrotransposons and guards ES cell identity. Nature. (2021) 591:322–6. doi: 10.1038/s41586-021-03313-9

13. Visvanathan, A, Patil, V, Arora, A, Hegde, AS, Arivazhagan, A, Santosh, V, et al. Essential role of METTL3-mediated m(6)A modification in glioma stem-like cells maintenance and radioresistance. Oncogene. (2018) 37:522–33. doi: 10.1038/onc.2017.351

14. Chang, YZ, Chai, RC, Pang, B, Chang, X, An, SY, Zhang, KN, et al. METTL3 enhances the stability of MALAT1 with the assistance of HuR via m6A modification and activates NF-κB to promote the Malignant progression of IDH-wildtype glioma. Cancer Lett. (2021) 511:36–46. doi: 10.1016/j.canlet.2021.04.020

15. Liu, WW, Zheng, SQ, Li, T, Fei, YF, Wang, C, Zhang, S, et al. RNA modifications in cellular metabolism: implications for metabolism-targeted therapy and immunotherapy. Signal Transduct Target Ther. (2024) 9:70. doi: 10.1038/s41392-024-01777-5

16. Huang, H, Weng, H, and Chen, J. m(6)A modification in coding and non-coding RNAs: roles and therapeutic implications in cancer. Cancer Cell. (2020) 37:270–88. doi: 10.1016/j.ccell.2020.02.004

17. Deng, X, Su, R, Weng, H, Huang, H, Li, Z, and Chen, J. RNA N(6)-methyladenosine modification in cancers: current status and perspectives. Cell Res. (2018) 28:507–17. doi: 10.1038/s41422-018-0034-6

18. Schwartz, S, Mumbach, MR, Jovanovic, M, Wang, T, Maciag, K, Bushkin, GG, et al. Perturbation of m6A writers reveals two distinct classes of mRNA methylation at internal and 5' sites. Cell Rep. (2014) 8:284–96. doi: 10.1016/j.celrep.2014.05.048

19. Wen, J, Lv, R, Ma, H, Shen, H, He, C, Wang, J, et al. Zc3h13 regulates nuclear RNA m(6)A methylation and mouse embryonic stem cell self-renewal. Mol Cell. (2018) 69:1028–1038.e1026. doi: 10.1016/j.molcel.2018.02.015

20. Su, S, Li, S, Deng, T, Gao, M, Yin, Y, Wu, B, et al. Cryo-EM structures of human m(6)A writer complexes. Cell Res. (2022) 32:982–94. doi: 10.1038/s41422-022-00725-8

21. Jia, G, Fu, Y, Zhao, X, Dai, Q, Zheng, G, Yang, Y, et al. N6-methyladenosine in nuclear RNA is a major substrate of the obesity-associated FTO. Nat Chem Biol. (2011) 7:885–7. doi: 10.1038/nchembio.687

22. Zheng, G, Dahl, JA, Niu, Y, Fedorcsak, P, Huang, CM, Li, CJ, et al. ALKBH5 is a mammalian RNA demethylase that impacts RNA metabolism and mouse fertility. Mol Cell. (2013) 49:18–29. doi: 10.1016/j.molcel.2012.10.015

23. Mauer, J, Luo, X, Blanjoie, A, Jiao, X, Grozhik, AV, Patil, DP, et al. Reversible methylation of m(6)A(m) in the 5' cap controls mRNA stability. Nature. (2017) 541:371–5. doi: 10.1038/nature21022

24. Sun, H, Zhang, M, Li, K, Bai, D, and Yi, C. Cap-specific, terminal N(6)-methylation by a mammalian m(6)Am methyltransferase. Cell Res. (2019) 29:80–2. doi: 10.1038/s41422-018-0117-4

25. Yen, YP, and Chen, JA. The m(6)A epitranscriptome on neural development and degeneration. J BioMed Sci. (2021) 28:40. doi: 10.1186/s12929-021-00734-6

26. Zhang, C, Guo, C, Li, Y, Ouyang, L, Zhao, Q, and Liu, K. The role of YTH domain containing 2 in epigenetic modification and immune infiltration of pan-cancer. J Cell Mol Med. (2021) 25:8615–27. doi: 10.1111/jcmm.v25.18

27. Squires, JE, Patel, HR, Nousch, M, Sibbritt, T, Humphreys, DT, Parker, BJ, et al. Widespread occurrence of 5-methylcytosine in human coding and non-coding RNA. Nucleic Acids Res. (2012) 40:5023–33. doi: 10.1093/nar/gks144

28. Reid, R, Greene, PJ, and Santi, DV. Exposition of a family of RNA m(5)C methyltransferases from searching genomic and proteomic sequences. Nucleic Acids Res. (1999) 27:3138–45. doi: 10.1093/nar/27.15.3138

29. Bohnsack, KE, Höbartner, C, and Bohnsack, MT. Eukaryotic 5-methylcytosine (m5C) RNA methyltransferases: mechanisms, cellular functions, and links to disease. Genes (Basel). (2019) 10(2):102. doi: 10.3390/genes10020102

30. Bujnicki, JM, Feder, M, Ayres, CL, and Redman, KL. Sequence-structure-function studies of tRNA:m5C methyltransferase Trm4p and its relationship to DNA:m5C and RNA:m5U methyltransferases. Nucleic Acids Res. (2004) 32:2453–63. doi: 10.1093/nar/gkh564

31. Motorin, Y, Lyko, F, and Helm, M. 5-methylcytosine in RNA: detection, enzymatic formation and biological functions. Nucleic Acids Res. (2010) 38:1415–30. doi: 10.1093/nar/gkp1117

32. Yang, X, Yang, Y, Sun, BF, Chen, YS, Xu, JW, Lai, WY, et al. 5-methylcytosine promotes mRNA export - NSUN2 as the methyltransferase and ALYREF as an m(5)C reader. Cell Res. (2017) 27:606–25. doi: 10.1038/cr.2017.55

33. Xu, X, Zhang, Y, Zhang, J, and Zhang, X. NSun2 promotes cell migration through methylating autotaxin mRNA. J Biol Chem. (2020) 295:18134–47. doi: 10.1074/jbc.RA119.012009

34. Fu, L, Guerrero, CR, Zhong, N, Amato, NJ, Liu, Y, Liu, S, et al. Tet-mediated formation of 5-hydroxymethylcytosine in RNA. J Am Chem Soc. (2014) 136:11582–5. doi: 10.1021/ja505305z

35. Shen, Q, Zhang, Q, Shi, Y, Shi, Q, Jiang, Y, Gu, Y, et al. Tet2 promotes pathogen infection-induced myelopoiesis through mRNA oxidation. Nature. (2018) 554:123–7. doi: 10.1038/nature25434

36. Zhang, X, Zhang, Y, Wang, C, and Wang, X. TET (Ten-eleven translocation) family proteins: structure, biological functions and applications. Signal Transduct Target Ter. (2023) 8:297. doi: 10.1038/s41392-023-01537-x

37. Alkrekshi, A, Wang, W, Rana, PS, Markovic, V, and Sossey-Alaoui, K. A comprehensive review of the functions of YB-1 in cancer stemness, metastasis and drug resistance. Cell Signal. (2021) 85:110073. doi: 10.1016/j.cellsig.2021.110073

38. Pacheco-Fiallos, B, Vorländer, MK, Riabov-Bassat, D, Fin, L, O'Reilly, FJ, Ayala, FI, et al. mRNA recognition and packaging by the human transcription-export complex. Nature. (2023) 616:828–35. doi: 10.1038/s41586-023-05904-0

39. Wang, JZ, Zhu, W, Han, J, Yang, X, Zhou, R, Lu, HC, et al. The role of the HIF-1α/ALYREF/PKM2 axis in glycolysis and tumorigenesis of bladder cancer. Cancer Commun (Lond). (2021) 41:560–75. doi: 10.1002/cac2.12158

40. Li, Y, Xue, M, Deng, X, Dong, L, Nguyen, LXT, Ren, L, et al. TET2-mediated mRNA demethylation regulates leukemia stem cell homing and self-renewal. Cell Stem Cell. (2023) 30:1072–1090.e1010. doi: 10.1016/j.stem.2023.07.001

41. Chen, Y, Lin, H, Miao, L, and He, J. Role of N7-methylguanosine (m(7)G) in cancer. Trends Cell Biol. (2022) 32:819–24. doi: 10.1016/j.tcb.2022.07.001

42. Zhang, LS, Liu, C, Ma, H, Dai, Q, Sun, HL, Luo, G, et al. Transcriptome-wide mapping of internal N(7)-methylguanosine methylome in mammalian mRNA. Mol Cell. (2019) 74:1304–1316.e1308. doi: 10.1016/j.molcel.2018.10.020

43. Rong, D, Sun, G, Wu, F, Cheng, Y, Sun, G, Jiang, W, et al. Epigenetics: Roles and therapeutic implications of non-coding RNA modifications in human cancers. Mol Ther Nucleic Acids. (2021) 25:67–82. doi: 10.1016/j.omtn.2021.04.021

44. Malbec, L, Zhang, T, Chen, YS, Zhang, Y, Sun, BF, Shi, BY, et al. Dynamic methylome of internal mRNA N(7)-methylguanosine and its regulatory role in translation. Cell Res. (2019) 29:927–41. doi: 10.1038/s41422-019-0230-z

45. Trotman, JB, Giltmier, AJ, Mukherjee, C, and Schoenberg, DR. RNA guanine-7 methyltransferase catalyzes the methylation of cytoplasmically recapped RNAs. Nucleic Acids Res. (2017) 45:10726–39. doi: 10.1093/nar/gkx801

46. Ruiz-Arroyo, VM, Raj, R, Babu, K, Onolbaatar, O, Roberts, PH, and Nam, Y. Structures and mechanisms of tRNA methylation by METTL1-WDR4. Nature. (2023) 613:383–90. doi: 10.1038/s41586-022-05565-5

47. Haag, S, Kretschmer, J, and Bohnsack, MT. WBSCR22/Merm1 is required for late nuclear pre-ribosomal RNA processing and mediates N7-methylation of G1639 in human 18S rRNA. Rna. (2015) 21:180–7. doi: 10.1261/rna.047910.114

48. Alexandrov, A, Martzen, MR, and Phizicky, EM. Two proteins that form a complex are required for 7-methylguanosine modification of yeast tRNA. Rna. (2002) 8:1253–66. doi: 10.1017/S1355838202024019

49. Zhang, L, Duan, HC, Paduch, M, Hu, J, Zhang, C, Mu, Y, et al. The molecular basis of human ALKBH3 mediated RNA N(1) -methyladenosine (m(1) A) demethylation. Angew Chem Int Ed Engl. (2023) 63(7):e202313900. doi: 10.1002/anie.202313900

50. Dominissini, D, Nachtergaele, S, Moshitch-Moshkovitz, S, Peer, E, Kol, N, Ben-Haim, MS, et al. The dynamic N(1)-methyladenosine methylome in eukaryotic messenger RNA. Nature. (2016) 530:441–6. doi: 10.1038/nature16998

51. Safra, M, Sas-Chen, A, Nir, R, Winkler, R, Nachshon, A, Bar-Yaacov, D, et al. The m1A landscape on cytosolic and mitochondrial mRNA at single-base resolution. Nature. (2017) 551:251–5. doi: 10.1038/nature24456

52. Chujo, T, and Suzuki, T. Trmt61B is a methyltransferase responsible for 1-methyladenosine at position 58 of human mitochondrial tRNAs. Rna. (2012) 18:2269–76. doi: 10.1261/rna.035600.112

53. Liu, F, Clark, W, Luo, G, Wang, X, Fu, Y, Wei, J, et al. ALKBH1-mediated tRNA demethylation regulates translation. Cell. (2016) 167:816–828.e816. doi: 10.1016/j.cell.2016.09.038

54. Dai, X, Wang, T, Gonzalez, G, and Wang, Y. Identification of YTH domain-containing proteins as the readers for N1-methyladenosine in RNA. Anal Chem. (2018) 90:6380–4. doi: 10.1021/acs.analchem.8b01703

55. Seo, KW, and Kleiner, RE. YTHDF2 recognition of N(1)-methyladenosine (m(1)A)-modified RNA is associated with transcript destabilization. ACS Chem Biol. (2020) 15:132–9. doi: 10.1021/acschembio.9b00655

56. Mao, M, Chu, Q, Lou, Y, Lv, P, and Wang, LJ. RNA N1-methyladenosine regulator-mediated methylation modification patterns and heterogeneous signatures in glioma. Front Immunol. (2022) 13:948630. doi: 10.3389/fimmu.2022.948630

57. Wiener, D, and Schwartz, S. The epitranscriptome beyond m(6)A. Nat Rev Genet. (2021) 22:119–31. doi: 10.1038/s41576-020-00295-8

58. Amos, H, and Korn, M. 5-Methyl cytosine in the RNA of Escherichia coli. Biochim Biophys Acta. (1958) 29:444–5. doi: 10.1016/0006-3002(58)90214-2

59. Dunn, DB. The occurrence of 1-methyladenine in ribonucleic acid. Biochim Biophys Acta. (1961) 46:198–200. doi: 10.1016/0006-3002(61)90668-0

60. Viale, GL. Transfer RNA and transfer RNA methylase in human brain tumors. Cancer Res. (1971) 31:605–8.

61. Desrosiers, R, Friderici, K, and Rottman, F. Identification of methylated nucleosides in messenger RNA from Novikoff hepatoma cells. Proc Natl Acad Sci U S A. (1974) 71:3971–5. doi: 10.1073/pnas.71.10.3971

62. Sommer, S, Lavi, U, and Darnell, JE Jr. The absolute frequency of labeled N-6-methyladenosine in HeLa cell messenger RNA decreases with label time. J Mol Biol. (1978) 124:487–99. doi: 10.1016/0022-2836(78)90183-3

63. Muthukrishnan, S, Both, GW, Furuichi, Y, and Shatkin, AJ. 5'-Terminal 7-methylguanosine in eukaryotic mRNA is required for translation. Nature. (1975) 255:33–7. doi: 10.1038/255033a0

64. Benne, R, Van den Burg, J, Brakenhoff, JP, Sloof, P, Van Boom, JH, and Tromp, MC. Major transcript of the frameshifted coxII gene from trypanosome mitochondria contains four nucleotides that are not encoded in the DNA. Cell. (1986) 46:819–26. doi: 10.1016/0092-8674(86)90063-2

65. Wagner, RW, Smith, JE, Cooperman, BS, and Nishikura, K. A double-stranded RNA unwinding activity introduces structural alterations by means of adenosine to inosine conversions in mammalian cells and Xenopus eggs. Proc Natl Acad Sci U S A. (1989) 86:2647–51. doi: 10.1073/pnas.86.8.2647

66. Dominissini, D, Moshitch-Moshkovitz, S, Schwartz, S, Salmon-Divon, M, Ungar, L, Osenberg, S, et al. Topology of the human and mouse m6A RNA methylomes revealed by m6A-seq. Nature. (2012) 485:201–6. doi: 10.1038/nature11112

67. Meyer, KD, Saletore, Y, Zumbo, P, Elemento, O, Mason, CE, and Jaffrey, SR. Comprehensive analysis of mRNA methylation reveals enrichment in 3' UTRs and near stop codons. Cell. (2012) 149:1635–46. doi: 10.1016/j.cell.2012.05.003

68. Liu, J, Yue, Y, Han, D, Wang, X, Fu, Y, Zhang, L, et al. A METTL3-METTL14 complex mediates mammalian nuclear RNA N6-adenosine methylation. Nat Chem Biol. (2014) 10:93–5. doi: 10.1038/nchembio.1432

69. Alarcón, CR, Lee, H, Goodarzi, H, Halberg, N, and Tavazoie, SF. N6-methyladenosine marks primary microRNAs for processing. Nature. (2015) 519:482–5. doi: 10.1038/nature14281

70. Orellana, EA, Liu, Q, Yankova, E, Pirouz, M, De Braekeleer, E, Zhang, W, et al. METTL1-mediated m(7)G modification of Arg-TCT tRNA drives oncogenic transformation. Mol Cell. (2021) 81:3323–3338.e3314. doi: 10.1016/j.molcel.2021.06.031

71. Katsara, O, and Schneider, RJ. m(7)G tRNA modification reveals new secrets in the translational regulation of cancer development. Mol Cell. (2021) 81:3243–5. doi: 10.1016/j.molcel.2021.07.030

72. Li, B, Zhao, R, Qiu, W, Pan, Z, Zhao, S, Qi, Y, et al. The N(6)-methyladenosine-mediated lncRNA WEE2-AS1 promotes glioblastoma progression by stabilizing RPN2. Theranostics. (2022) 12:6363–79. doi: 10.7150/thno.74600

73. Cong, P, Wu, T, Huang, X, Liang, H, Gao, X, Tian, L, et al. Identification of the role and clinical prognostic value of target genes of m6A RNA methylation regulators in glioma. Front Cell Dev Biol. (2021) 9:709022. doi: 10.3389/fcell.2021.709022

74. Chai, RC, Chang, YZ, Chang, X, Pang, B, An, SY, Zhang, KN, et al. YTHDF2 facilitates UBXN1 mRNA decay by recognizing METTL3-mediated m(6)A modification to activate NF-κB and promote the Malignant progression of glioma. J Hematol Oncol. (2021) 14:109. doi: 10.1186/s13045-021-01124-z

75. Hegi, ME, Liu, L, Herman, JG, Stupp, R, Wick, W, Weller, M, et al. Correlation of O6-methylguanine methyltransferase (MGMT) promoter methylation with clinical outcomes in glioblastoma and clinical strategies to modulate MGMT activity. J Clin Oncol. (2008) 26:4189–99. doi: 10.1200/JCO.2007.11.5964

76. Lathia, JD, Mack, SC, Mulkearns-Hubert, EE, Valentim, CL, and Rich, JN. Cancer stem cells in glioblastoma. Genes Dev. (2015) 29:1203–17. doi: 10.1101/gad.261982.115

77. Suvà, ML, Rheinbay, E, Gillespie, SM, Patel, AP, Wakimoto, H, Rabkin, SD, et al. Reconstructing and reprogramming the tumor-propagating potential of glioblastoma stem-like cells. Cell. (2014) 157:580–94. doi: 10.1016/j.cell.2014.02.030

78. Cui, Q, Shi, H, Ye, P, Li, L, Qu, Q, Sun, G, et al. m(6)A RNA methylation regulates the self-renewal and tumorigenesis of glioblastoma stem cells. Cell Rep. (2017) 18:2622–34. doi: 10.1016/j.celrep.2017.02.059

79. Zhang, S, Zhao, BS, Zhou, A, Lin, K, Zheng, S, Lu, Z, et al. m(6)A demethylase ALKBH5 maintains tumorigenicity of glioblastoma stem-like cells by sustaining FOXM1 expression and cell proliferation program. Cancer Cell. (2017) 31:591–606.e596. doi: 10.1016/j.ccell.2017.02.013

80. Xiao, L, Li, X, Mu, Z, Zhou, J, Zhou, P, Xie, C, et al. FTO inhibition enhances the antitumor effect of temozolomide by targeting MYC-miR-155/23a cluster-MXI1 feedback circuit in glioma. Cancer Res. (2020) 80:3945–58. doi: 10.1158/0008-5472.CAN-20-0132

81. Chen, H, Guo, Y, Sun, J, Dong, J, Bao, Q, Zhang, X, et al. Preferential Expression of B7-H6 in Glioma Stem-Like Cells Enhances Tumor Cell Proliferation via the c-Myc/RNMT Axis. J Immunol Res. (2020) 2020:2328675. doi: 10.1155/2020/2328675

82. Dixit, D, Prager, BC, Gimple, RC, Poh, HX, Wang, Y, Wu, Q, et al. The RNA m6A reader YTHDF2 maintains oncogene expression and is a targetable dependency in glioblastoma stem cells. Cancer Discov. (2021) 11:480–99. doi: 10.1158/2159-8290.CD-20-0331

83. Li, F, Yi, Y, Miao, Y, Long, W, Long, T, Chen, S, et al. N(6)-methyladenosine modulates nonsense-mediated mRNA decay in human glioblastoma. Cancer Res. (2019) 79:5785–98. doi: 10.1158/0008-5472.CAN-18-2868

84. Cun, Y, Yi, Y, Miao, Y, Long, W, Long, T, Chen, S, et al. Specific regulation of m(6)A by SRSF7 promotes the progression of glioblastoma. Genomics Proteomics Bioinf. (2021) 21(4):707–28. doi: 10.1016/j.gpb.2021.11.001

85. Degrauwe, N, An, S, Zheng, H, Lan, J, Chen, W, Luo, W, et al. The RNA binding protein IMP2 preserves glioblastoma stem cells by preventing let-7 target gene silencing. Cell Rep. (2016) 15:1634–47. doi: 10.1016/j.celrep.2016.04.086

86. Janiszewska, M, Suvà, ML, Riggi, N, Houtkooper, RH, Auwerx, J, Clément-Schatlo, V, et al. Imp2 controls oxidative phosphorylation and is crucial for preserving glioblastoma cancer stem cells. Genes Dev. (2012) 26:1926–44. doi: 10.1101/gad.188292.112

87. Mineo, M, Ricklefs, F, Rooj, AK, Lyons, SM, Ivanov, P, Ansari, KI, et al. The long non-coding RNA HIF1A-AS2 facilitates the maintenance of mesenchymal glioblastoma stem-like cells in hypoxic niches. Cell Rep. (2016) 15:2500–9. doi: 10.1016/j.celrep.2016.05.018

88. Zhan, WL, Gao, N, Tu, GL, Tang, H, Gao, L, and Xia, Y. LncRNA LINC00689 Promotes the Tumorigenesis of Glioma via Mediation of miR-526b-3p/IGF2BP1 Axis. Neuromolecular Med. (2021) 23:383–94. doi: 10.1007/s12017-020-08635-x

89. Huang, H, Weng, H, Sun, W, Qin, X, Shi, H, Wu, H, et al. Recognition of RNA N(6)-methyladenosine by IGF2BP proteins enhances mRNA stability and translation. Nat Cell Biol. (2018) 20:285–95. doi: 10.1038/s41556-018-0045-z

90. Pan, Z, Zhao, R, Li, B, Qi, Y, Qiu, W, Guo, Q, et al. EWSR1-induced circNEIL3 promotes glioma progression and exosome-mediated macrophage immunosuppressive polarization via stabilizing IGF2BP3. Mol Cancer. (2022) 21:16. doi: 10.1186/s12943-021-01485-6

91. Jin, P, Huang, Y, Zhu, P, Zou, Y, Shao, T, and Wang, O. CircRNA circHIPK3 serves as a prognostic marker to promote glioma progression by regulating miR-654/IGF2BP3 signaling. Biochem Biophys Res Commun. (2018) 503:1570–4. doi: 10.1016/j.bbrc.2018.07.081

92. Yuan, F, Cai, X, Cong, Z, Wang, Y, Geng, Y, Aili, Y, et al. Roles of the m(6)A modification of RNA in the glioblastoma microenvironment as revealed by single-cell analyses. Front Immunol. (2022) 13:798583. doi: 10.3389/fimmu.2022.798583

93. Chai, RC, Wang, N, Chang, YZ, Zhang, KN, Li, JJ, Niu, JJ, et al. Systematically profiling the expression of eIF3 subunits in glioma reveals the expression of eIF3i has prognostic value in IDH-mutant lower grade glioma. Cancer Cell Int. (2019) 19:155. doi: 10.1186/s12935-019-0867-1

94. Tassinari, V, Cesarini, V, Tomaselli, S, Ianniello, Z, Silvestris, DA, Ginistrelli, LC, et al. ADAR1 is a new target of METTL3 and plays a pro-oncogenic role in glioblastoma by an editing-independent mechanism. Genome Biol. (2021) 22:51. doi: 10.1186/s13059-021-02271-9

95. Kowalski-Chauvel, A, Lacore, MG, Arnauduc, F, Delmas, C, Toulas, C, Cohen-Jonathan-Moyal, E, et al. The m6A RNA demethylase ALKBH5 promotes radioresistance and invasion capability of glioma stem cells. Cancers (Basel). (2020) 13(1):40. doi: 10.3390/cancers13010040

96. Tang, W, Xu, N, Zhou, J, He, Z, Lenahan, C, Wang, C, et al. ALKBH5 promotes PD-L1-mediated immune escape through m6A modification of ZDHHC3 in glioma. Cell Death Discov. (2022) 8:497. doi: 10.1038/s41420-022-01286-w

97. Liu, Z, Chen, Y, Wang, L, and Ji, S. ALKBH5 Promotes the Proliferation of Glioma Cells via Enhancing the mRNA Stability of G6PD. Neurochem Res. (2021) 46:3003–11. doi: 10.1007/s11064-021-03408-9

98. Guo, X, Qiu, W, Li, B, Qi, Y, Wang, S, Zhao, R, et al. Hypoxia-induced neuronal activity in glioma patients polarizes microglia by potentiating RNA m6A demethylation. Clin Cancer Res. (2023) 30(6):1160–74. doi: 10.1158/1078-0432

99. Fang, R, Chen, X, Zhang, S, Shi, H, Ye, Y, Shi, H, et al. EGFR/SRC/ERK-stabilized YTHDF2 promotes cholesterol dysregulation and invasive growth of glioblastoma. Nat Commun. (2021) 12:177. doi: 10.1038/s41467-020-20379-7

100. Wang, J, Lu, W, Zhang, J, Du, Y, Fang, M, Zhang, A, et al. Loss of TRIM29 mitigates viral myocarditis by attenuating PERK-driven ER stress response in male mice. Nat Commun. (2024) 15:3481. doi: 10.1038/s41467-024-44745-x

101. Wang, J, Wang, L, Lu, W, Farhataziz, N, Gonzalez, A, Xing, J, et al. TRIM29 controls enteric RNA virus-induced intestinal inflammation by targeting NLRP6 and NLRP9b signaling pathways. Mucosal Immunol. (2025) 18:135–50. doi: 10.1016/j.mucimm.2024.10.004

102. Xing, J, Weng, L, Yuan, B, Wang, Z, Jia, L, Jin, R, et al. Identification of a role for TRIM29 in the control of innate immunity in the respiratory tract. Nat Immunol. (2016) 17:1373–80. doi: 10.1038/ni.3580

103. Xing, J, Zhang, A, Zhang, H, Wang, J, Li, XC, Zeng, MS, et al. TRIM29 promotes DNA virus infections by inhibiting innate immune response. Nat Commun. (2017) 8:945. doi: 10.1038/s41467-017-00101-w

104. Xing, J, Zhang, A, Minze, LJ, Li, XC, and Zhang, Z. TRIM29 negatively regulates the type I IFN production in response to RNA virus. J Immunol. (2018) 201:183–92. doi: 10.4049/jimmunol.1701569

105. Hao, L, Wang, JM, Liu, BQ, Yan, J, Li, C, Jiang, JY, et al. m6A-YTHDF1-mediated TRIM29 upregulation facilitates the stem cell-like phenotype of cisplatin-resistant ovarian cancer cells. Biochim Biophys Acta Mol Cell Res. (2021) 1868:118878. doi: 10.1016/j.bbamcr.2020.118878

106. Zhang, J, Cai, H, Sun, L, Zhan, P, Chen, M, Zhang, F, et al. LGR5, a novel functional glioma stem cell marker, promotes EMT by activating the Wnt/β-catenin pathway and predicts poor survival of glioma patients. J Exp Clin Cancer Res. (2018) 37:225. doi: 10.1186/s13046-018-0864-6

107. Tao, Q, Wu, C, Xu, R, Niu, L, Qin, J, Liu, N, et al. Diallyl trisulfide inhibits proliferation, invasion and angiogenesis of glioma cells by inactivating Wnt/β-catenin signaling. Cell Tissue Res. (2017) 370:379–90. doi: 10.1007/s00441-017-2678-9

108. Ji, X, Liu, Z, Gao, J, Bing, X, He, D, Liu, W, et al. N(6)-Methyladenosine-modified lncRNA LINREP promotes Glioblastoma progression by recruiting the PTBP1/HuR complex. Cell Death Differ. (2023) 30:54–68. doi: 10.1038/s41418-022-01045-5

109. Wei, Y, Lu, C, Zhou, P, Zhao, L, Lyu, X, Yin, J, et al. EIF4A3-induced circular RNA ASAP1 promotes tumorigenesis and temozolomide resistance of glioblastoma via NRAS/MEK1/ERK1–2 signaling. Neuro Oncol. (2021) 23:611–24. doi: 10.1093/neuonc/noaa214

110. Li, L, Yang, Y, Wang, Z, Xu, C, Huang, J, and Li, G. Prognostic role of METTL1 in glioma. Cancer Cell Int. (2021) 21:633. doi: 10.1186/s12935-021-02346-4

111. Macari, F, El-Houfi, Y, Boldina, G, Xu, H, Khoury-Hanna, S, Ollier, J, et al. TRM6/61 connects PKCα with translational control through tRNAi(Met) stabilization: impact on tumorigenesis. Oncogene. (2016) 35:1785–96. doi: 10.1038/onc.2015.244

112. Wang, B, Niu, L, Wang, Z, and Zhao, Z. RNA m1A methyltransferase TRMT6 predicts poorer prognosis and promotes Malignant behavior in glioma. Front Mol Biosci. (2021) 8:692130. doi: 10.3389/fmolb.2021.692130

113. Mu, Q, Wang, L, Yu, F, Gao, H, Lei, T, Li, P, et al. Imp2 regulates GBM progression by activating IGF2/PI3K/Akt pathway. Cancer Biol Ther. (2015) 16:623–33. doi: 10.1080/15384047.2015.1019185

114. Jin, DI, Lee, SW, Han, ME, Kim, HJ, Seo, SA, Hur, GY, et al. Expression and roles of Wilms' tumor 1-associating protein in glioblastoma. Cancer Sci. (2012) 103:2102–9. doi: 10.1111/cas.2012.103.issue-12

115. Xi, Z, Wang, P, Xue, Y, Shang, C, Liu, X, Ma, J, et al. Overexpression of miR-29a reduces the oncogenic properties of glioblastoma stem cells by downregulating Quaking gene isoform 6. Oncotarget. (2017) 8:24949–63. doi: 10.18632/oncotarget.15327

116. Xi, Z, Xue, Y, Zheng, J, Liu, X, Ma, J, and Liu, Y. WTAP expression predicts poor prognosis in Malignant glioma patients. J Mol Neurosci. (2016) 60:131–6. doi: 10.1007/s12031-016-0788-6

117. Somasundaram, A, Ardanowski, N, Opalak, CF, Fillmore, HL, Chidambaram, A, and Broaddus, WC. Wilms tumor 1 gene, CD97, and the emerging biogenetic profile of glioblastoma. Neurosurg Focus. (2014) 37:E14. doi: 10.3171/2014.9.FOCUS14506

118. Chidambaram, A, Fillmore, HL, Van Meter, TE, Dumur, CI, and Broaddus, WC. Novel report of expression and function of CD97 in Malignant gliomas: correlation with Wilms tumor 1 expression and glioma cell invasiveness. J Neurosurg. (2012) 116:843–53. doi: 10.3171/2011.11.JNS111455

119. Chi, Y, Liang, Z, Guo, Y, Chen, D, Lu, L, Lin, J, et al. WBSCR22 confers cell survival and predicts poor prognosis in glioma. Brain Res Bull. (2020) 161:1–12. doi: 10.1016/j.brainresbull.2020.04.024

120. Park, YM, Hwang, SJ, Masuda, K, Choi, KM, Jeong, MR, Nam, DH, et al. Heterogeneous nuclear ribonucleoprotein C1/C2 controls the metastatic potential of glioblastoma by regulating PDCD4. Mol Cell Biol. (2012) 32:4237–44. doi: 10.1128/MCB.00443-12

121. Xiang, Z, Lv, Q, Zhang, Y, Chen, X, Guo, R, Liu, S, et al. Long non-coding RNA DDX11-AS1 promotes the proliferation and migration of glioma cells by combining with HNRNPC. Mol Ther Nucleic Acids. (2022) 28:601–12. doi: 10.1016/j.omtn.2022.04.016

122. Liu, M, Ruan, X, Liu, X, Dong, W, Wang, D, Yang, C, et al. The mechanism of BUD13 m6A methylation mediated MBNL1-phosphorylation by CDK12 regulating the vasculogenic mimicry in glioblastoma cells. Cell Death Dis. (2022) 13:1017. doi: 10.1038/s41419-022-05426-z

123. Tao, M, Li, X, He, L, Rong, X, Wang, H, Pan, J, et al. Decreased RNA m(6)A methylation enhances the process of the epithelial mesenchymal transition and vasculogenic mimicry in glioblastoma. Am J Cancer Res. (2022) 12:893–906.

124. Pan, A, Xue, Y, Ruan, X, Dong, W, Wang, D, Liu, Y, et al. m5C modification of LINC00324 promotes angiogenesis in glioma through CBX3/VEGFR2 pathway. Int J Biol Macromol. (2023) 257:128409. doi: 10.1016/j.ijbiomac.2023.128409

125. Cui, J, Liu, X, Dong, W, Liu, Y, Ruan, X, Zhang, M, et al. SNORD17-mediated KAT6B mRNA 2'-O-methylation regulates vasculogenic mimicry in glioblastoma cells. Cell Biol Toxicol. (2023) 39:2841–60. doi: 10.1007/s10565-023-09805-w

126. Liang, H, Ding, X, Zhou, C, Zhang, Y, Xu, M, Zhang, C, et al. Knockdown of eukaryotic translation initiation factors 3B (EIF3B) inhibits proliferation and promotes apoptosis in glioblastoma cells. Neurol Sci. (2012) 33:1057–62. doi: 10.1007/s10072-011-0894-8

127. Yin, D, Kong, C, and Chen, M. Effect of hnRNPA2/B1 on the proliferation and apoptosis of glioma U251 cells via the regulation of AKT and STAT3 pathways. Biosci Rep. (2020) 40(7):BSR20190318. doi: 10.1042/BSR20190318

128. Zhang, J, Liu, B, Xu, C, Ji, C, Yin, A, Liu, Y, et al. Cholesterol homeostasis confers glioma Malignancy triggered by hnRNPA2B1-dependent regulation of SREBP2 and LDLR. Neuro Oncol. (2024) 26:684–700. doi: 10.1093/neuonc/noad233

129. Gong, H, Gao, S, Yu, C, Li, M, Liu, P, Zhang, G, et al. Effect and mechanism of YB-1 knockdown on glioma cell growth, migration, and apoptosis. Acta Biochim Biophys Sin (Shanghai). (2020) 52:168–79. doi: 10.1093/abbs/gmz161

130. Wang, JZ, Zhu, H, You, P, Liu, H, Wang, WK, Fan, X, et al. Upregulated YB-1 protein promotes glioblastoma growth through a YB-1/CCT4/mLST8/mTOR pathway. J Clin Invest. (2022) 132(8):e146536. doi: 10.1172/JCI146536

131. Takahashi, M, Shimajiri, S, Izumi, H, Hirano, G, Kashiwagi, E, Yasuniwa, Y, et al. Y-box binding protein-1 is a novel molecular target for tumor vessels. Cancer Sci. (2010) 101:1367–73. doi: 10.1111/j.1349-7006.2010.01534.x

132. Stupp, R, Mason, WP, van den Bent, MJ, Weller, M, Fisher, B, Taphoorn, MJ, et al. Radiotherapy plus concomitant and adjuvant temozolomide for glioblastoma. N Engl J Med. (2005) 352:987–96. doi: 10.1056/NEJMoa043330

133. Arora, A, and Somasundaram, K. Glioblastoma vs temozolomide: can the red queen race be won? Cancer Biol Ther. (2019) 20:1083–90. doi: 10.1080/15384047.2019.1599662

134. Shi, J, Chen, G, Dong, X, Li, H, Li, S, Cheng, S, et al. METTL3 Promotes the Resistance of Glioma to Temozolomide via Increasing MGMT and ANPG in a m(6)A Dependent Manner. Front Oncol. (2021) 11:702983. doi: 10.3389/fonc.2021.702983

135. Shi, J, Zhang, P, Dong, X, Yuan, J, Li, Y, Li, S, et al. METTL3 knockdown promotes temozolomide sensitivity of glioma stem cells via decreasing MGMT and APNG mRNA stability. Cell Death Discov. (2023) 9:22. doi: 10.1038/s41420-023-01327-y

136. Ding, C, Yi, X, Chen, X, Wu, Z, You, H, Chen, X, et al. Warburg effect-promoted exosomal circ_0072083 releasing up-regulates NANGO expression through multiple pathways and enhances temozolomide resistance in glioma. J Exp Clin Cancer Res. (2021) 40:164. doi: 10.1186/s13046-021-01942-6

137. Liu, B, Zhou, J, Wang, C, Chi, Y, Wei, Q, Fu, Z, et al. LncRNA SOX2OT promotes temozolomide resistance by elevating SOX2 expression via ALKBH5-mediated epigenetic regulation in glioblastoma. Cell Death Dis. (2020) 11:384. doi: 10.1038/s41419-020-2540-y

138. Chow, RD, Guzman, CD, Wang, G, Schmidt, F, Youngblood, MW, Ye, L, et al. AAV-mediated direct in vivo CRISPR screen identifies functional suppressors in glioblastoma. Nat Neurosci. (2017) 20:1329–41. doi: 10.1038/nn.4620

139. Lee, HH, Hsieh, CC, Chang, CC, Liao, WT, and Chi, HC. YTHDF3 modulates EGFR/ATK/ERK/p21 signaling axis to promote cancer progression and osimertinib resistance of glioblastoma cells. Anticancer Res. (2023) 43:5485–98. doi: 10.21873/anticanres.16751

140. Benavides-Serrato, A, Saunders, JT, Kumar, S, Holmes, B, Benavides, KE, Bashir, MT, et al. m(6)A-modification of cyclin D1 and c-myc IRESs in glioblastoma controls ITAF activity and resistance to mTOR inhibition. Cancer Lett. (2023) 562:216178. doi: 10.1016/j.canlet.2023.216178

141. Du, P, Meng, L, Liao, X, Liu, Y, Mo, X, Gong, M, et al. The miR-27a-3p/FTO axis modifies hypoxia-induced Malignant behaviors of glioma cells. Acta Biochim Biophys Sin (Shanghai). (2023) 55:103–16. doi: 10.3724/abbs.2023002

142. Zhang, S, Zhao, S, Qi, Y, Li, B, Wang, H, Pan, Z, et al. SPI1-induced downregulation of FTO promotes GBM progression by regulating pri-miR-10a processing in an m6A-dependent manner. Mol Ther Nucleic Acids. (2022) 27:699–717. doi: 10.1016/j.omtn.2021.12.035

143. Visvanathan, A, Patil, V, Abdulla, S, Hoheisel, JD, and Somasundaram, K. N6-methyladenosine landscape of glioma stem-like cells: METTL3 is essential for the expression of actively transcribed genes and sustenance of the oncogenic signaling. Genes (Basel). (2019) 10(2):141. doi: 10.3390/genes10020141

144. Wu, Q, Yin, X, Zhao, W, Xu, W, and Chen, L. Molecular mechanism of m(6)A methylation of circDLC1 mediated by RNA methyltransferase METTL3 in the Malignant proliferation of glioma cells. Cell Death Discov. (2022) 8:229. doi: 10.1038/s41420-022-00979-6

145. Li, F, Zhang, C, and Zhang, G. m6A RNA methylation controls proliferation of human glioma cells by influencing cell apoptosis. Cytogenet Genome Res. (2019) 159:119–25. doi: 10.1159/000499062

146. Zukiel, R, Nowak, S, Barciszewska, AM, Gawronska, I, Keith, G, and Barciszewska, MZ. A simple epigenetic method for the diagnosis and classification of brain tumors. Mol Cancer Res. (2004) 2:196–202. doi: 10.1158/1541-7786.196.2.3

147. Zhao, B, Xiang, Z, Wu, B, Zhang, X, Feng, N, Wei, Y, et al. Use of novel m6A regulator-mediated methylation modification patterns in distinct tumor microenvironment profiles to identify and predict glioma prognosis and progression, T-cell dysfunction, and clinical response to ICI immunotherapy. Curr Pharm Des. (2023) 29:60–78. doi: 10.2174/1381612829666221207112438

148. Wang, W, Li, J, Lin, F, Guo, J, and Zhao, J. Identification of N(6)-methyladenosine-related lncRNAs for patients with primary glioblastoma. Neurosurg Rev. (2021) 44:463–70. doi: 10.1007/s10143-020-01238-x

149. Chai, RC, Wu, F, Wang, QX, Zhang, S, Zhang, KN, Liu, YQ, et al. m(6)A RNA methylation regulators contribute to Malignant progression and have clinical prognostic impact in gliomas. Aging (Albany NY). (2019) 11:1204–25. doi: 10.18632/aging.101829

150. Wang, LC, Chen, SH, Shen, XL, Li, DC, Liu, HY, Ji, YL, et al. m6A RNA methylation regulator HNRNPC contributes to tumorigenesis and predicts prognosis in glioblastoma multiforme. Front Oncol. (2020) 10:536875. doi: 10.3389/fonc.2020.536875

151. Yarmishyn, AA, Yang, YP, Lu, KH, Chen, YC, Chien, Y, Chou, SJ, et al. Musashi-1 promotes cancer stem cell properties of glioblastoma cells via upregulation of YTHDF1. Cancer Cell Int. (2020) 20:597. doi: 10.1186/s12935-020-01696-9

152. Xu, C, Yuan, B, He, T, Ding, B, and Li, S. Prognostic values of YTHDF1 regulated negatively by mir-3436 in Glioma. J Cell Mol Med. (2020) 24:7538–49. doi: 10.1111/jcmm.v24.13

153. Xiao, Z, Li, J, Liang, C, Liu, Y, Zhang, Y, Zhang, Y, et al. Identification of M5c regulator-medicated methylation modification patterns for prognosis and immune microenvironment in glioma. Aging (Albany NY). (2023) 15:12275–95. doi: 10.18632/aging.205179

154. Wang, Z, Zhong, Z, Jiang, Z, Chen, Z, Chen, Y, and Xu, Y. A novel prognostic 7-methylguanosine signature reflects immune microenvironment and alternative splicing in glioma based on multi-omics analysis. Front Cell Dev Biol. (2022) 10:902394. doi: 10.3389/fcell.2022.902394

155. Li, X, and Meng, Y. Expression and prognostic characteristics of m(5) C regulators in low-grade glioma. J Cell Mol Med. (2021) 25:1383–93. doi: 10.1111/jcmm.16221

156. Zhou, J, Kong, YS, Vincent, KM, Dieters-Castator, D, Bukhari, AB, Glubrecht, D, et al. RNA cytosine methyltransferase NSUN5 promotes protein synthesis and tumorigenic phenotypes in glioblastoma. Mol Oncol. (2023) 17:1763–83. doi: 10.1002/1878-0261.13434

157. Zhang, J, Wang, N, Wu, J, Gao, X, Zhao, H, Liu, Z, et al. 5-methylcytosine related lncRNAs reveal immune characteristics, predict prognosis and oncology treatment outcome in lower-grade gliomas. Front Immunol. (2022) 13:844778. doi: 10.3389/fimmu.2022.844778

158. Jovčevska, I, Zupanec, N, Urlep, Ž, Vranič, A, Matos, B, Stokin, CL, et al. Differentially expressed proteins in glioblastoma multiforme identified with a nanobody-based anti-proteome approach and confirmed by OncoFinder as possible tumor-class predictive biomarker candidates. Oncotarget. (2017) 8:44141–58. doi: 10.18632/oncotarget.17390

159. Chen, Z, Zhang, Z, Ding, W, Zhang, JH, Tan, ZL, Mei, YR, et al. Expression and potential biomarkers of regulators for m7G RNA modification in gliomas. Front Neurol. (2022) 13:886246. doi: 10.3389/fneur.2022.886246

160. Liu, R, Zhao, E, Yu, H, Yuan, C, Abbas, MN, and Cui, H. Methylation across the central dogma in health and diseases: new therapeutic strategies. Signal Transduct Target Ther. (2023) 8:310. doi: 10.1038/s41392-023-01528-y

161. Figueroa, ME, Abdel-Wahab, O, Lu, C, Ward, PS, Patel, J, Shih, A, et al. Leukemic IDH1 and IDH2 mutations result in a hypermethylation phenotype, disrupt TET2 function, and impair hematopoietic differentiation. Cancer Cell. (2010) 18:553–67. doi: 10.1016/j.ccr.2010.11.015

162. Lu, C, Ward, PS, Kapoor, GS, Rohle, D, Turcan, S, Abdel-Wahab, O, et al. IDH mutation impairs histone demethylation and results in a block to cell differentiation. Nature. (2012) 483:474–8. doi: 10.1038/nature10860

163. Rohle, D, Popovici-Muller, J, Palaskas, N, Turcan, S, Grommes, C, Campos, C, et al. An inhibitor of mutant IDH1 delays growth and promotes differentiation of glioma cells. Science. (2013) 340:626–30. doi: 10.1126/science.1236062

164. Wang, F, Travins, J, DeLaBarre, B, Penard-Lacronique, V, Schalm, S, Hansen, E, et al. Targeted inhibition of mutant IDH2 in leukemia cells induces cellular differentiation. Science. (2013) 340:622–6. doi: 10.1126/science.1234769

165. Su, R, Dong, L, Li, C, Nachtergaele, S, Wunderlich, M, Qing, Y, et al. R-2HG exhibits anti-tumor activity by targeting FTO/m(6)A/MYC/CEBPA signaling. Cell. (2018) 172:90–105.e123. doi: 10.1016/j.cell.2017.11.031

166. Li, ZW, Xue, M, Zhu, BX, Yue, CL, Chen, M, and Qin, HH. microRNA-4500 inhibits human glioma cell progression by targeting IGF2BP1. Biochem Biophys Res Commun. (2019) 513:800–6. doi: 10.1016/j.bbrc.2019.04.058

167. Gu, X, Gong, H, Shen, L, and Gu, Q. MicroRNA-129-5p inhibits human glioma cell proliferation and induces cell cycle arrest by directly targeting DNMT3A. Am J Transl Res. (2018) 10:2834–47.

168. Czolk, R, Schwarz, N, Koch, H, Schötterl, S, Wuttke, TV, Holm, PS, et al. Irradiation enhances the therapeutic effect of the oncolytic adenovirus XVir-N-31 in brain tumor initiating cells. Int J Mol Med. (2019) 44:1484–94. doi: 10.3892/ijmm.2019.4296

169. Bian, EB, Zong, G, Xie, YS, Meng, XM, Huang, C, Li, J, et al. TET family proteins: new players in gliomas. J Neurooncol. (2014) 116:429–35. doi: 10.1007/s11060-013-1328-7

170. Lopez-Bertoni, H, Johnson, A, Rui, Y, Lal, B, Sall, S, Malloy, M, et al. Sox2 induces glioblastoma cell stemness and tumor propagation by repressing TET2 and deregulating 5hmC and 5mC DNA modifications. Signal Transduct Target Ther. (2022) 7:37. doi: 10.1038/s41392-021-00857-0

171. Wu, R, Sun, C, Chen, X, Yang, R, Luan, Y, Zhao, X, et al. NSUN5/TET2-directed chromatin-associated RNA modification of 5-methylcytosine to 5-hydroxymethylcytosine governs glioma immune evasion. Proc Natl Acad Sci U S A. (2024) 121:e2321611121. doi: 10.1073/pnas.2321611121

172. McDonald, MF, Hossain, A, Momin, EN, Hasan, I, Singh, S, Adachi, S, et al. Tumor-specific polycistronic miRNA delivered by engineered exosomes for the treatment of glioblastoma. Neuro Oncol. (2023) 26(2):236–50. doi: 10.1093/neuonc/noad199

173. Yang, Y, Dodbele, S, Park, T, Glass, R, Bhat, K, Sulman, EP, et al. MicroRNA-29a inhibits glioblastoma stem cells and tumor growth by regulating the PDGF pathway. J Neurooncol. (2019) 145:23–34. doi: 10.1007/s11060-019-03275-z




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2025 Zhang, Liu, Cheng, Zhang and Tian. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-16-1583039-g004.jpg
i—l—ﬁ—l—l—i—l—l

BUDI3 mRNA CDK12 mRNA LXRaand HIVEP2 mRNA uuxn As1T 4-, WEE2-ASI cireASAPI ADAR mRNA MALATI mRNA  UBXNI mRNA ncRNA LINREP
O IGF2BP2 ﬂ P &
6 6 é‘” M65 L A & @ &
V. AV AV, Ik IRAN (TN Sk (9

N l

- /N«
i @

(eaminase ) (MALATL)  (CuBXNI) Ceeer )

y D Y

CotD/ (@)

)0 LSt ® S

Proliferation )/Tumou( Tl  Radio resistance  Malignant progession

gl

VM and angiogenesis Proliferation and invasion

s t

(D) CEoRE ) Gcieconciing)
il

 —i

VAVAVAN ATX protein
BRI KAT6B mRNA
I 1 ?

LB N9 MAN .:;m @ N\/\@%f\/\

LINC00324 SNORD17 ATX mRNA & RNA E £mu a G6PD mRNA ZDHHC3 mRNA

c

DUSPY mRNA

,ﬁ;

Hypoxia





OEBPS/Images/fimmu-16-1583039-g002.jpg
2022
M6A-modificd WEE2-AS1 blocking < Future
enhanced dasatinib effect

2015 Future......
MG6A participates in the Clinical translational rescarch
The Critical Research of RNA Methylation , ,  modicaionofmiRna o 2031 foc RN Amettylation
»
The first M6A mapping 2014 tRNA M7G plays an
methods M6A-seq a oncogenic role
2002 2014
METTL1/WDR4 are involved The essential M6A writer METTL3-
in tRNA M7G methylation METTL14 complex was documented

1986
The term “RNA editing”
was first proposed

2011

FTO was first reported as

- an M6A demethylase
1989

1974 2
Dynamic reversible mRNA M6A A-to-] editing
modification was first discovered was roported
1975
1961 ) mRNA M7G modification
M1A methylation was first discovered
was first reported 1971
{RNA methylation levels Six Decades

elevated in brain tumors

1958
RNA M5C methylation was first
identified in the escherichia coli





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        The role of RNA methylation in glioma progression: mechanisms, diagnostic implications, and therapeutic value

      

        		

          1 Introduction

        

          		

            1.1 m6A

          



          		

            1.2 m5C

          



          		

            1.3 m7G

          



          		

            1.4 m1A

          



        



        



        		

          2 The milestones in RNA methylation field

        



        		

          3 The roles of RNA methylation in glioma pathology

        

          		

            3.1 Role of RNA methylation in glioma tumorigenesis

          



          		

            3.2 Role of RNA methylation in glioma malignant progression, proliferation, invasiveness, and angiogenesis

          



          		

            3.3 Role of RNA methylation in glioma drug resistance

          



          		

            3.4 RNA methylation-associated proteins inhibit the progression of gliomas

          



        



        



        		

          4 Potential diagnostic implications of RNA methylation in GBM

        

          		

            4.1 RNA m6A methylation levels and associated proteins serve as diagnostic and prognostic biomarkers

          



          		

            4.2 Other RNA methylation levels and associated proteins serve as diagnostic and prognostic biomarkers

          



        



        



        		

          5 From bench to bedside: potential therapeutic implications of RNA methylation in gliomas

        

          		

            5.1 Targeting m6A

          



          		

            5.2 Targeting m5C

          



          		

            5.3 Targeting m1A

          



        



        



        		

          6 Conclusions and perspectives

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Generative AI statement

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-16-1583039-g005.jpg
M1
methylation

i
Therapeutic targets





OEBPS/Images/fimmu.2025.1583039_cover.jpg
& frontiers | Frontiers in Immunology

The role of RNA methylation in glioma
progression: mechanisms, diagnostic
implications, and therapeutic value





OEBPS/Images/table2.jpg
Methylation Hee SN

types

Prognostic value
in gliomas

in RNA methylation Expression in gliomas
Modification regulators

Mainly higher malignant grade and
poorer prognosis of IDH-wildtype

m6A Writers METTL3 Controversial giomes Secondarily longer median (13, 14, 123)
overall survival (OS) time

m6A Writers METTL14 Elevated Protective factor (78)

m6A Writers WTAP Elevated Poor prognosis (116)

m6A Writers KIAA1429 To be confirmed To be confirmed

m6A Writers RBM15/15B Elevated IDH-wildtype GBM (148, 149)

m6A Writers ZC3H13 Decreased Increasing TMZ resistance (138, 148)

Lower expression implies higher
m6A Erasers FTO Controversial glioma grades and poorer (80, 142, 148)
clinical outcomes

Shorter median overall survival

m6A Erasers ALKBH5 Elevated (0S) time (123)
m6A m6A Readers YTHDFI Elevated Risk factors for HGG poor prognosis |5, 55
and chemoresistance
m6A Readers YTHDF2 Elevated Risk factors for HGG poor prognosis (74, 99)
m6A Readers YTHDF3 Elevated Risk factors for HGG (56)
m6A Readers YTHDC1 Elevated Protective factors for HGG (56)

Risk factors for LGG t and
m6A Readers YTHDC2 Elevated ¢ ors for onsetan (26)
poor prognosis

m6A Readers IGF2BP1 Elevated Poor prognosis (88, 89)
m6A Readers IGF2BP2 Elevated TMZ resistance (113)
m6A Readers IGF2BP3 Elevated Poor prognosis (90, 91)
m6A Readers HNRNPC Elevated Better prognosis (150)
m6A Readers HNRNPA2B1 Elevated To be confirmed (148)

Independent prognostic factor for

m6A Readers EIF3i Elevated poor prognosis of IDH-mutant LG 93)
m5C Writers NSUN2 Elevated lndepende.n! b.iomar.ker for. prognostic (155)
evaluation in patients with LGG
m5C Writers NSUNS Elevated Frotectie Rctorbat feduiees an)
further investigation
m5C Writers Other NSUN To be confirmed To be confirmed
msC m5C Erasers TET1 To be confirmed Protective factor (36)
m5C Erasers TET2 To be confirmed Protective factor (36)
m5C Erasers TET3 To be confirmed Protective factor (36)
m5C Readers YB-1 Elevated Shorter median o.verall survival (129)
(OS) time
m5C Readers ALYREF Elevated LGG poor prognosis (155, 158)
m7G Writers METTLL Elevated Poor prognosis (110, 154)
m7G m7G Writers ‘WDR4 Elevated Poor prognosis (110, 154)
m7G Writers ‘WBSCR22 Elevated Poor prognosis (119)
m7G Writers TRMT112 To be confirmed To be confirmed
m7G Writers RNMT Elevated Risk factor (81)
m7G Writers RAM Elevated Risk factor (81)
mlA Writers TRMT6 Elevated Poor prognosis (111,112)
mlA Writers TRMT61 Elevated Poor prognosis (111, 112)
A m1A Erasers ALKBH1 Elevated Risk factors for HGG (56)

mIlA Erasers ALKBH3 Elevated Risk factors for HGG (56)





OEBPS/Images/table3.jpg
Molecule = Regulatory

Target roles in

Targets T Biological effects
(drugs) roles g RNA Modification 9
DAA Inhibitor METTL3 m6A writer Restoring TMZ sensitivity (134)
i i S i Inhibiting cell proliferation, migration, and invasion but promoting G5
apoptosis in GSCs
Di ing th ity of & s inhibiting the
R2HG Inhibitor FTO mEkerasex isrupting tl »e S!.abl ity of oncogenic lranscn.pts and inhibiting the (165)
activation of downstream oncogenic pathways
MA2 Inhibitor FTO gk erises Enhancing the effect of TMZ on suppressing proliferation of 0)
glioma cells
DB2313 Promotor FTO mOA eraser Decreasing GBM tumour burden (142)
10X1 Inhibitor ALKBH5 m6A eraser Enhancing the therapeutic efficacy of anti-PD-1 treatment (96)
miR-1252-5p Inhibitor ALKBH5 m6A eraser Enhancing the sensitivity of glioma tissues to TMZ (136)
miR-526b-3p Inhibitor IGF2BP1 m6A reader Reducing the incidence of gliomas (88)
miR-4500 Inhibitor IGF2BP1 m6A reader Inhibit the development of gliomas (166)
Blocki: EE2-AS1 ion i he th i
WEE2-AS1 Promotor IGF2BP3 MGA reader ocking WEE2-AS1 expression improved the therapentic 2)
sensitivity of dasatinib
ci‘rcNEIL?v/ — IGF2BP3 e eader Decreasing the expressiorl of circNEIL3 and circHIPK3 reduced 90, 91)
circHIPK3 glioma occurrence
Musashi-1 Promotor YTHDF1 m6A reader Decreasing Musashi-1 reduced GSCs (151)
IGF1/IGFIR
Linsitinib Inhibitor YTHDE2- m6A reader Inhibiting GSC viability, impairing glioblastoma growth (82)
expressing cells
miR-129-5p Inhibitor DNMT3A m5C writer Suppressing the proliferation of glioma cells (167)
YBXI1-1/ e
YBX1-2 Inhibitor YB-1 m5C reader Slower tumour growth (130)
PKCo. Inhibitor TRMT6/61 mlA writer Inhibiting malignant transformation and progression of gliomas (111)






OEBPS/Images/fimmu-16-1583039-g003.jpg
SRSF mRNA MYC mRNA VEGFA mRNA SOX2 mRNA

/b miR1SS

Inhibit apoptosis GSCs-generating effects GSCs maintenance GSCs proliferation GSCs growth GSCs dedifferentiation Tumorigenesis






OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-16-1583039-g001.jpg
_n METTL3 METTL14 YTHDCI (splicing and nuclear transport)

(‘ 1 X WTAP  RBMI15/15B 3 YTHDF2, YTHDF3 (RNA decay)
N
"/) VIRMA ZC3H13 ( ' "/J IGF2BP1 IGF2BP2 IGF2BP3 FMRP (RNA stabilization)
—_— .
S — k ; ‘ YTHDF1 YTHDF3 IGF2BP1 IGF2BP2 IGF2BP3 (translation initiation)
L FTO ALKBH5 ¢ om eIF3 (translation enhancement)

. o
||I| 1 NSUN2  Other NSUN A, YB-1 ALYREF (RNA stabilization)
A i

o

TET L
Tt

" TRMT6 TRMT61 ww " . YTHDCI (splicing and nuclear transport)

¢ N ¢ YTHDF1 YTHDF3 (translation initiation)

- .
w ALKBH3 ALKBHI w YTHDF2 (RNA decay)






OEBPS/Images/table1.jpg
Clinical
implications

Methylation
types

Expression

alterations Refs

Rugulators

Target RNAs Readers/Pathways Mechanisms Phenotypes

Promoting GSC maintenance, R
umour
dedifferentiation, 13)
promoter
and aggressiveness

METTL3 Elevated SOX2 mRNA HuR Enhsnelog SOX2 mi A atahilyand
promoting its expression
Reducing sensitivity to gamma —
METTL3 Hevated SOX2 mRNA HR pathway Enhancing DNA-damage repair irmadiation, promoting e a3
radio resistance B

Tumour

METTL B v Enhancing astr i w
ETTL3 levated Rasv12 nhancing astrocytes immortality Tumour growth oot (3
ilizing the MALAT mRNA Promoting the malignant T
METTL3 Flevated MALATI mRNA HuR/NF-B signalling Stabilizng the GRNA mone 11 o Iean e (9
promoting its expression progression of gliomas promoter
Degrading the UBXNI mRNA and Promoting the malignant T
METTL3 Elevated UBXNI mRNA YTHDF2/NF-B signalling egpsding the URKN] mihid o roinoting the malgnan it (74)
reducing its expression progression of gliomas promoter
Enhancing the SRSF mediated ASEs, BM th T
METTL3 Elevated SRSF mRNA YTHDCL okiancing the SRSF mediated ASE; SEM ooy gro o (3)
inhibiting NMD and progression promoter
Promoting the VM process of
BUDI3 mRNA Stabilizing the BUDI3 and CDK12 ) Tumour
MEETLS Hemated CDKI2 mRNA mRNA, enhancing their expression B g fenalnity promoter 12
anti-angiogenic drugs
bk = . -
. Hevated LINRED ncRA . Stablzing IncRNA LINREP, nhibiting | Promoting the malignant Tumour -
PTBP1 degradation, impeding ASEs progression of gliomas promoter
METTL3 Elevated ADARI mRNA YTHDFL Sablizing heADARL MRNAADARL Tumour growth Tumour (99)
and promoting A-to-I editing promoter
MGMT mRNA Stabilizing the MGMT and ANPG  Promoting the TMZ resistance Tumour
MEETLS Havated ANPG mRNA mRNA and promoting their expression of glioma promoter (124,133
METTL3 Elevated ADAM19 mRNA Reducing the ADAMI9 expression Inhibiting GSCs growth and Tumour (78)
self-rencwal suppressor
METTL3 Flevated GireDLCI circRNA G Enhancing circDLCI expression Repressed the Tumour (144)
CTNNBIPI axis malignant proliferation suppressor
METTL3 Decreased HSP90 mRNA Enhancing the HSP90 expression LALBHAE Soptuts piocicitng GG (145)
glioma development suppressor
METTLI4 Elevated ADAM19 mRNA Reducing the ADAMI9 expression Lnbibiiog G3Ce pomtiand Dumout 79
self-renewal suppressor
WTAP Elevated mRNA cpo7 Increasing the EGFR expression Fusiour frvsstreney Tumee g1
and migration promoter s
WTAP Hevated RNA I the EGFR expressi ferati 15
levatec ml T —— Increasing the expression Pr‘umofmg cell pmlu'vcrxunn, TG 1s)
signal-related kinase pathways Anlggation; and ovatiog bt romoter
L patineay inhibit apoptosis in GSCs P
Inhibiting localization of the ZC3H13- Foonome
ZC3HI3 Decreased mRNA WTAP-Virilizer-Hakai complex in Increasing TMZ resistance (13%)
suppressor

the nucleus

Enhancing microglial M2 P
ZC3H13 Decreased DUSP9 mRNA ERK pathway Reducing DUSP9 expression polarization, promoting (98)

GBM progression suppressor
—_— — — — Inhibiting miR-10a, activating Increasing the glioma Tumour i
oncogenic pathway tumour burden suppressor
Enhancing the expression of miR155 amourgensis and rumour
) Elevated MYC mRNA MYC signalling pathway and miR23a cluster, suppressing the = (50)
drug resistance promoter
MXII expression
. Stabilizing the FOXM1 pre-mRNA and Proliferation and Tumour
ALKEBHS Hlevated FOXNIL pretsifA Huk enhancing FOXM1 expression tumourigenesis of GSCs promoter @)
Suppressing TIME immune ——

ALKBHS Elevated ZDDHC3 mRNA YTHDF2 Increasing PD-L1 protein expression activation, promoting (%6)

tumour growth PrOmOtEt
Stabilizing the G6PD mRNA,
ALKBHS Elevated G6PD mRNA PP piemotiog GFD trntitin and Proliferation of glioma cells Ty ©7)
activating the pentose phosphate promoter
pathway (PPP)
ALKBHS Hlevated mRNA EMT and VM Tumour (123)
promoter
ALKBHS Elevated NANOG mRNA Stabillzig the NANOG mRNA énd Increasing TMZ resistance A (133)
enhancing NANOG expression promoter
) Promoting glioma cell
ALKBHS Blevated SOX2 mRNA ‘,N"jf”&ﬁ':"'" mh;:""‘% m:sg())(;zu SiRNAaRd proliferation, increasing T"m"“" 137)
signalling pathvway enhancing SOX2 expression TNz e s promoter
ALKBHS Flevated mRNA HR pathway Enhancing DNA-damage repair Proimiuilig sadkiticince Tumour (95)
and invasiveness promoter
— Stabilizing MYC and VEGFA .

YTHDF2 Elevated YTHDE2-MYC axis transcripts, enhancing GSC growth (82)

VEGF N
EGFA/RNA IGEBP3 expression promoter
Increasing the expression of ATX Promoting the migration and Tumour
2 5
Pl Elewited ATXmRNA protein, converting the LPC into LPA | proliferation of glioma cells promoter @
Promoting TAM-based Hiomous

NSUN5 B-catenin mRNA cp47 Degrading B-catenin mRNA phagocytosis and. a7y

glioma climination suppressor
msC
Promoting TAM-based
NSUNS CTNNBI caRNA RBFOX2 B e D phagocytosis and RS a7y
ShmC degrading ShmC caRNA o suppressor
glioma climination
; , - Tumour
NSUN5 Elevated TRNA Enhancing synthesis of oncoproteins Potential tumourigenic risk (156)
promoter
METTLY/ ) . - Tumour
WDR4 Elevated RNA MAPK signalling pathway glioma growth and proliferation Drostioter (110)
METTLY/ SPP1 and PTN Tumour
e NA Regulating TIMEs and A 154
WDR4 Bt L signalling pathways egulitiag TIMEs and ASES promoter sy
m7G
T
RNMT/RAM Flevated mRNA B7-H6/cmyc Proliferation of GSCs Ly (1)
promoter
WBSCR22 Flevated FRNA PI3K/AKT/GSK3p pathways Proliferation and growth of Tumour 19)
glioma cells promoter
-~ PI3K-AKT, TGF-, MTORCI, Proliferation, migration, and Tumour
s TRMTs Hlevated 1RNA NOTCH, and MYC pathways Regulating cell cycle invasion of glioma cells promoter )





