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Abstract
Gliomas are the most prevalent primary neoplasms of the central nervous system 
and arise from glial cells present in the brain or spinal cord. N6-methyladenosine 
(m6A) is one of the most frequently occurring modifications in RNA, and its potential 
implications in glioma have received widespread attention in recent years. In 
glioma, m6A-related enzymes are capable of modifying target RNAs, influencing 
their translation, degradation, and splicing, which can promote or inhibit biological 
processes such as ferroptosis and glycolysis, ultimately impacting the progression 
of glioma. Furthermore, upstream modulators are capable of regulating the 
expression of m6A-associated enzymes, ultimately affecting glioma development 
by modulating m6A modification on target RNAs. In addition, the m6A modification 
influences glioma resistance to temozolomide, resulting in an impact on glioma 
patient survival. This review comprehensively delineates the molecular mechanisms 
by which m6A and its upstream signaling molecules regulate glioma development, 
emphasizing their potential value in exploring new therapeutic approaches and 
improving patient prognosis.
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1. Introduction
Glioma, a predominant intracranial malignancy,1 originates from glial cells and 
is marked by its pronounced invasive nature and associated high mortality rates, 
resulting in an extremely poor prognosis.2 In accordance with the 2021 World Health 
Organization (WHO) Classification of Tumors of the Central Nervous System (CNS) 
(5th edition), the classification of gliomas is anchored in the core principle of “molecular 
phenotype integrated with histological characteristics” and falls into three primary 
categories.3 First, adult-type diffuse gliomas comprise three subtypes: astrocytoma 
(IDH-mutant, often co-occurring with genetic aberrations including ATRX and TP53 
mutations, spanning CNS WHO grades 2–4); oligodendroglioma (IDH-mutant with 
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1p/19q codeletion, which serves as the pivotal diagnostic 
basis); and glioblastoma (GBM; IDH-wildtype, CNS 
WHO Grade  4, often associated with TERT mutation, 
EGFR amplification, and other molecular alterations).3,4 
Second, pediatric-type diffuse gliomas, a newly added 
independent category,5 are subdivided into low-grade (4 
subtypes, e.g., diffuse astrocytoma with MYB/MYBL1 
alterations, all involving specific molecular changes) and 
high-grade (4 subtypes, e.g., diffuse midline glioma with 
H3-K27 alterations, CNS WHO grade  4, characterized 
by high malignancy).6 Thirdly, circumscribed astrocytic 
gliomas, defined by clear boundaries and non-diffuse 
growth, include subtypes such as pilocytic astrocytoma 
(predominantly CNS WHO grade  1) and pleomorphic 
xanthoastrocytoma, with each subtype exhibiting distinct 
characteristic molecular abnormalities.3,4,6

GBM, recognized as the most lethal subtype, arises 
from primitive glial precursors that exhibit aberrant 
differentiation.7 Histopathological hallmarks of GBM 
include prominent nuclear atypia, marked cellular 
pleomorphism, and exuberant mitotic activity, often 
accompanied by microvascular proliferation and 
pseudopalisading necrosis.8 The clinical presentation 
of glioma patients varies significantly depending on 
tumor location and size.9 Common symptoms include 
visual disturbances,10 seizures,11 and manifestations of 
elevated intracranial pressure such as headache, nausea, 
and projectile vomiting.12 Tumor location can also cause 
focal neurological deficits, including motor and sensory 
dysfunction.13 These symptoms profoundly impair quality 
of life and can be life-threatening. Therefore, the treatment 
of glioma is crucial and cannot be delayed.

Epitranscriptomics refers to the transcriptome-wide 
analysis of post-transcriptionally added chemical moieties 
(e.g., methyl/adenosyl groups) on RNA, serving as critical 
regulators of RNA stability, localization, and translational 
efficiency. These epitranscriptomic modifications 
dynamically regulate RNA function, influencing not only 
the aforementioned processes but also messenger RNA 
(mRNA) splicing, interactions with RNA-binding proteins 
(RBPs), and other forms of molecular crosstalk.14

Within the diverse landscape of epitranscriptomic 
modifications, N6-methyladenosine (m6A) is recognized 
as the predominant and extensively characterized internal 
chemical alteration occurring on mammalian mRNA. 
Notably, its deposition exhibits a distinct spatial bias, 
displaying pronounced enrichment in specific genomic 
contexts, particularly within the vicinity of translational 
termination signals (stop codons) and across extended 
internal exonic regions.15 As an evolutionarily conserved 
epitranscriptomic modification, m6A exhibits a broad 

phylogenetic distribution, detectable in species as 
evolutionarily distant as viruses and Saccharomyces 
cerevisiae (yeast), extending through plants and Mus 
musculus (mice) to Homo sapiens (humans).2,16

Beyond mRNA, m6A also occurs in various other RNA 
species, including ribosomal RNA, transfer RNA (tRNA), 
small nuclear RNA, microRNA (miRNA), long non-
coding RNA (lncRNA), and circular RNA (circRNA).2,17,18 
The m6A modification acts as a key regulator, significantly 
modulating core functions in RNA metabolism: the control 
of transcript stability, the accuracy of splicing events, the 
efficiency of RNA transport and localization, and the rate 
of protein synthesis (translation).19 Precise control over 
m6A RNA modification is achieved through a coordinated 
interplay of three functionally specialized protein families: 
writers (methyltransferases that install the m6A mark), 
erasers (demethylases that reverse this modification by 
erasing the methyl group), and readers (effector proteins 
that decode the m6A signal through specific binding and 
ultimately govern its impact on RNA metabolism and 
gene expression).20 Collectively, these writer proteins, 
eraser proteins, and reader proteins dynamically and 
reversibly modulate m6A deposition and interpretation, 
thereby influencing nearly all aspects of RNA metabolism. 
This intricate regulatory system serves key functions in 
governing basic cellular processes, including cell growth, 
differentiation, tissue homeostasis, and contributes 
significantly to disease pathogenesis, including cancer.21

While present ubiquitously, m6A modification is 
exceptionally abundant and functionally critical in the 
brain,22 where it regulates key processes such as embryonic 
stem cell differentiation, brain development, and 
neurodevelopmental disorders.23 Accumulating evidence 
demonstrates dysregulation of m6A regulators (writers, 
erasers, and readers) in glioma, with distinct expression 
patterns observed between normal brain tissue and glioma 
tissues.24 These dysregulated m6A regulators contribute 
to gliomagenesis and progression by modulating diverse 
oncogenic pathways, including cell proliferation, apoptosis, 
cancer stem cell maintenance, and tumor immunity.25,26 
Consequently, targeting the m6A modification machinery 
represents a promising avenue for novel glioma therapies. 
Therefore, a comprehensive understanding of m6A 
dysregulation and its functional mechanisms in glioma 
is essential for elucidating disease pathogenesis and 
formulating effective therapeutic strategies.

2. Enzymes related to m6A modification
2.1. Writers—methyltransferase

Writers orchestrate site-directed methylation at the 
N6 position of adenosine nucleotides in specific RNA 

https://dx.doi.org/10.36922/GPD025400073


Volume 5 Issue 2 (2026)	 3� doi: 10.36922/GPD025400073

Gene & Protein in Disease M6A in glioma oncogenesis and progression

molecules. Specifically, this reaction involves the enzymatic 
transfer of a methyl group (–CH3) provided by the cofactor 
S-adenosylmethionine, followed by its covalent attachment 
to the target adenine base.27 Subsequently, the installed 
m6A modification serves as a dynamic post-transcriptional 
regulator influencing structural features and biological 
activities of RNA. Notably, the catalytic core is embodied by 
the methyltransferase-like protein (METTL)3–METTL14 
heterodimer.26 METTL3 provides substrate recognition 
and methyltransferase activity while METTL14 stabilizes 
RNA binding and optimizes METTL3’s catalytic 
conformation.28 Collectively, this complex controls key 
cellular activities, such as proliferation, differentiation, 
and stress responses.29 Furthermore, the core further 
associates with regulatory subunits (e.g., Wilms tumor 
1-associated protein, RNA binding motif protein 15/15B, 
Vir-like m6A methyltransferase associated, Cbl proto-
oncogene-like 1, and zinc finger CCCH-type containing 
13 [ZC3H13]) that mediate target RNA recruitment and 
subcellular localization.30 In essence, these components 
ensure spatiotemporally precise m6A deposition, which is 
essential for regulating RNA metabolism in physiological 
and pathological contexts.31

2.2. Erasers—demethylase

Counteracting writer activity, m6A erasers dynamically 
remove methyl groups to maintain RNA modification 
homeostasis. The two principal erasers are fat mass and 
obesity-associated protein (FTO) and AlkB homolog 5, RNA 
demethylase (ALKBH5).20 Functioning as α-ketoglutarate-
dependent dioxygenases, they catalyze m6A demethylation 
in an Fe(II)-  and α-ketoglutarate-dependent oxidation 
reaction.32,33 Mechanistically, the enzymatic process 
proceeds through three steps: (i) Oxidation of m6A to 
N6-hydroxymethyladenosine (hm6A); (ii) Further oxidation 
of hm6A to N6-formyladenosine (f6A); (iii) Hydrolysis of f6A 
to yield unmodified adenosine (A).33 Notably, dysregulation 
of these erasers disrupts m6A-dependent RNA regulation, 
contributing to diseases such as glioma.

2.3. Readers—m6A-binding protein

Completing the m6A regulatory triad, readers specifically 
recognize m6A marks and decode their functional 
implications. Following methylation by writers, readers 
bind these sites and recruit effector complexes to govern 
RNA processing outcomes—from nucleocytoplasmic 
transport and stability maintenance to translational 
regulation and catabolism.31 Readers constitute a class of 
RBPs that harbor m6A-specific recognition domains.14 
Major reader families include:
(i)	 YTH domain-containing proteins (YTHDC): 

Cytoplasmic effectors (YTH domain-containing 

family protein [YTHDF]1, YTHDF2, and YTHDF3) 
and nuclear regulators (YTHDC1 and YTHDC2)14,28

(ii)	 Non-YTH-domain readers: Heterogeneous 
nuclear ribonucleoprotein (HNRNP)C, HNRNPG, 
HNRNPA2B1, insulin-like growth factor 2 mRNA-
binding protein (IGF2BP)1, IGF2BP2, IGF2BP3, and 
fragile X mental retardation 1 protein.34

By adjusting the activity or expression level of readers, 
the recognition and functional regulation of m6A 
modifications can be altered, thus influencing the onset 
and progression of diseases (Figure 1).

The close cooperation and precise regulation among 
these three types of proteins enable m6A modifications to 
perform their vital physiological functions in cells. These 
three factors serve as the fundamental pillars of the m6A 
modification mechanism, each indispensable in building 
the intricate network of m6A modifications. However, 
dysfunction in any part of this process—such as functional 
abnormalities or expression dysregulation of the involved 
proteins—can lead to abnormal accumulation or loss of 
m6A modifications. This disrupts cellular homeostasis 
and can trigger a series of diseases. Therefore, precise 
regulation of m6A modification is vital for maintaining 
cellular homeostasis and preventing disease.

3. The effect of downstream signals 
modified by m6A on glioma
The modification of RNA represents a critical regulatory 
mechanism contributing to the onset and development 
of glioma, including m6A, m1A, m5C, m7G, hm5C, 
and pseudouridine modifications.35,36 Functioning as 
the cardinal epitranscriptomic mark, m6A modification 
manifests unparalleled prevalence in eukaryotic RNAs, 
where it is enzymatically installed co-transcriptionally as 
an internal adenine alteration—a process demonstrating 
remarkable conservation spanning over 500 million years 
of evolutionary history.37 Here, we summarize the effects 
of various RNAs modified by m6A-related enzymes on 
glioma (Figure 2).

3.1. mRNAs

The generation of m6A within mRNA constitutes the 
most prevalent form of intrinsic alteration that occurs 
within this class of RNA,38 and different m6A mRNAs have 
varying effects on various aspects of glioma.

3.1.1. Ferroptosis suppressor protein 1 (FSP1) mRNA

FSP1 functions as a primary regulator of ferroptosis, a 
distinctive mode of regulated cellular demise driven by iron-
dependent oxidative damage culminating in membrane 
rupture.39 Researchers have found that stress-related signals 
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can promote glioma progression via METTL3-mediated 
m6A modification of FSP1 mRNA.40 METTL3 promotes 
methylation modification of FSP1 mRNA in the U251 
human GBM cell line, which can be recognized by YTHDF1. 
The elevation of FSP1 inhibits the occurrence of ferroptosis 
and promotes further deterioration of U251 (Table 1).40

3.1.2. Glutathione peroxidase 4 (GPX4) mRNA

Ferroptosis, a type of regulated cellular demise, is fueled 
by the peroxidation process of phospholipids.41 GPX4 
serves as a key inhibitory factor in ferroptosis, making 
a substantial contribution to preventing this process by 
eliminating phospholipid hydroperoxides.42 According to 
Deng et al.,43 IGF2BP3 selectively engages m6A deposition 
sites on GPX4 mRNA in U87, U251, and HS683  cells, 
positively regulating the expression of GPX4 protein to 
inhibit ferroptosis in glioma.

3.1.3. mind bomb homolog 1 (MIB1) mRNA

Functioning as an E3 ubiquitin ligase, MIB1 modulates 
neurodevelopmental processes through targeted protein 
ubiquitination.44 In U87, GL261, U251, and T98G, IGF2BP3 

can enhance the expression of MIB1 and promote FTO 
protein degradation through the ubiquitin proteasome 
pathway, leading to m6A-mediated upregulation of 
granulocyte colony-stimulating factor (CSF3) expression 
and increased neutrophil extracellular trap (NET) 
formation.45 CSF3 contributes to the maturation and 
mobilization of neutrophils and can promote the formation 
of NETs.45,46 Research indicates that the formation of NETs 
can stimulate the growth, movement, and infiltration of 
LN229 and HG7 cell lines.47 On the other hand, NETs 
can also induce thrombosis in glioma patients, who may 
experience thrombotic complications.48

3.1.4. MYC mRNA

MYC is among the most frequently misregulated genes 
found in cancerous conditions, consisting of three similar 
genes: MYCC, MYCN, and MYCL.49 As a validated tumor 
suppressor, max-interacting protein 1 (MXI1) operates 
through competitive blockade of C-MYC-mediated 
transcriptional activation.50 Xiao et al.7 discovered that 
FTO enhances the translational efficiency of MYC through 
an m6A-mediated mechanism and inhibits the expression 

Figure 1. The dynamic and reversible process of N6-methyladenosine (m6A) modification. The m6A modification is dynamically and reversibly regulated 
by three types of enzymes: methyltransferases, demethylases, and m6A-binding proteins.20,21 Methyltransferases include methyltransferase-like protein 
(METTL)3, METTL14, Wilms tumor 1-associated protein (WTAP), RNA binding motif protein 15 (RBM)15, and zinc finger CCCH-type containing 13 
(ZC3H13).28-30 Demethylases include fat mass and obesity-associated protein (FTO) and AlkB homolog 5, RNA demethylase (ALKBH5).32,33 After RNA is 
modified by methylation, YTH family proteins, insulin-like growth factor 2 mRNA-binding protein (IGF2BP) family proteins, and heterogeneous nuclear 
ribonucleoproteins (HNRNPs) can specifically bind to m6A-modified RNA, thereby further participating in the regulation of various RNA functions, 
including nuclear export, degradation, stability, and translation.14,28,34 Image created using BioRender.com. Tyt (2025) https://BioRender.com/v54b788.
Abbreviations: FMR1: Fragile X mental retardation 1; FMRP: Fragile X mental retardation protein; YTHDC: YTH domain-containing protein; 
YTHDF: YTH domain-containing family protein.

https://dx.doi.org/10.36922/GPD025400073


Volume 5 Issue 2 (2026)	 5� doi: 10.36922/GPD025400073

Gene & Protein in Disease M6A in glioma oncogenesis and progression

of MXI1 through the MYC-miR-155/23a cluster-MXI1 
loop, thereby promoting the proliferation of U87, U251, 
and A172. Another study found that YTHDF2 directly 
binds to MYC mRNA and m6A-dependent stabilizes this 
mRNA, thereby promoting MYC protein production. 
Subsequently, MYC exerts its influence on the survival 
and growth of GBM stem cells (GSCs) by modulating the 
abundance of IGFBP3 (Table 2).51

3.1.5. UBX domain-containing protein 1 (UBXN1) 
mRNA

UBXN1 functions as a suppressive factor by disrupting 
nuclear factor-kappa B (NF-κB) inhibitor alpha 
degradation-dependent NF-κB activation.52 In U87, 
LN229, and N33, YTHDF2 accelerates the degradation 
of UBXN1 mRNA by specifically identifying the m6A 
site, thereby activating the NF-κB signaling pathway.53 
Soon after, NF-κB activation transcriptionally elevates 
epithelial-mesenchymal transition (EMT) markers (cluster 
of differentiation [CD]44, vimentin, and N-cadherin), 
which subsequently drive signal transducer and activator 
of transcription 3 (STAT3) phosphorylation, CCAAT/
enhancer-binding protein beta (CEBPB) nuclear 
translocation, and transcriptional coactivator with PDZ-
binding motif (TAZ) co-activation. This ultimately 
contributes to the enhancement of glioma invasion, 
angiogenesis, and resistance to therapeutic interventions.53

3.1.6. YAP/TAZ mRNA

YAP and TAZ are homologous genes to the fruit fly Yorkie 
and are two co-transcriptional regulatory factors in the 
Hippo signaling pathway, commonly activated in human 
malignant tumors.54,55 In GSCs, IGF2BP1 induces yes-
associated protein (YAP) translation by identifying and 
associating with m6A-modified YAP mRNA, thereby 
activating the Hippo signaling pathway. During this process, 
TAZ can also enhance the transcription level of IGF2BP1.56 
Overexpression of YAP/TAZ in U87, U251, and GSCs 
promotes cell proliferation, tumor formation, chemotherapy 
resistance, and radiation resistance, thereby encouraging the 
emergence and spread of glioma (Table 3).57,58

3.1.7. Adenosine deaminase acting on RNA-1 (ADAR1) 
mRNA

ADAR1 is a ubiquitously expressed RNA deaminase 
that mediates the conversion of adenosine to inosine 
at designated locations within target RNAs through 
a deamination process.59,60 Cyclin-dependent kinase 
(CDK) 2 is a governing factor of the cell cycle involved 
in regulating a series of oncogenic signaling pathways 
that control cancer cell proliferation.61 In U87 and U118, 
after METTL3 methylates ADAR1 mRNA, YTHDF1 
stimulates the translation of ADAR1 mRNA. Subsequently, 
ADAR1 binds to and stabilizes CDK2 mRNA through its 

Figure 2. The mechanism of m6A modification-related enzymes affecting glioma. In glioma, m6A modification-related enzymes35 can affect signaling 
pathways or metabolic processes by influencing the methylation modification process of messenger RNA, long non-coding RNA, circular RNA, and 
microRNA,36,37 ultimately promoting or inhibiting the development of glioma.25,26,38 Image created by the authors using BioRender.com. Tyt (2025) https://
biorender.com/m85k820.
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Table 1. The mechanisms of writers in glioma

Writers Molecules Related mechanism Experimental 
samples

Biological outcomes References

METTL3 FSP1 mRNA METTL3/YTHDF1+FSP1 mRNA → FSP1 protein ↑ → Ferroptosis ↓ U251 Ferroptosis ↓ 40

MYC mRNA METTL3/YTHDF2+MYC mRNA → MYC protein ↑ → IGFBP3 ↑ GSCs GSC vitality ↑ 
Colony‑forming ability ↑ 
Proliferation ↑

51

UBXN1 
mRNA

METTL3/YTHDF2+UBXN1 mRNA → UBXN1 mRNA ↓ → NF‑κB 
signaling pathway ↑ → CD44, vimentin, N‑cadherin ↑ → STAT3/
CEBPB/TAZ activation ↑

U87, LN229, 
N33

Invasion ↑ Angiogenesis ↑ 
Treatment resistance ↑

53

ADAR1 
mRNA

METTL3/YTHDF1+ADAR1 mRNA → ADAR1 protein ↑ → CDK2 ↑ U87, U118 Proliferation ↑ 62

LDLR 
mRNA
SREBP2 
mRNA

METTL3/HNRNPA2B1+LDLR mRNA, SREBP2 mRNA → LDLR 
protein, SREBP2 protein ↑;
SREBP2 protein → LDLR protein, HMGCR ↑ → Cholesterol 
homeostasis ↑

U251, U118, 
NCH421K, 
NCH644

Cholesterol homeostasis ↑ 
Glioma cell stemness ↑

72

VPS25 
mRNA

METTL3/YTHDC1+VPS25 mRNA → VPS25 protein ↓ → p‑JAK1, 
p‑STAT1 ↓ → JAK‑STAT signaling pathway ↓

U87, U251 Proliferation ↓ 74

LncRNA 
MALAT1

METTL3/HuR+LncRNA MALAT1 → LncRNA MALAT1 expression 
↑ → NF‑κB signaling pathway ↑

U87, LN229, 
N33

Proliferation ↑ Invasion ↑ 
Migration ↑ Apoptosis ↓

76,77

LncRNA 
HOTAIRM1

METTL3+LncRNA HOTAIRM1 → LncRNA HOTAIRM1 stability ↑ 
→ IGFBP2 ↑

U87, U251 Vascular mimicry↑ 79

LINC01003 METTL3+LINC01003 → LINC01003 expression ↑ → CAV1, p‑FAK ↑ U87, U251 Proliferation ↑ Migration ↑ 84

LncRNA 
CHASERR

METTL3/YTHDC1+LncRNA CHASERR → LncRNA CHASERR 
expression ↑;
LncRNA CHASERR+miR‑6893‑3p → TRIM14 ↑ → AKT/mTOR/
P70S6K signaling pathway, Wnt/β‑catenin signaling pathway ↑

T98G, A172 Proliferation ↑ Invasion ↑ 
Migration ↑

88

LncRNA 
WEE2‑AS1

METTL3/IGF2BP3+LncRNA WEE2‑AS1 → LncRNA WEE2‑AS1 
expression ↑ x
LncRNA WEE2‑AS1+RPN2 → RPN2 expression ↑ → xpressKT 
signaling pathway ↑

U251, U118, 
A172, LN229, 
GSC20, 
GSC267

Proliferation ↑ Invasion 
↑Migration ↑

89

LncRNA 
LINREP

METTL3+LncRNA LINREP → PTBP1 degradation ↓ → egradati of 
exon 3 in RTN4 transcript ↑ → RTN4B ↑

U87, U251, 
T98G

Proliferation ↑ Invasion ↑ 
Migration ↑

90

LINC00839 METTL3/YTHDF2+LINC00839 → LINC00839 expression ↑ → 
c‑Src‑mediated β‑catenin phosphorylation ↑ → Wnt/β‑catenin 
signaling pathway ↑

GSCs Stem cell characteristics ↑ 
Radiation resistance ↑

94

LINC00475 METTL3/HNRNPH 1+LINC00475 → LINC00475‑S ↑ → MIF ↓ → 
Mitochondrial fission ↑

U251, U87, 
U138

Mitochondrial fission ↑ 
isroliferation ↑ Migration ↑

95

CircEPHB4 METTL3/YTHDC1+CircEPHB4 → Cytoplasmic localization of 
CircEPHB4 ↑ → Binding of CircEPHB4 to IGF2BP2 and SOX2 
mRNA in cytoplasm ↑ → SOX2 protein ↑ → PHLDB2 ↑

SHG44, A172 Proliferation ↑ Stem 
cell characteristics ↑ 
haigration ↑

101

circDLC1 METTL3+circDLC1 → circDLC1 expression ↑ → Binding of 
circDLC1 to miR‑671‑5p ↑ → CTNNBIP1 ↑

LN229, A172 Proliferation ↓ 104

miR‑27b‑3p METTL3/DGCR8+pri‑miR‑27b → miR‑27b‑3p ↑ → iR‑2 ↓ T98G, U251 Proliferation ↓ Aerobic 
glycolysis ↓

110

METTL4 circRNA_ 
103239

METTL4 ↓ → circRNA_103239 ↓ → miR‑182‑5p ↑ → MTSS1 ↓ → 
EMT ↑

A172, U251 Proliferation ↑ 
Invasion↑Migration ↑ 
EMT ↑

103

(Cont'd...)
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RNA-binding domains (RBDs), thereby promoting the 
proliferation of GBM cells.62

3.1.8. Forkhead box protein M1 (FOXM1) mRNA

As a transcription factor that fosters proliferation, 
FOXM1 stimulates the progression of the cell cycle 
during the crucial G1-S and G2-M transitions.63 In 
GSCs, ALKBH5 enhances the expression of FOXM1 
by removing methyl groups from its newly synthesized 
transcripts. Meanwhile, the antisense lncRNA of FOXM1 
(FOXM1-AS) can promote the interaction between 
ALKBH5 and the nascent transcripts of FOXM1.64 
FOXM1 is overexpressed and positively correlated with 
ALKBH5 expression, which can promote the proliferation 
and self-renewal ability of GSCs.64 Furthermore, 
FOXM1 will specifically attach to the NUF2 promoter, 
transcriptionally activating the expression of NUF2. 

Subsequently, NUF2 may enhance the tolerance of 
GBM toward temozolomide (TMZ) treatment through 
the activation of the phosphoinositide 3-kinase (PI3K)/
AKT/mammalian target of rapamycin (mTOR) signaling 
pathway.65

3.1.9. Flotilin-1 (FLOT1) mRNA

FLOT1 is a scaffold protein for lipid rafts, involved in 
various signaling pathways, membrane transport, and 
EMT.66 In various types of cancers, FLOT1 has long 
been considered an oncogene.67 As the reader of m6A, 
IGF2BP2 is capable of recognizing and associating 
with the m6A site of FLOT1 mRNA, upregulating its 
expression by maintaining the stability of FLOT1 mRNA.68 
High expression of FLOT1 exhibits oncogenic effects by 
inducing cell growth and invasion, ultimately promoting 
the progression of GBM.67,68

Table 1. The mechanisms of writers in glioma

Writers Molecules Related mechanism Experimental 
samples

Biological outcomes References

WTAP FLOT1 
mRNA

WTAP/IGF2BP2+FLOT1 mRNA → FLOT1 protein ↑ U251, T98G, 
U87, U118

Proliferation ↑ Invasion ↑ 68

LncRNA 
HSPA7

WTAP+lncRNA HSPA7A EN.C LOX ↑ → Macrophage 
infiltration, SPP1 ↑ → Immunosuppressive microenvironment ↑

GSCs Immunosuppressive 
microenvironment ↑

92

Abbreviations: ADAR1: Adenosine deaminase acting on RNA 1; CAV1: Caveolin 1; CD: Cluster of differentiation; CDK2: Cyclin‑dependent kinase 2; 
CEBPB: CCAAT/enhancer‑binding protein beta; CTNNBIP1: Beta‑catenin‑interacting protein 1; DGCR8: DiGeorge syndrome critical region 8; 
EMT: Epithelial‑mesenchymal transition; FAK: Focal adhesion kinase; FLOT1: Flotillin 1; FSP1: Ferroptosis suppressor protein 1; GSC: Glioblastoma 
stem cell; HMGCR: 3‑Hydroxy‑3‑methylglutaryl‑CoA reductase; HNRNP: Heterogeneous nuclear ribonucleoprotein; HuR: Human antigen R; 
IGF2BP3: Insulin‑like growth factor 2 mRNA‑binding protein 3; IGFBP: Insulin‑like growth factor‑binding protein; JAK: Janus kinase; LDLR: Low‑density 
lipoprotein receptor; LOX: Lysyl oxidase; METTL: Methyltransferase‑like protein; MIF: Macrophage migration inhibitory factor; mTOR: Mammalian 
target of rapamycin; MTSS1: Metastasis suppressor 1; NF‑κB: Nuclear factor kappa B; PDK1: Pyruvate dehydrogenase kinase 1; PHLDB2: Pleckstrin 
homology‑like domain family B member 2; PI3K: Phosphoinositide 3‑kinase; PTBP1: Polypyrimidine tract‑binding protein 1; RPN2: Ribophorin 2; 
SPP1: Secreted phosphoprotein 1; SREBP2: Sterol regulatory element‑binding protein 2; SOX2: SRY‑box transcription factor 2; STAT: Signal transducer 
and activator of transcription; TAZ: Transcriptional coactivator with PDZ‑binding motif; TRIM14: Tripartite motif‑containing protein 14; VPS25: Vacuolar 
protein sorting‑associated protein 25; WTAP: Wilms tumor 1‑associated protein; YAP1: Yes‑associated protein 1; YTHDC: YTH domain‑containing 
protein; YTHDF: YTH domain‑containing family protein.

Table 2. The mechanism of erasers in glioma

Erases Molecules Related mechanism Experimental 
samples

Biological outcomes References

FTO MYC mRNA FTO+m6A‑modified MYC mRNA → MYC mRNA stability and 
translation ↑ → MYC protein ↑ → miR‑155/23a cluster ↑ → MXI1 ↓

U87, U251, 
A172

Proliferation ↑ TMZ 
resistance ↑

7

miRNA‑10a‑5p FTO ↓ → m6A‑modified miRNA‑10a ↑;
HNRNPA2B1/DGCR8+m6A‑modified miRNA‑10a → 
miRNA‑10a‑5p → MTMR3 ↓

U87, LN229, 
U251, A172, 
U118

Proliferation↑ Invasion ↑ 
Migration ↑

107

ALKBH5 FOXM1 mRNA ALKBH5+m6A‑modified FOXM1 mRNA → FOXM1 mRNA ↑ → 
FOXM1 ↑ → NUF2 ↑ → PI3K/AKT/mTOR signaling pathway ↑

GSCs Proliferation ↑ Autophagy↓ 
TMZ resistance ↑

64,65

G6PD mRNA ALKBH5+m6A‑modified G6PD mRNA → G6PD mRNA 
stability and translation ↑ → G6PD protein ↑ → PPP ↑

U87, U251 PPP ↑ Proliferation ↑ 71

Abbreviations: ALKBH5: AlkB homolog 5, RNA demethylase; FOXM1: Forkhead box protein M1; FTO: Fat mass and obesity‑associated protein; 
G6PD: Glucose‑6‑phosphate dehydrogenase; GSC: Glioblastoma stem cell; MTMR3: Myotubularin‑related protein 3; mTOR: Mammalian target of 
rapamycin; MXI1: Max‑interacting protein 1; PI3K: Phosphoinositide 3‑kinase; PPP: Pentose phosphate pathway; TMZ: Temozolomide.
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3.1.10. G6PD mRNA

The pentose phosphate pathway (PPP), a metabolic pathway 
distinct from but related to glycolysis, is instrumental in 
helping cancer cells meet their synthetic metabolic needs 
and combat oxidative stress.69 Glucose-6-phosphate 
dehydrogenase (G6PD) participates in facilitating the 
PPP and is intimately linked to the regulation of energy 
metabolism.70 Liu et al.71 discovered that ALKBH5 may 
improve the mRNA stability of G6PD by eliminating 
m6A modifications, which subsequently promotes the 
translation of G6PD and activates the PPP, ultimately 
stimulating the proliferation of U87 and U251.

3.1.11. Sterol regulatory element-binding protein 2 
(SREBP2)/low-density lipoprotein receptor (LDLR) mRNA

Serving as an m6A-recognizing protein, HNRNPA2B1 
facilitates the stability of SREBP2 and LDLR through 
attachment to SREBP2 and LDLR mRNAs that have 
undergone m6A modification. Then SREBP2 induces the 
production of 3-hydroxy-3-methylglutaryl-coenzyme A 
reductase (HMGCR) while also promoting the transcription 
of LDLR. Finally, high levels of LDLR and HMGCR facilitate 
cholesterol uptake and biosynthesis, which in turn drives 
the progression of glioma (U251, U118, NCH421K, and 
NCH644) stemness and malignancy.72 Therefore, a combined 
therapy targeting HNRNPA2B1 and cholesterol metabolism 
may represent a viable method for glioma treatment.

3.1.12. interleukin-1 receptor-associated kinase 1 
(IRAK1) mRNA

In U251 and U87, researchers observed a decrease in the 
m6A modification level of IRAK1 mRNA after knocking 

down HNRNPC. They further demonstrated that HNRNPC 
recognizes m6A-modified IRAK1 transcripts and increases 
IRAK1 mRNA stability.73 Afterwards, high levels of IRAK1 
activate the mitogen-activated protein kinase signaling 
pathway, promoting the malignant development of glioma.73

3.1.13. Vacuolar protein-sorting-associated protein 
25 (VPS25) mRNA

Research has uncovered the presence of numerous m6A 
modification sites within the VPS25 mRNA. However, 
METTL3 and METTL14 affect the VPS25 mRNA level but 
not its protein level. Interestingly, YTHDC1 can regulate 
the VPS25 protein level without affecting its mRNA 
level.74 By downregulating VPS25, YTHDC1 impairs Janus 
kinase (JAK)-STAT signaling via diminished JAK1/STAT1 
phosphorylation. Consequently, this reduces downstream 
gene expression in the pathway and ultimately inhibits U87 
and U251 cells’ proliferation.74

Within the intricate network of gene expression, m6A 
assumes a distinct role, profoundly influencing the post-
transcriptional regulation of mRNA. This modification 
mechanism, by delicately regulating the stability and 
translation efficiency of mRNA, forms a complex network 
that controls the biological characteristics of tumor cells. 
Specifically, m6A modification can enhance or weaken the 
stability of mRNA, determining its half-life within the cell, 
which in turn affects the expression level of specific genes. 
Furthermore, it regulates the translation process of mRNA, 
influencing the rate and spectrum of protein synthesis, 
which in turn alters critical biological characteristics of 
glioma cells, including proliferation, migration, invasion, 
and metabolism.

Table 3. The mechanism of readers in glioma

Readers Molecules Related mechanism Experimental 
samples

Biological outcomes References

YTHDF1 LINC00900 YTHDF1+m6A‑modified LINC00900 → LINC00900 expression 
↑ → Binding of LINC00900 to miR‑1205 ↑ → STAT3 ↑

GSC‑U87, 
GSC‑U250

Vitality ↑ Self‑renewal 
ability ↑ Proliferation ↑

93

IGF2BP1 YAP/TAZ 
mRNA

TAZ→IGF2BP1 ↑ + m6A‑modified YAP mRNA→YAP protein ↑ 
→ Hippo signaling pathway ↑ → TAZ ↑

GSCs Stem cell characteristics 
↑ Colony formation ↑ 
Proliferation ↑

56

IGF2BP3 GPX4 mRNA IGF2BP3+m6A‑modified GPX4 mRNA → GPX4 protein ↑ → 
Ferroptosis ↓

U87, U251, 
HS683

Ferroptosis ↓ 42,43

MIB1 mRNA IGF2BP3 → MIB1 ↑ → Ubiquitination degradation of FTO → 
CSF3 ↑ → Formation of NETs ↑

U87, U251, 
T98G

Formation of NETs ↑ 
Proliferation ↑ Invasion↑ 
Migration ↑

45,47

HNRNPC IRAK1 mRNA HNRNPC+m6A‑modified IRAK1 mRNA→IRAK1 protein ↑ → 
MAPK signaling pathway ↑

U87, U251 Proliferation ↑ Invasion 
↑ Migration ↑ Stem cell 
characteristics ↑

73

Abbreviations: FTO: Fat mass and obesity‑associated protein; GPX4: Glutathione peroxidase 4; GSC: Glioblastoma stem cell; HNRNP: Heterogeneous 
nuclear ribonucleoprotein; IGF2BP: Insulin‑like growth factor 2 mRNA‑binding protein; IRAK1: Interleukin‑1 receptor‑associated kinase 1; 
MAPK: Mitogen‑activated protein kinase; MIB1: Mind bomb homolog 1; NETs: Neutrophil extracellular traps; STAT3: Signal transducer and activator of 
transcription 3; TAZ: Transcriptional coactivator with PDZ‑binding motif; YAP: Yes‑associated protein; YTHDF: YTH domain‑containing family protein.
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3.2. LncRNAs

Rigorous investigations have elucidated the molecular 
pathogenesis of glioma, revealing that lncRNAs occupy 
an essential position in the angiogenesis, invasion, and 
metastasis of glioma,75 and their functions are often 
regulated by epitranscriptomic modifications. Focusing 
on the glioma context, this work compiles evidence for 
m6A-modified lncRNAs as potential master regulators of 
malignancy hallmarks.

3.2.1. LncRNA MALAT1

In U87, LN229, and N33, METTL3 promotes the “longevity” 
of the lncRNA MALAT1 by bolstering its stability, which 
requires the involvement of human antigen R (HuR).76 
Then, upregulated MALAT1 can activate NF-κB, a critical 
regulator of cellular stress and DNA damage responses.77 
Its functions include inhibiting apoptosis and promoting 
migration and invasive cell behaviors related to tumor 
progression, thereby playing a role in promoting IDH-
wildtype glioma.78

3.2.2. LncRNA HOTAIRM1

Elevated expression of METTL3 in U87 and U251 
enhances the m6A modification and maintains the 
stability of HOTAIRM1. As an oncogene, HOTAIRM1 
induces upregulation of insulin-like growth factor-
binding protein 2 (IGFBP2) by binding to IGFBP2 
mRNA, promoting vascular mimicry (VM) formation 
and tumor progression.79,80 VM refers to the “phenotypic 
transformation into endothelial cells” channels formed 
by tumor cells through a sequence of alterations, such 
as their intrinsic deformation and matrix remodeling.81 
Although VM is different from angiogenesis, it can serve as 
a supplement to ensure tumor blood supply and promote 
the growth of GSCs and GBM.82

3.2.3. LINC01003

Among the members of the caveolin family, caveolin-1 
(CAV1) protein stands out as the most abundantly 
expressed in numerous cancer cells and tumor samples.83 It 
stimulates the proliferation of glioma cells and facilitates the 
VM by modulating the phosphorylation of focal adhesion 
kinase (FAK).84 In U87 and U251, METTL3-catalyzed 
m6A modification contributes to the elevated level of 
LINC01003. The significant upregulation of LINC01003 
enhances the proliferation and migration capabilities by 
regulating the CAV1/FAK signaling pathway.84

3.2.4. LncRNA CHASERR

The AKT/mTOR/p70S6K signaling pathway is implicated 
in various biological functions.85,86 Meanwhile, the Wnt/
β-catenin signaling is linked to proliferation, apoptosis, 

and invasion in GBM.87 These two signaling pathways are 
indirectly regulated by the lncRNA CHASERR.88 METTL3-
YTHDF1-mediated m6A modification promotes the 
upregulation of lncRNA CHASERR, which activates 
the AKT/mTOR/P70S6K and Wnt/β-catenin signaling 
pathways by regulating the miR-6893-3p/tripartite motif-
containing protein (TRIM) 14 axis, thereby promoting the 
growth and migration of T98G and A172.88

3.2.5. LncRNA WEE2-AS1

In U251, U118, LN229, A172, GSC20, and GSC267, m6A 
modification facilitated by METTL3 upregulates the level 
of WEE2-AS1, a process that is dependent on IGF2BP3. 
Subsequently, high levels of WEE2-AS1 stabilize the 
ribophorin 2 (RPN2) protein through the suppression 
of cullin-2-mediated RPN2 K322 ubiquitination. The 
stabilization of RPN2 activates the PI3K-AKT signaling 
pathway, leading to the malignant progression of glioma.89

3.2.6. LncRNA LINREP

LINREP represents a recently identified lncRNA 
characterized by m6A modification that engages in 
interaction with a complex comprising the polypyrimidine 
tract-binding protein 1 (PTBP1) and HuR proteins, 
protecting PTBP1 against ubiquitin-proteasome 
degradation.90 As the main inhibitory splicing factor of 
alternative splicing, the protected PTBP1 enhances its 
mediated alternative splicing events. Reticulon-4 (RTN4) 
is a key splicing target of PTBP1, and its splicing changes 
affect the proliferation characteristics of U251 and 
LN229 cells.91 Furthermore, PTBP1-mediated skipping of 
exon 3 in the RTN4 transcript can generate more RTN4B 
(skipped form), and increased levels of RTN4B exhibit a 
link with a more aggressive phenotype in U87, U251, and 
T98G.90

3.2.7. LncRNA HSPA7

As an m6A-regulated lncRNA, HSPA7 promotes 
macrophage infiltration and upregulates secreted 
phosphoprotein 1 (SPP1) expression in GSCs by increasing 
the level of YAP1 and lysyl oxidase, thereby modulating 
the immune microenvironment of GSCs.92 On the other 
hand, researchers found that knocking down HSPA7 may 
improve the efficacy of anti-programmed cell death protein 
1 (PD-1) treatment, suggesting HSPA7 may represent 
a potential new candidate target for immunotherapy in 
GSCs.92

3.2.8. LINC00900

Zhang et al.93 found that YTHDF1 recognizes and interacts 
with the m6A modification site present on LINC00900, 
leading to an increase in the stability of LINC00900. 
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Following this, LINC00900 upregulates the level of STAT3 
by sponging miR-1205, which enhances the survival and 
regenerative capacity of GSCs.

3.2.9. LINC00839

In GSCs, METTL3-YTHDF2-mediated m6A modification 
promotes the upregulation of LINC00839, and highly 
expressed LINC00839 induces Wnt/β-catenin activation 
through the promotion of c-Src-mediated β-catenin 
phosphorylation, enhancing the radiation resistance of 
GSCs.94

3.2.10. LINC00475

The METTL3 protein is robustly expressed in U251, U87, 
and U138. It enhances the m6A-dependent association 
between HNRNPH1 and LINC00475, ultimately leading 
to the generation of the splicing variant LINC00475-S.95 
Subsequently, LINC00475-S induces mitochondrial fission 
by downregulating the level of macrophage migration 
inhibitory factor (MIF), ultimately promoting the 
development of glioma.95

These m6A-modified lncRNAs, as crucial regulatory 
molecules, modulate the activity of multiple signaling 
pathways, including those regulating cell proliferation, 
differentiation, and apoptosis, thereby influencing the 
malignant phenotypes of glioma cells. Moreover, by 
targeting specific lncRNAs involved in their regulation, 
m6A modification indirectly regulates metabolic processes, 
such as glycolysis. This can either promote energy 
production or limit the availability of metabolic substrates 
for glioma cells, thereby promoting or suppressing their 
malignant phenotypes. Therefore, m6A-orchestrated 
lncRNA dynamics in glioma constitute a highly intricate 
regulatory mechanism, offering potential new targets for 
glioma treatment.

3.3. CircRNAs

Circular RNAs—covalently closed non-coding RNAs 
formed through back-splicing—exhibit topological 
configurations distinct from linear transcripts, conferring 
enhanced stability and resistance to degradation that 
facilitate post-transcriptional regulation and potentially play 
important roles in gene regulation and cellular processes.96,97 
Specifically, a number of circRNAs control the transcription 
and translation of peptides and proteins by functioning 
as miRNA sponges or by interacting with RBPs.98 They 
have a strong association with the origin and evolution of 
glioma.99 Mechanistically, circRNAs are crucial regulators of 
glioma cell phenotypes, including migration and cell cycle 
progression.100 Given these roles, circRNAs are indispensable 
for accurate diagnosis, prediction of disease outcomes, and 
development of effective treatments for glioma.100

3.3.1. CircEPHB4

Liao et al.101 found that METTL3 upregulates the m6A 
level of CircEPHB4, then YTHDC1 attaches to the 
m6A-modified CircEPHB4, promoting its cytoplasmic 
localization. In the cytoplasm, CircEPHB4 interacts 
with IGF2BP2, stimulating the growth, metastasis, and 
stemness of SHG44 and A172 by regulating the SRY (sex 
determining region Y)-box (SOX)2/pleckstrin homology-
like domain family B member 2 (PHLDB2) axis.

3.3.2. circRNA_103239

As an evolutionarily conserved developmental program, 
EMT is intricately linked to carcinogenesis, equipping 
cancer cells with metastatic abilities by bolstering their 
migratory and invasive capabilities, as well as their 
resistance to apoptotic signals.102 In A172 and U251, the 
downregulation of METTL14 leads to reduced levels of 
methylated circRNA_103239, inducing the expression 
of miR-182-5p.103 Soon afterwards, miR-182-5p inhibits 
MTSS1 mRNA expression, resulting in a downregulated 
level of metastasis suppressor 1 (MTSS1), and ultimately 
promotes EMT and tumor progression.103

3.3.3. circDLC1

Notably, Wu et al.104 considered that METTL3 is reduced 
rather than increased in LN229 and A172—a finding 
distinct from its common upregulation in other tumor 
types. In addition, they observed a significant co-expression 
pattern between METTL3, circDLC1, and beta-catenin-
interacting protein 1 (CTNNBIP1). METTL3 facilitates the 
stabilization of circDLC1 and enhances its expression by 
catalyzing m6A modification. Then, circDLC1 promotes 
the expression of the tumor suppressor CTNNBIP1 by 
binding to miR-671-5p, and high levels of CTNNBIP1 
inhibit LN229 and A172 proliferation.

3.4. miRNAs

miRNA, minute yet potent endogenous RNA molecules, 
intricately orchestrate the delicate balance of gene 
expression following the transcription process.105 In 
glioma, miRNAs can influence the formation, proliferation, 
and apoptosis of tumors, as well as the function of genes 
regulated post-transcriptionally by anti-cancer genes.106

3.4.1. miRNA-10a-5p

An analysis conducted by Zhang et al.107 indicated that 
FTO expression is decreased in GBM (U87, LN229, 
U251, A172, and U118), and this reduction enhances the 
m6A methylation of pri-miR-10a. Then, HNRNPA2B1 
identifies the modified pri-miR-10a, and subsequently 
recruits DiGeorge syndrome critical region 8 (DGCR8) to 
process it, ultimately resulting in the production of mature 
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miRNA-10a-5p. Eventually, miRNA-10a-5p promotes 
the progression of GBM malignancy by suppressing the 
expression of the tumor suppressor protein myotubularin-
related protein 3 (MTMR3).

3.4.2. miR-27b-3p

Cancer cells, in comparison to their normal counterparts, 
exhibit not only an elevated rate of glucose uptake 
but also undergo a metabolic transition, shifting from 
oxidative phosphorylation toward aerobic glycolysis.108 
Aerobic glycolysis is a crucial component of metabolic 
reprogramming in glioma, promoting cell proliferation 
and the development of malignant phenotypes. By 
inactivating mitochondrial pyruvate dehydrogenase, 
pyruvate dehydrogenase kinase 1 (PDK1), a pivotal Ser/
Thr kinase, effectively redirects glucose metabolism 
away from mitochondrial oxidation toward aerobic 
glycolysis.109 Inhibition of PDK1 expression has been 
shown to significantly reduce aerobic glycolysis in 
glioma.110 Researchers have discovered that METTL3 
induces the methylation of pri-miR-27b, which facilitates 
the recognition and processing of methylated pri-miR-
27b by DGCR8, leading to the production of mature miR-
27b-3p.110 The resulting miR-27b-3p can directly inhibit 
the expression of PDK1, thereby limiting T98G and U251 
proliferation and their aerobic glycolysis.

In summary, within the pathogenesis of glioma, 
RNA methylation modifications—particularly m6A—
profoundly influence disease progression. A  deeper 
investigation into m6A’s multifaceted mechanisms will not 
only enhance our thorough comprehension of the nature 
of this disease but also potentially pave new avenues for 
glioma treatment. Notably, while the regulatory function 
of m6A in RNA has garnered considerable attention, 
relatively limited research has explored the particular 
impacts of m6A on certain RNA types (such as miRNAs 
and tRNAs). These RNA molecules play equally crucial 
roles within cells, and their interactions with m6A may 
harbor even more intricate regulatory mechanisms. 
Consequently, future research endeavors should intensify 
the investigation of these RNA categories to unravel the 
full extent of m6A’s functions and significance in biological 
systems.

4. The effect of upstream signals of m6A on 
the development of glioma
The m6A modification exerts a substantial influence on the 
initiation and development of glioma, and key regulators 
of this process concurrently modulate glioma progression. 
The abnormal expression and dysregulation of these 
molecular structures may lead to abnormal proliferation, 

invasion, and drug resistance in glioma, thereby affecting 
the treatment efficacy and prognosis of patients (Table 4).

4.1. Proteins

4.1.1. Yin-yang 1 (YY1)

YY1, categorized as a transcription factor, is a widely 
expressed protein that can activate and inhibit transcription 
through interactions with other transcription factors 
and cofactors.111 In GSCs, YY1 is highly expressed and 
actively interacts with the promoter region of SUMO-
specific protease 1 (SENP1) to promote its transcription. 
Subsequently, SENP1 activates METTL3 catalytic 
function, augmenting site-specific m6A deposition on 
MYC transcripts and ultimately amplifying the self-
renewal abilities and tumorigenicity of GSCs.112 Another 
study found that YY1 interacts with CDK9 and other 
transcription elongation factors (such as bromodomain-
containing protein 4 [BRD4, AF4/FMR2 family member 
4 [AFF4, and TRIM28) to form specific transcription 
elongation complexes that regulate the transcription 
elongation process in GSCs.113 Further experiments found 
that targeting the YY1-CDK9 complex disrupts its normal 
function, leading to the downregulation of METTL3 and 
YTHDF2, ultimately resulting in a reduction in m6A 
modification level, which activates interferon response and 
enhances antitumor immune response to GSCs.113

4.1.2. R-2-hydroxyglutarate (R-2HG)

R-2HG is a metabolite generated by mutant isocitrate 
dehydrogenase (IDH) enzymes in tumor cells.114 It 
mediates the conversion of α-ketoglutaric acid to 2HG, 
and subsequently, the buildup of 2HG results in DNA 
hypermethylation by inhibiting key histone demethylases.115 
In GBM, R-2HG exerts its antitumor activity by targeting 
the FTO/m6A/MYC/CCAAT/enhancer-binding protein 
alpha (CEBPA) signaling pathway.116 Specifically, R-2HG 
inhibits FTO, thereby increasing the abundance of 
intracellular m6A RNA modification, which further 
destabilizes the MYC and CEBPA transcripts, resulting in 
the downregulation of their expression.117 The decrease 
in CEBPA reduces cell growth, and the reduction of 
MYC results in the downregulation of the MYC signaling 
pathway, ultimately inhibiting the expansion of the cancer 
cell population.117

4.1.3. c-MYC

The c-MYC proto-oncogene protein, an integral part of the 
MYC family, is essential for regulating cell cycle progression, 
proliferation, apoptosis, and cell transformation.118 Li 
et al.119 revealed that c-MYC is an upstream regulator of 
YTHDF1, while ferredoxin 1 (FDX1) is a downstream 
target of YTHDF1. High levels of c-MYC enhance FDX1 
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Table 4. The role of molecules regulating the m6A methylation process in glioma

Molecules Role in 
glioma

Related mechanism Experimental samples Biological outcomes References

Protein

YY1 Promote YY1 → SENP1 ↑ → METTL3 
functional activity ↑ → MYC ↑

GSCs in nude mice, GSCs 
cultured in vitro

Self‑renewal capacity ↑ 
Tumorigenicity ↑

112

Promote YY1‑CDK9 ↓ → METTL3, YTHDF2 ↓ 
→ Interferon response ↑

GSCs (e.g., GSC1517, 
GSC23)

Proliferation ↑ Self‑renewal capacity ↑ 
Antitumor immune 
response ↓

113

R‑2HG Inhibit R‑2HG → FTO/m6A/MYC/CEBPA 
pathway ↓

GBM cell line of wild type 
IDH1/2 (e.g., U87, GAMG, 
T98G)

Proliferation ↓ Drug resistance ↓ 116,117

C‑MYC Promote C‑MYC → YTHDF1 ↑ → FDX1 ↑ A172, U251 Proliferation ↑ Invasion ↑ 
Cuproptosis ↓ Mitophagy ↓

119

EGFR Promote EGFR → YTHDF2 ↑ → LXRα, 
HIVEP2 ↓

GSCs (e.g., GSC11, GSC7‑2), 
GBM (LN229, U87, U251 
and T98G)

Proliferation ↑ Invasion↑ Cholesterol 
accumulation ↑

122

Promote EGFR → ALKBH5 nuclear 
retention ↑ → GCLM ↑

GSC1919, MES20 Ferroptosis ↓ Proliferation ↑ 123,124

SRSF7 Promote SRSF7→METTL3 targeted 
recruitment ↑ → PBK ↑

U87, LN229 Proliferation ↑ Invasion ↑ 125

PDGF Promote PDGF → EGR1 ↑ → METTL3 
↑ → OPTN ↓

GSC1919, GSC20 Self‑renewal capacity ↑ Proliferation ↑ 
Mitophagy ↓

126,127

EZH2 Promote EZH2 → miR‑454‑3p ↓ → YTHDF2 ↑ 
→ PTEN ↓

A172, nude mice M2 macrophage polarization ability ↑ 
Immune evasion↑ 
Proliferation ↑

129,131

JMJD1C Inhibit JMJD1C → miR‑302a ↑ → METTL3 ↓ 
→ SOCS2 ↑

LN‑229, U251, nude mice M1 macrophage polarization ability ↑ 
Proliferation ↓

133,134

LATS2 Promote LATS2 → Phosphorylated ALKBH5 in 
nucleus ↑ → LATS2 stability ↑

TPC1115, GL261 Self‑renewal capacity ↑ Proliferation ↑ 
Invasion ↑ 
EMT ↑

135

p53 Promote Mutant p53/SVIL/MLL1 complex → 
YTHDF2 ↑ → CDKN2B, SPOCK2 ↓

LFS iPSC‑derived astrocytes, 
LNZ308

Cancer transformation and 
proliferation ↑ Stem cell‑like  
properties ↑

136

SETD2 Promote SETD2 → METTL3, METTL14, 
WTAP ↑

LN229 Proliferation↑Metastatic potential ↑ 
Colony‑forming ability ↑

138

LncRNA

SNAI3‑AS1 Inhibit SNAI3‑AS1 → Binding of SND1 and 
NRF2 mRNA ↓ → NRF2 ↓

U87MG, U251, A172 Ferroptosis ↑ Proliferation ↓ Invasion 
↓ Metastatic potential ↓

139,140

AF127577.4 Inhibit AF127577.4‑ORF → Interaction 
between ERK2 and METTL3 ↓ → 
p‑ERK ↓ → METTL3 ↓

LN229, U251 Proliferation ↓ 142

JPX Promote JPX → Targeted binding ability of FTO 
↑ → PDK1 ↑

LN229, U251 Aerobic glycolysis ↑ Proliferation ↑ 
TMZ resistance ↑ DNA damage repair 
↑ Apoptosis ↓

143

miRNA

miR‑145 Promote miR‑145 ↑ → FTO/AGO1/ILF3/
miR‑145 complex ↑ → Demethylation 
mediated by FTO ↑ → CLIP3 ↑

GBM1, GBM2, GBM3 Stem cell‑like properties ↓ Overall 
translation efficiency ↑

144,145

(Cont'd...)
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expression through the upregulation of YTHDF1, which in 
turn maintains the proper function of the respiratory chain 
by modulating the tricarboxylic acid cycle. This impedes 
the occurrence of mitophagy and fosters the malignant 
phenotype of A172 and U251.

4.1.4. Epidermal growth factor receptor (EGFR)

As a prototypical receptor tyrosine kinase (EGFR; 
~170  kDa) undergoes ligand-induced dimerization 
through its extracellular domain, transmembrane α-helix, 
and intracellular kinase domain to initiate downstream 
oncogenic signaling. It belongs to the ErbB/HER 
receptor tyrosine kinase family, and like other members 
of this family, it plays a pivotal role in cell signaling and 
regulation.120 In pathological contexts such as glioma, 
notably GBM, numerous alterations in the EGFR gene, 
encompassing amplifications, deletions, and single-
nucleotide polymorphisms, have been detected.121 For 
example, research has found that EGFR promotes the 
overexpression of YTHDF2 in GBM and GSCs through 
the EGFR/SRC/extracellular signal-regulated kinase 
(ERK) signaling pathway. YTHDF2 binds to and mediates 
the attenuation of m6A-modified mRNA, thereby 
downregulating liver X receptor alpha (LXRα) and human 
immunodeficiency virus Type I enhancer-binding protein 
2 (HIVEP2) to promote tumorigenesis in GBM and 
GSCs.122 Furthermore, EGFR signaling interferes with the 
nuclear export of ALKBH5,123 promoting its demethylase 
activity, which attenuates the decay of GCLM mRNA 
mediated by YTHDF2, leading to increased synthesis of 
glutamate-cysteine ligase modifier subunit (GCLM).124 In 
the biosynthetic process of glutathione, GCLM is involved 

in the first rate-limiting step. The antioxidant function of 
glutathione inhibits ferroptosis in GSC1919 and MES20.

4.1.5. SRSF7

In the context of GBM cell lines, including U87 and LN229, 
an upregulation of the serine/arginine-rich splicing factor 
7 (SRSF7) has been observed, enhancing the expression 
of PDZ-binding kinase (PBK). This mechanism requires 
sequence-specific m6A deposition by METTL3 on PBK 
transcripts, enabling IGF2BP2 binding through its KH 
domains to stabilize the mRNA via 3’ untranslated region 
(UTR) protection, thereby amplifying the oncogenic 
phenotype.125 As a cell cycle-regulated Ser/Thr kinase, PBK 
overexpression acts as an oncogenic driver to promote 
tumor progression by enhancing cell proliferation and 
invasive capacity, particularly in GBM, where it correlates 
with a poor prognosis.125

4.1.6. Platelet-derived growth factor (PDGF)

In GSCs, PDGF upregulates the expression of METTL3 
by targeting the transcription factor early growth response 
1.126 METTL3 subsequently modifies the mRNA of the 
mitochondrial autophagy regulator optineurin (OPTN) 
through m6A, thereby promoting the degradation of 
OPTN mRNA.127 The reduction in OPTN expression level 
results in the inhibition of mitochondrial autophagy in 
GSCs, thereby promoting the maintenance of cancer stem 
cells.126

4.1.7. Enhancer of zeste homolog 2 (EZH2)

Within the glioma microenvironment, tumor-associated 
macrophages represent a significant immune cell population. 

Table 4. (Continued)

Molecules Role in 
glioma

Related mechanism Experimental samples Biological outcomes References

miR‑1208 Inhibit miR‑1208→METTL3 ↓ → NUP214 ↓ 
→ p‑Smad2/3 nuclear transport ↓ → 
TGF‑β signaling pathway ↓

U251, U373 Proliferation ↓ Invasion ↓ Apoptosis ↑ 146,147

miR‑200c‑3p Promote miR‑200c‑3p→ZC3H13 ↓ → DUSP9 
↓ → ERK1/2 phosphorylation ↑ → M2 
polarization of microglia ↑

BG5, BG7 Tumor growth ↑ M2 polarization of 
microglia ↑ Neuronal activity and 
extracellular vesicle release ↑

148

Abbreviations: AGO1: Argonaute RISC catalytic component 1; ALKBH5: AlkB homolog 5, RNA demethylase; CDK9: Cyclin‑dependent kinase 9; 
CDKN2B: Cyclin‑dependent kinase inhibitor 2B; CEBPA: CCAAT/enhancer‑binding protein alpha; CLIP3: CAP‑GLY domain‑containing linker protein 
3; DUSP9: Dual specificity phosphatase 9; EGFR: Epidermal growth factor receptor; EGR1: Early growth response 1; EMT: Epithelial‑mesenchymal 
transition; ERK2: Extracellular signal‑regulated kinase 2; EZH2: Enhancer of zeste homolog 2; FDX1: Ferredoxin 1; FTO: Fat mass and obesity‑associated 
protein; GCLM: Glutamate‑cysteine ligase modifier subunit; HIVEP2: Human immunodeficiency virus type I enhancer binding protein 2; 
ILF3: Interleukin enhancer binding factor 3; JMJD1C: Jumonji domain‑containing 1C; LATS2: Large tumor suppressor kinase 2; LXRα: Liver X receptor 
alpha; METTL: Methyltransferase‑like protein; MLL1: Mixed‑lineage leukemia 1; NRF2: Nuclear factor erythroid 2‑related factor 2; 
NUP214: Nucleoporin 214; OPTN: Optineurin; PBK: PDZ‑binding kinase; PDGF: Platelet‑derived growth factor; PDK1: Pyruvate dehydrogenase 
kinase 1; PTEN: Phosphatase and tensin homolog; R‑2HG: R‑2‑hydroxyglutarate; SENP1: SUMO‑specific peptidase 1; SETD2: SET domain containing 
2; SOCS2: Suppressor of cytokine signaling 2; SPOCK2: Secreted protein acidic and rich in cysteine‑related modular calcium‑binding 2; SRSF7: Serine/
arginine‑rich splicing factor 7; SVIL: Supervillin; TGF‑β: Transforming growth factor beta; TMZ: Temozolomide; WTAP: Wilms tumor 1‑associated 
protein; YTHDF: YTH domain family proteins; YY1: Yin yang 1; ZC3H13: Zinc finger CCCH‑type containing 13.
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These macrophages exist primarily in two functionally 
distinct polarized states: The classically activated (M1-like) 
subtype, which exhibits antitumor properties and inhibits 
glioma progression, and the alternatively activated (M2-like) 
subtype, which displays protumor functions and promotes 
tumor growth and development.128 Notably, EZH2 is a key 
mediator of macrophage activation, and its overexpression is 
associated with M2 macrophage polarization.129 Moreover, 
studies have indicated that EZH2 functions as an oncogene 
in GBM, promoting cellular proliferation, accelerating cell 
cycle progression, and concurrently suppressing apoptotic 
pathways.130 In A172, EZH2 exerts its protumor effects 
at least partially by regulating macrophage polarization, 
specifically by repressing the expression of miR-454-3p, 
thereby enhancing YTHDF2’s ability to interact with PTEN 
mRNA. This interaction leads to a decline in phosphatase 
and tensin homolog (PTEN) levels. Since PTEN impedes 
the conversion of macrophages toward the M2 phenotype 
in the tumor microenvironment, the downregulation of 
PTEN favors the polarization of monocytes toward M2 
macrophages, ultimately promoting A172 growth and 
immune evasion.129,131

4.1.8. Jumonji domain-containing 1C (JMJD1C)

Acting as a histone demethylase specific for H3K9, 
JMJD1C132 specifically enhances miR-302a expression 
through the catalytic removal of the H3K9me1 epigenetic 
mark located within the miR-302a promoter region.133 
Subsequently, miR-302a inhibits METTL3, suppressing its 
m6A modification function and consequently promoting 
the content of suppressor of cytokine signaling 2 (SOCS2). 
Notably, the SOCS protein family occupies a pivotal 
position in regulating the polarization of macrophages; 
thus, the increase in SOCS2 promotes M1 macrophage 
polarization, which in turn inhibits LN-229 and U251 
development.133,134

4.1.9. Large tumor suppressor kinase 2 (LATS2)

In glioma patients, the elevated expression of LATS2 and the 
increased phosphorylation level of ALKBH5 are correlated 
with the heightened malignancy of tumors. Research has 
demonstrated that LATS2 can phosphorylate ALKBH5, 
which prevents the nuclear export of ALKBH5 and 
enhances its protein stability. In addition, phosphorylated 
ALKBH5 in the nucleus directs the m6A demethylation 
of LATS2 mRNA, preserving its structural integrity and 
stability.135 Further experiments confirmed that the lack of 
LATS2 or ALKBH5 phosphorylation disrupts the ability 
of GSCs to undergo self-renewal and undermines their 
tumorigenic potential, indicating that the interaction 
between LATS2 and ALKBH5 serves as a facilitator of 
tumor progression in glioma.135

4.1.10. p53

Research has found that in patients with p53-mutant 
glioma, mutant p53 specifically upregulates the expression 
of YTHDF2 by forming a complex with supervillin (SVIL) 
and mixed-lineage leukemia protein 1. Subsequently, the 
m6A modification facilitated by YTHDF2 triggers the 
downregulation of tumor suppressor gene expression, 
inducing cancerous reprogramming.136 This is an important 
mechanism for the oncogenic function of mutant p53.

4.1.11. SET domain-containing 2 (SETD2)

SETD2 is the only histone H3 lysine 36 trimethylation 
(H3K36me3) trimethylase in eukaryotic cells, and it 
functions as an inhibitor of cancer development in 
numerous cancer types.137 Interestingly, the deposition 
of m6A in RNA is guided by H3K36me3, and there is a 
notable positive association between the expression level of 
SETD2 and m6A-modifying enzymes.137,138 Therefore, the 
upregulation of SETD2 results in a comprehensive increase 
in m6A levels within cellular mRNA and is crucial for the 
development of LN229.

In the regulatory network of glioma, proteins act as 
crucial regulators that directly or indirectly influence the 
m6A modification process, thereby exerting profound 
impacts on the biological behavior of glioma. To date, 
several studies have demonstrated that various proteins 
are key players linking m6A modification to glioma, with 
a majority of these proteins showing a primary tendency 
to promote glioma progression. However, the specific 
mechanisms by which certain proteins modulate m6A 
modification and glioma remain unclear. Elucidating the 
precise interaction modes between these proteins and 
m6A modification, as well as how they collectively regulate 
the initiation and progression of glioma, will not only help 
more accurately delineate glioma’s molecular mechanisms 
but also potentially offer mechanistic strategies for precise 
glioma therapeutics.

4.2. LncRNAs

4.2.1. lncRNA SNAI3-AS1

Staphylococcal nuclease domain-containing protein 1 
(SND1) is a well-known RBP that has recently garnered 
attention for its role as a recognizer or reader of the m6A 
modification.139 Specifically, according to Zheng et al.,140 
lncRNA SNAI3-AS1 competitively interacts with SND1, 
thereby impairing the m6A-dependent recognition of NRF2 
mRNA by SND1. This disruption results in diminished 
stability of the NRF2 transcript. As a key orchestrator of 
antioxidant defenses, the transcription factor nuclear 
factor erythroid 2-related factor 2 (NRF2) activates a broad 
array of cytoprotective genes. This transcriptional program 
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is essential for counteracting oxidative stress and prevents 
detrimental outcomes, including lipid peroxidation and the 
iron-dependent form of cell death known as ferroptosis.141 
Consequently, the reduction of NRF2 expression by 
SNAI3-AS1 promotes ferroptosis in U87, U251, and A172, 
thereby exerting antitumor activity.140

4.2.2. LncRNA AF127577.4

In LN229 and U251, the lncRNA AF127577.4 encodes the 
endogenous micropeptide AF127577.4-ORF.142 The latter 
binds to METTL3, leading to a reduction in the interaction 
between ERK2 and METTL3. This weakens the effect of 
ERK phosphorylation on METTL3, resulting in decreased 
stability and content of METTL3.142 METTL3 has been 
considered to facilitate the advancement of LN229 
and U251; therefore, reduced intracellular METTL3 
may diminish overall m6A abundance, inhibiting the 
proliferation ability of LN229 and U251.

4.2.3. LncRNA JPX

In LN229 and U251, just proximal to XIST (JPX) promotes 
the stability of PDK1 by facilitating the FTO-catalyzed 
demethylation of PDK1 mRNA, subsequently increasing 
PDK1 expression.143 As a rate-limiting enzyme in glycolysis, 
upregulated PDK1 promotes aerobic glycolysis in tumors, 
manifested as increased glucose uptake, lactate production, 
and ATP generation. Further research found that high 
levels of PDK1 also partially relieve the chemosensitivity 
to TMZ induced by JPX knockdown, suggesting that JPX 
can promote GBM resistance to TMZ through the FTO/
PDK1 axis.143

4.3. miRNAs

4.3.1. miR-145

During the differentiation of GSCs into DGCs, miR-
145 is significantly upregulated, and it induces the 
binding of FTO to CLIP3 mRNA, thereby increasing the 
nascent translation of CLIP3 in cells.144 CLIP3 is a tumor 
suppressor gene, and its downregulation can lead to 
increased translocation of glucose transporter 3 to the cell 
membrane, thereby enhancing the glycolytic activity and 
stem-like properties of cancerous cells.145 Therefore, the 
impact of miR-145-mediated loss of m6A modification on 
the nascent translation of CLIP3 offers a fresh viewpoint 
and a promising avenue for therapeutic strategies in the 
treatment of GBM.144

4.3.2. miR-1208

In a research by Zhan et al.,146 it was unveiled that miR-
1208 represses METTL3 expression by specifically binding 
to the 3’ UTR of METTL3 mRNA. In turn, reduced 
METTL3 destabilizes NUP214 mRNA, lowering NUP214 

expression. Nucleoporin 214 (NUP214) is a constituent of 
the nuclear pore complex. It plays a vital role in the nuclear 
export of proteins and mRNA.147 Furthermore, NUP214 
serves as a crucial modulator of the transforming growth 
factor-beta (TGF-β) signaling cascade. Its decreased 
content suppresses TGF-β signaling, thereby inhibiting the 
malignant progression of U251 and U373.146

4.3.3. miR-200c-3p

Under hypoxic conditions, BG5 and BG7  cells increase 
neuronal activity, promoting the release of miR-200c-
3p-containing exosomes. In microglia, miR-200c-3p 
reduces the m6A methylation of DUSP9 mRNA by 
downregulating the expression of ZC3H13.148 Functioning 
as a repressor of the ERK pathway, decreased dual 
specificity phosphatase 9 (DUSP9) expression gives rise to 
heightened phosphorylation of ERK1/2, thereby triggering 
the activation of the ERK signaling pathway.149 Activation 
of ERK induces M2 polarization of microglia, ultimately 
fostering the proliferation of BG5 and BG7.148

It is evident that in comparison to proteins, a multitude of 
other molecules with the potential to influence m6A in glioma 
remain largely unexamined. Furthermore, current research 
is often constrained by the limited diversity and quantity of 
experimental samples. The heterogeneity of diseases such 
as glioma, coupled with inter-individual variations in gene 
expression, makes it difficult for studies based on single or 
a few samples to comprehensively reflect the true regulatory 
landscape of m6A modification. Therefore, to gain a more 
profound understanding of m6A, researchers need to expand 
the variety and quantity of experimental samples, striving to 
encompass a broader spectrum of genetic backgrounds and 
disease subtypes. Such efforts will facilitate the discovery 
of additional molecular structures that influence m6A and 
further elucidate their roles in diseases such as glioma, 
ultimately providing novel perspectives and strategies for 
disease diagnosis and treatment.

5. Effects of m6A modification on the 
therapeutic effect of GBM
Glioblastoma is widely recognized as the most lethal 
subtype of glioma.7 At present, after maximal surgical 
resection, radiation therapy combined with TMZ is widely 
considered the recommended therapeutic approach for 
newly diagnosed GBM cases.150 GSCs are the core factor 
underlying the recurrence of GBM and the failure of TMZ 
treatment. Endowed with stem cell properties such as self-
renewal, GSCs inherently exhibit robust chemoresistance.151 
The significant function of m6A-regulated genes in glioma 
provides new emerging biomarkers and therapeutic targets 
for GBM diagnosis and therapy (Figure 3).152
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The MGMT and ANPG genes are two critical DNA 
repair genes. After TMZ treatment, the overexpression 
of METTL3 significantly enhances m6A methylation 
and the mRNA levels of MGMT and APNG, leading 
to increased resistance of U87 and U251 to TMZ.153 At 
the same time, TMZ can increase METTL3 expression 
mediated by SOX4, then METTL3 stabilizes the mRNA of 
histone modification genes (such as EZH2) by inhibiting 
the nonsense-mediated mRNA decay process, thereby 
regulating histone modification states. More importantly, 
EZH2 forms a complex with SOX4 to regulate METTL3 
expression in an H3K27ac-mediated fashion, creating a 
positive feedback loop. Therefore, EZH2 is instrumental in 
mediating resistance to TMZ therapy in U87 and U251 and 
is indispensable for maintaining the GSC phenotype.27,154

In terms of tumor suppression, FTO can promote 
the nuclear translocation of forkhead box protein O3a 
(FOXO3a) and increase the transcription level of its 
downstream target genes, exerting an antitumor effect 
in U251 and LN229 by influencing processes such as 
programmed cell death and proliferation.155 Regarding 
drug resistance, FTO can affect the inhibitory effect of TMZ 
on glioma cells (e.g., U87, U251, LN229).27 Meclofenamic 
acid (MA) or its ethyl ester form (MA2) is identified as 
a specific FTO inhibitor.156 Treating GSCs with MA2 

can inhibit tumorigenesis induced by GSCs and extend 
the survival duration of mice that have undergone GSC 
transplantation.157 Besides, MA2 can downregulate MYC, 
inhibiting U87, U251, and A172 proliferation through the 
MYC-miR-155/23a cluster-MXI1 feedback loop. Based 
on the aforementioned research, the researchers speculate 
that the combination of MA2 and TMZ can enhance the 
efficacy of TMZ in killing U87, U251, and A172 cells.7

In U87, the upregulation of ALKBH5 enhances 
invasiveness by regulating the expression of cadherin 
(CDH)1, CDH2, matrix metalloproteinase-2, and 
fibronectin 1.158 In U251, U87, and their TMZ-resistant 
subtypes, the expression of exosomal circ_0072083 is 
significantly increased. circ_0072083 can upregulate 
ALKBH5 expression via competitive engagement with 
miR-1252-5p and increases the stability of NANOG 
mRNA through the demethylation effect of ALKBH5, 
thereby bolstering the resistance of glioma cells to TMZ.159 
Silencing ALKBH5 in U87, U251, and GL261 leads to 
an augmentation in the number of tumor-infiltrating 
cells, enhancing the antitumor immune response. 
Simultaneously, the lack of ALKBH5 impairs the stability 
of ZDHHC3 mRNA, which accelerates the degradation 
of programmed cell death 1 ligand 1 (PD-L1), thereby 
enhancing the therapeutic effectiveness of anti-PD-1 

Figure 3. M6A modification affects the therapeutic effect of glioblastoma (GBM). GBM stem cells (GSCs) are the core cause of GBM recurrence and 
temozolomide (TMZ) treatment failure, and m6A regulatory genes are potential diagnostic and therapeutic targets.151,152 Methyltransferase-like protein 3 
promotes TMZ resistance by enhancing the m6A modification of genes, such as MGMT and APNG, thereby forming a positive feedback loop.27,153,154 Fat 
mass and obesity-associated protein has a tumor-suppressive effect,155 and its inhibitor meclofenamic acid 2, can inhibit GSC stemness and enhance TMZ 
efficacy.7,156,157 Elevated AlkB homolog 5, RNA demethylase promotes GBM invasion and TMZ resistance, while its silencing or inhibition with Ena15 and 
Ena21 can suppress cell growth and improve antitumor immunity as well as the efficacy of anti-PD-1 therapy.156,159-161 Image created using BioRender.com. 
Tyt (2025) https://biorender.com/mfoccom.
Abbreviation: EMT: Epithelial-mesenchymal transition.

https://dx.doi.org/10.36922/GPD025400073


Volume 5 Issue 2 (2026)	 17� doi: 10.36922/GPD025400073

Gene & Protein in Disease M6A in glioma oncogenesis and progression

immunotherapy.160 GSCs can cause recurrence of GBM, 
and homologous recombination (HR) is the preferred 
repair pathway for GSCs.156 In GSCs (e.g., GC1, GC2), 
overexpression of ALKBH5 promotes the invasive capacity 
and resistance to radiotherapy of GSCs by inducing the 
expression of HR-related genes. Conversely, low levels of 
ALKBH5 increase the sensitivity of GSCs to radiotherapy 
and inhibit their invasive capacity.156 Ena15 and Ena21, 
two recently discovered inhibitors that exhibit selectivity 
toward ALKBH5, demonstrate respective inhibition 
rates of 74% and 53% against this enzyme.161 These two 
inhibitors exert their effect by inducing a halt in the cell 
cycle progression at the G0/G1 phase, leading to a decrease 
in the cellular population within the S phase. It has been 
shown that they exert dose-dependent growth inhibition 
in four GBM cell lines (LN229, KNS81, U87, and U251).161

In summary, m6A modification significantly affects 
the efficacy of therapeutic interventions targeting glioma. 
The development of inhibitors or agonists that target m6A 
methyltransferases or demethylases to modulate m6A 
modification in glioma cells may emerge as an innovative 
treatment strategy for glioma. Moreover, the combined 
application of m6A modification-based therapies with 
other treatment modalities has the potential to yield 
even better therapeutic outcomes. Through thorough 
investigation and a comprehensive understanding of the 
fundamental molecular mechanisms, new strategies and 
insights for the precise treatment of glioma are expected 
to be provided.

6. Discussion
The high incidence, mortality rate, and complications of 
glioma have severely threatened human health and quality 
of life. Therefore, the paramount significance of preventing, 
promptly detecting, and swiftly treating glioma cannot be 
overstated.

The m6A modification exerts a sophisticated regulatory 
influence in glioma. Research to date consistently 
demonstrates that m6A modification is critically 
involved in glioma initiation, progression, and malignant 
transformation, with this modification dynamically 
orchestrated by methyltransferase (writer), demethylase 
(eraser), and methyl-binding protein (reader). These 
three protein groups modulate the proliferation and 
invasive potential of glioma cells through different 
mechanisms. Meanwhile, non-coding RNAs (such as 
miRNA and lncRNA), upstream signaling proteins, 
and other cellular components can also affect the m6A 
modification process, thereby exerting corresponding 
impacts on the progression of glioma. On the other hand, 
the intricate modification of m6A shows remarkable 

potential in improving glioma prognosis, offering a novel 
avenue for treatment strategies.

However, there are some conflicting studies on the 
regulatory role of m6A modification in the occurrence, 
development, and treatment of glioma, which is closely 
related to the multidimensional nature of cell-line selection, 
experimental condition settings, and regulatory networks. 
Taking core regulatory molecules as an example, METTL3 
exhibits antitumor effects in specific cell backgrounds by 
regulating VPS25 mRNA, circDLC1, and miR-27b-3p 
through m6A modification. When it modifies oncogene 
mRNAs, such as MGMT and EZH2, or tumor-promoting 
lncRNAs, such as MALAT1 and HOTAIRM1, it enhances 
the tumor-promoting effect in more malignant scenarios. 
This conflict is not experimental bias but is determined by 
the functional properties of target molecules, heterogeneity 
of glioma molecular subtypes (such as IDH status), and 
cellular metabolic characteristics (such as aerobic glycolysis 
dependence), suggesting that the function of METTL3 
needs to be comprehensively judged by specific regulatory 
networks and tumor microenvironment. Its dual role also 
provides a segmented approach for precise targeted therapy.

The controversy surrounding the function of another 
core molecule, FTO, is equally significant. Some studies 
have shown that FTO can inhibit the proliferation of 
U251 and LN229  cells and enhance their sensitivity to 
TMZ by promoting FOXO3a nuclear translocation and 
downstream apoptosis gene expression.155 In contrast, 
other studies have shown that FTO can promote TMZ 
resistance in U87 and A172  cells by enhancing MYC 
mRNA stability and activating metabolic reprogramming 
pathways.7 The core reason for this conflict lies in the 
specificity of FTO-targeted genes. As an m6A demethylase, 
the function of FTO depends on downstream-bound 
mRNA substrates. When FTO acts on FOXO3a, it exerts 
antitumor effects by regulating the apoptotic pathway. 
When targeting oncogenes such as MYC and PDK1, drug 
resistance is promoted by enhancing cell proliferation 
and metabolic adaptability. In addition, differences in 
the cellular microenvironment exacerbate functional 
divergence. Under hypoxic conditions, the upregulation 
of miR-27a-3p inhibits FTO expression, while low FTO 
expression promotes drug resistance by suppressing the 
FOXO3a pathway. In normoxic or FTO overexpression 
scenarios, its regulation of MYC and PDK1 is dominant, 
exhibiting a pro-cancer effect. This bidirectionality is 
not contradictory, but a typical manifestation of m6A 
modification of “substrate-dependent function,” suggesting 
that the role of FTO needs to be comprehensively judged 
by combining specific regulatory networks with the tumor 
microenvironment.
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The dual role of METTL3 and FTO is not a “functional 
contradiction” on its own, but an inevitable result of the 
combined effects of glioma heterogeneity and regulatory 
network complexity. Simply defining m6A regulatory 
factors as promoting cancer or inhibiting cancer is overly 
simplistic and ignores the influence of cellular background, 
molecular subtypes, and microenvironment, making it 
difficult to directly translate into clinical plans. From a 
clinical translation perspective, this conflict provides 
a breakthrough for precise treatment: in the future, by 
detecting the molecular characteristics of glioma (such as 
IDH status and MGMT/FOXO3a expression profile) and 
microenvironmental indicators (such as hypoxia markers), 
the functional dominant direction of factors such as 
METTL3 and FTO can be determined, and personalized 
treatment plans can be matched for patients. The core 
challenge of current research is how to accurately match 
the molecular mechanisms of basic research with the 
individual characteristics of clinical patients, which should 
also be a key breakthrough direction for future research.

7. Challenges and prospects
Based on the complex regulatory role and transformation 
potential of m6A modification in glioma, current research 
still faces several urgent problems that need to be solved. 
In the future, breakthroughs from multiple dimensions are 
needed to promote clinical applications.

7.1. Core challenges currently faced

7.1.1. Differences between detection techniques and 
experimental standards

There are multiple methods for detecting m6A modification 
levels (such as methylated RNA immunoprecipitation 
sequencing and ultra-high-performance liquid 
chromatography-tandem mass spectrometry). The 
sensitivity and specificity differences of different methods 
may lead to bias in the quantitative results of modification 
levels. Meanwhile, some studies have not clearly controlled 
for tumor microenvironment factors, such as hypoxia 
and nutrient deficiency, which further exacerbate the 
conflicting results between studies.

7.1.2. Redundancy and compensation mechanism of 
the regulatory network

The “writer-eraser-reader” system has complex cross-
regulation, and single-molecule intervention is easily 
compensated for by other pathways. For example, 
after inhibiting METTL3, the body may maintain 
m6A modification levels by upregulating other 
methyltransferases (such as METTL14), leading to poor 
therapeutic effects. Additionally, m6A modification 
interferes with epigenetic regulation, such as DNA 

methylation and histone modification, and its synergistic 
mechanism has not been fully elucidated, which increases 
the difficulty of targeted intervention.

7.1.3. Disconnect between clinical samples and basic 
research

Most mechanism studies are based on conventional cell lines, 
such as U87 and U251. In contrast, clinical glioma samples 
have significant individual heterogeneity, such as variations 
in tumor microenvironment composition and immune cell 
infiltration ratios. The “ideal mechanism” validated in cell 
lines may fail in clinical samples due to microenvironment 
differences, resulting in a low success rate of translating 
basic research results into clinical practice.

7.1.4. Insufficient knowledge on the specificity and 
safety of targeted drugs

Existing m6A modification-related inhibitors (such as FTO 
inhibitor MA2 and ALKBH5 inhibitor Ena15) often have 
off-target effects, which may affect the m6A modification 
balance of normal cells and cause adverse reactions. 
Meanwhile, there is a lack of highly specific drugs targeting 
specific molecular subtypes of glioma.

7.2. Future research and application directions

7.2.1. Establish a multidimensional detection system

Future studies can integrate genomics, transcriptomics, 
metabolomics, and radiomics technologies to construct 
a comprehensive detection platform that includes 
molecular subtypes (IDH, 1p/19q status, etc.), target 
molecule expression profiles (MGMT, FOXO3a, etc.), 
and microenvironment indicators (hypoxia, immune 
infiltration, etc.), developing standardized quantitative 
thresholds to provide a basis for clinical screening of 
suitable treatment populations.

7.2.2. Analyze the collaborative and compensatory 
mechanisms of regulatory networks

Using single-cell sequencing, spatial transcriptomics, 
and other technologies to systematically draw m6A 
modification maps of different molecular subtypes of 
glioma, future studies should clarify the cross-regulatory 
relationships within the writer-eraser-reader system and 
the interference mechanisms between m6A modification 
and other epigenetic regulations. It is also recommended 
to develop a joint-targeted strategy for key compensatory 
pathways to improve treatment efficacy.

7.2.3. Strengthen the mechanism research driven by 
clinical samples

Expanding the clinical sample queue and increasing the 
in vitro culture of clinical samples can make mechanistic 
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research more closely related to clinical practice. At 
the same time, prospective clinical studies should be 
conducted to validate the predictive value of m6A-
modified molecular typing for treatment response, thereby 
promoting the translation of basic research findings into 
clinical guidelines.

7.2.4. Focus on the key role of m6A modification in 
glioblastoma stem cells

The GSCs are the core of glioma recurrence and drug 
resistance. Therefore, it is necessary to further explore the 
unique mechanisms of m6A modification in GSC stemness 
maintenance, DNA repair, and immune escape, ultimately 
developing targeted strategies for GSCs.

7.2.5. Develop highly specific, personalized, targeted 
drugs

Designing highly specific m6A-modified enzyme 
inhibitors, exploring the combination of inhibitors with 
chemotherapy/immunotherapy, and utilizing the dual 
effects of m6A modification on regulating tumor cell 
sensitivity and the immune microenvironment may 
enhance comprehensive therapeutic efficacy.

In summary, m6A modification, as the core hub of 
epigenetic transcriptome regulation in glioma, forms a 
complex regulatory network by targeting different RNA 
molecules, combining them with tumor molecular subtypes 
and microenvironment characteristics. It not only provides 
new targets and ideas for the precision treatment of glioma 
but also highlights the multiple challenges in current 
research, including technical standardization, mechanism 
analysis, clinical translation, and drug development. In the 
future, by establishing a multidimensional standardized 
detection system, analyzing the collaborative and 
compensatory mechanisms of regulatory networks, 
strengthening the research paradigm driven by clinical 
samples, focusing on the unique regulatory laws of GSCs, 
and developing highly specific personalized drugs, it is 
expected to break through existing bottlenecks; transform 
the basic research results related to m6A modification 
into clinical diagnostic tools and treatment plans; provide 
breakthroughs for improving the prognosis of glioma 
patients, thereby reducing recurrence and mortality rates; 
and promote glioma treatment into a new stage of precision 
and individualization.

8. Conclusion
As one of the core epitranscriptomic modifications in 
eukaryotes, m6A modification is deeply involved in 
the entire process of glioma initiation and progression 
through a dynamic regulatory network composed of 

methyltransferases, demethylases, and m6A-binding 
proteins. This modification can target multiple RNA 
subtypes, such as mRNAs, lncRNAs, circRNAs, and 
miRNAs. By regulating their stability, translational 
efficiency, or splicing processing, m6A modification 
affects key metabolic processes, including ferroptosis 
and glycolysis, as well as signaling pathways such as 
NF-κB, Wnt/β-catenin, and Hippo, ultimately modulating 
the malignant phenotypes of glioma cells, including 
proliferation, invasion, and cancer stem cell self-renewal. 
Meanwhile, upstream regulatory molecules (including 
proteins, lncRNAs, and miRNAs) can indirectly participate 
in glioma progression by regulating the expression or 
activity of m6A-related enzymes, ultimately forming a 
multi-layered and complex regulatory network.

Notably, m6A modification has a significant impact 
on the clinical treatment of glioma. Regulating the 
methylation levels of genes such as MGMT and FOXM1 
significantly affects the sensitivity of glioma to TMZ, 
serving as a key determinant of patients’ prognosis. It is 
worth noting that the oncogenic or tumor-suppressive 
effects of m6A regulatory factors depend on the 
characteristics of target RNAs, glioma molecular subtypes, 
and the tumor microenvironment. At present, inhibitors 
targeting m6A-related enzymes have shown potential to 
enhance chemotherapy sensitivity, offering a promising 
new direction for clinical treatment.

Future research should further clarify the synergistic 
effects and compensatory mechanisms of m6A regulatory 
networks, addressing issues including the standardization 
of detection techniques and heterogeneity between 
basic research and clinical samples. At the same time, 
it is necessary to promote the development of highly 
specific targeted drugs and optimize the combination 
strategy of m6A-targeted therapy with chemotherapy/
immunotherapy. With the advancement of research, 
m6A modification is expected to become an important 
biomarker for glioma molecular typing and prognosis 
evaluation, offering a novel approach to overcoming the 
bottleneck of traditional treatment and improving patients’ 
survival and prognosis.
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