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Introduction

Extensive research has demonstrated that non-coding 
RNAs (ncRNAs) play a crucial role in the regulation of 
phenotypic traits associated with tumor cell proliferation, 
apoptosis, drug resistance, and stem cell characteristics (1). 
For instance, the circular RNAs (circRNA) circGPR137B 
has been shown to inhibit the proliferation, invasion, and 
metastasis of tumor cells in liver cancer (2). The long non-
coding RNA (lncRNA) CASC8 promotes chemoresistance 

in esophageal squamous cell carcinoma by upregulating 
heterogeneous nuclear ribonucleoprotein L (hnRNPL) (3).  
Additionally, upregulation of the lncRNA DDIT4-AS1 
contributes to the maintenance of pancreatic cancer 
stemness (4).

N6-methyladenosine (m6A), as a reversible epigenetic 
RNA modification, plays a vital role in the regulation of 
RNA translation, splicing, degradation, and other biological 
processes, closely associated with tumor development (5). 
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Research has revealed that external factors such as radiation 
and hypoxia can disrupt the balance of m6A levels within 
cells, leading to cellular carcinogenesis. For instance, 
smoking can regulate the m6A modification of LINC0027 
through low methylation by ALKBH5, promoting the 
progression of male esophageal squamous cell carcinoma (6).  
Cadmium exposure can inhibit m6A modification of 
pri-miR-374c, inducing breast cancer proliferation and 
metastasis (7). Furthermore, gene expression dysregulation 
following cellular carcinogenesis can further disrupt m6A 
levels within cells (8). Imbalanced m6A methylation levels in 
tumors have been identified as a critical factor contributing 
to the dysregulation of ncRNA expression. For example, 
increased m6A levels of lncRNA RHPN1-AS1 have 
been observed in ovarian cancer, resulting in upregulated 
RHPN1-AS1 expression (9). In hepatocellular carcinoma 
(HCC) cells, the m6A demethylase ALKBH5 decreases the 
m6A modification level of LINC02551, leading to increased 

LINC02551 expression (10). In esophageal cancer, 
METTL3 upregulates miR-20a-5p expression by enhancing 
its m6A modification level (11). Decreased m6A methylation 
levels in chronic myeloid leukemia (CML) accelerate 
the degradation of lncRNA NEAT1, which, through the 
NEAT1/miR-766-5p/CDKN1A axis, inhibits apoptosis and 
enhances the viability of CML cells (12). Furthermore, the 
enzymatic activity and stability of m6A regulatory factors 
are also influenced by ncRNAs. For example, miR-628-5p 
can suppress the expression of METTL14 in HCC (13). 
LncRNA LINRIS stabilizes IGF2BP2 in colorectal cancer 
(CRC). The m6A modification process is dependent on 
three important regulatory factors: writers, erasers, and 
readers, which respectively add, remove, or read an m6A 
site (Figure 1). The interplay between ncRNAs and m6A 
regulatory factors collectively influences tumor initiation 
and progression, providing insights into early cancer 
diagnosis, prognosis prediction, and therapeutic strategies.

Figure 1 Functions of m6A modifications. M6A modifications are catalyzed by the methyltransferase complex consisting of METTL3, 
METTL14 and their cofactors WTAP, ZC3H13 (writers). The removal of m6A modifications relies on the demethylases FTO and 
ALKBH5 (erasers). M6A modifications are facilitated by the m6A binding proteins YTHDF1-3, YTHDC1-2, IGF2BP1-3, and 
HNRNPA2B1 (readers). In the nucleus, YTHDC1 is associated with alternative splicing and nuclear export; HNRNPC is associated with 
pre-mRNA processing and structure switching, and HNRNPA2B1 is associated with primary miRNA processing, alternative splicing and 
structure switching. In the cytoplasm, YTHDF1/2/3 are associated with RNA translation, and IGF2BP1/2/3 are associated with stability. 
m6A, N6-methyladenosine.
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M6A regulatory factors participate in the 
regulation of tumors through ncRNAs

M6A regulatory factors participate in the regulation of 
tumors through lncRNAs

M6A regulatory factors regulate tumor progression by 
influencing the stability of lncRNAs
The alteration of lncRNA stability is a primary regulatory 
method utilized by m6A regulatory factors. These factors 
modulate the proliferation, migration, and invasive 
capabilities of tumor cells by altering the stability of 
lncRNAs. For instance, METTL3 in various cancers 
increases the m6A methylation levels of target lncRNAs 
such as lncRNA LCAT3 (14), ZFAS1 (15), DANCR (16),  
LINC00958 (17),  MEG3 (18),  THAP7-AS1 (19),  
PCAT6 (20), lnc-CTHCC (21), lncRNA sil-as1 (22), 
lncRNA PVT1 (23) and LIFR-AS1 (24). This is done in 
synergy with corresponding m6A methylation readers like 
IGFBP1/IGFBP2 to enhance the stability of these lncRNAs. 
The increase in stability of lncRNAs mediated by METTL3 
promotes the proliferation, migration, and invasion 
of the respective tumor cells both in vitro and in vivo.  
Another m6A-related methyltransferase, METTL14, is 
upregulated in gastric and liver cancers, enhancing the 
stability of LINC01320 (25) and ARHGAP5-AS1 (26)  
by increasing their methylation levels. In head and neck 
squamous carcinoma, METTL14 collaborates with 
METTL3 to mediate the methylation-dependent stability 
enhancement of LNCAROD (27), promoting tumor cell 
proliferation and invasive metastasis. WTAP, an m6A writer, 
ensures the positioning of the METTL3-METTL14 
heterodimer at nuclear speckles (28). In nasopharyngeal 
carcinoma, WTAP-mediated m6A modification via 
IGF2BP2 enhances the stability of the target gene lncRNA 
DIAPH1-AS1 (29); in osteosarcoma, WTAP stabilizes 
lncRNA FOXD2-AS1 and enhances the stability of target 
gene FOXM1 mRNA (30), promoting tumor cell growth 
and metastasis. In HCC, METTL16, by upregulating 
the methylation level of lncRNA RAB11B-AS1, reduces 
its transcript stability, thereby suppressing RAB11B-AS1 
expression and inhibiting the proliferation, migration, 
and invasion of HCC cells, and promoting apoptosis (31). 
The demethylase ALKBH5 in gastric cancer decreases 
the stability of lncRNA TP53TG1 (32), enhancing cancer 
cell proliferation. FTO catalyzes the demethylation of 
LINC00022, leading to a decrease in YTHDF2-mediated 
degradation of LINC00022 and promoting the proliferation 
of esophageal squamous cell carcinoma cells (32). The m6A 

reader IGF2BP3, with increased expression in glioblastoma 
and cervical cancer, stabilizes lncRNA WEE2-AS1 (33) and 
lncRNA KCNMB2-AS1 (34) in a methylation-dependent 
manner, facilitating tumor progression. The m6A writer 
YTHDF2 promotes the degradation of lncRNA THOR 
in the cytoplasm in a methylation-dependent manner, 
affecting the proliferation, migration, and invasion of 
various cancer cells, including melanoma (35), non-small 
cell lung cancer (36) and osteosarcoma (37). In breast and 
endometrial cancer, it enhances the degradation of lncRNA 
FGF14-AS2 (38) and lncRNA FENDRR (39), respectively, 
promoting tumor cell metastasis. YTHDF3 promotes the 
degradation of m6A-modified lncRNA GAS5, regulating 
the progression of CRC through a GAS5-YAP-YTHDF3 
negative feedback loop (40).

M6A regulatory factors also influence the drug resistance 
of tumor cells by modifying the stability of lncRNAs. 
In HCC, the sorafenib resistance driver LINC01273 
downregulates the expression of METTL3 through a 
ceRNA mechanism. The decreased expression of METTL3 
leads to reduced m6A levels in LINC01273, inhibiting 
the YTHDF2-mediated degradation of LINC01273. This 
results in increased expression of LINC01273, contributing 
to drug resistance in tumor patients (41). In liver cancer, 
METTL3 can also enhance the stability of the sorafenib 
resistance driver lncRNA DUXAP8 in an m6A-dependent 
manner, promoting chemotherapy resistance (42). In lung 
adenocarcinoma, METTL3 increases the m6A levels of 
the target gene lncRNA SNHG17, enhancing its stability. 
This enhancement is achieved through the SNHG17/
EZH2/LATS2 axis, increasing the resistance of lung 
adenocarcinoma cells to gefitinib (43). In breast cancer, 
WTAP binds to the m6A modification sites of DLGAP1-
AS1 and enhances its stability. This process upregulates 
the expression of lncRNA DLGAP1-AS1, promoting 
doxorubicin resistance in breast cancer (44). In esophageal 
squamous cell carcinoma, ALKBH5 enhances the stability 
of lncRNA CASC8 in a methylation-dependent manner. 
This enhancement promotes the interaction between CASC8 
and hnRNPL, activating the Bcl/caspase3 pathway and 
increasing the chemotherapy resistance of tumor cells (3).

A recent study has shown that m6A regulatory factors 
play a role in regulating the metabolism of tumor cells 
by modulating the stability of lncRNAs (45). Even 
when oxygen is abundant and mitochondrial function is 
intact, tumor cells tend to undergo “aerobic glycolysis”, 
a phenomenon known as the Warburg effect (46). The 
Warburg effect, a significant characteristic of tumor energy 
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metabolism, is closely associated with the development 
and progression of cancer. In non-small cell lung cancer 
and prostate cancer, METTL3 enhances the stability of 
lncRNA ABHD11-AS1 (47) and lncRNA SNHG7 (48) 
in an m6A-dependent manner. This enhancement boosts 
the Warburg effect in tumor cells via the ABHD11-AS1/
EZH2/KLF4 axis and the SNHG7/SRSF1/c-MYC axis, 
respectively. IGF2BP2 in glioblastoma and CRC interacts 
with m6A methylation sites on lncRNA CASC9 (49) and 
lncRNA ZFAS1 (50), increasing the stability of CASC9 and 
ZFAS1. This process promotes aerobic glycolysis in tumor 
cells through the IGF2BP2/CASC9/HK2 axis and the 
IGF2BP2/ZFAS1/OLA1 axis. In bladder cancer, METTL14 
enhances the stability of lncRNA DBET in a methylation-
dependent manner, activating the PPAR signaling pathway. 
This activation promotes lipid metabolism in tumor cells, 
accelerating cancer progression (51).

M6A regulatory factors regulate tumor progression by 
influencing other biological processes of lncRNA
M6A regulatory factors can regulate the progression 
of tumor cells by influencing the splicing of lncRNA. 
METTL3 upregulates the m6A modification level of 
ANRIL, enhancing the splicing effect of SRSF3 on ANRIL, 
thereby promoting the DNA homologous recombination 
repair capacity of pancreatic cancer cells and facilitating 
resistance to gemcitabine in pancreatic cancer (52). 
Overexpression of YTHDF2 in HCC promotes the m6A-
dependent splicing of PLXNB2 pre-mRNA into the iron 
death-related lncRNA lncFAL, upregulating the expression 
of lncFAL and reducing the susceptibility of liver cancer 
cells to iron death (53).

Furthermore, YTHDC1 has been found to selectively 
recognize the m6A methylation site A783 on lncRNA 
Hotair in breast cancer cell lines, promoting the binding of 
lncRNA Hotair to chromatin and driving the proliferation 
and invasion of triple-negative breast cancer (54). In 
CRC, increased m6A modification enhances the nuclear 
accumulation of lncRNA RP11, leading to increased 
expression of RP11 in CRC cells and positively regulating 
the migration, invasion, and epithelial-mesenchymal 
transition (EMT) of tumor cells both in vitro and in vivo (55).  
YTHDF1 also enhances the translation efficiency of 
lncRNA THOR by recognizing its m6A modification, 
promoting the proliferation, migration, and invasion of 
various cancer cells such as melanoma (35), non-small 
cell lung cancer (36), osteosarcoma (37), and renal cell 
carcinoma (56) in both in vitro and in vivo settings.

M6A regulatory factors participate in the regulation of 
tumors through microRNA (miRNA)

M6A regulatory factors regulate tumor progression by 
influencing the maturation of miRNA
M6A regulatory factors  can modulate tumor cel l 
proliferation, migration, and invasion by either promoting 
or delaying the maturation of miRNAs. Pri-miRNAs with 
m6A modifications are recognized by hnRNPA2B1 and 
interact with DGCR8, facilitating miRNA processing and 
thereby influencing the onset and development of cancer 
cells. For instance, METTL3 in various cancers promotes 
the maturation of pri-miRNAs, such as pri-miR-20a-5p (11), 
pri-miR-126-5p (57), and pri-miR-17-92 (58), through an 
m6A/DGCR8-dependent mechanism. These METTL3-
mediated m6A-related miRNAs positively regulate tumor 
proliferation, migration, and invasion. This mechanism 
also explains how certain external factors disrupt m6A 
regulatory factors and affect tumor progression. For 
example, in pancreatic cancer, a smoke condensate 
induces the overexpression of METTL3, increasing m6A 
modification levels and promoting the maturation of 
pri-miR-25. miR-25-3p targets and activates the AKT-
p70S6K signaling pathway, enhancing the proliferation and 
metastasis of pancreatic cancer cells, revealing a mechanism 
by which smoking contributes to the progression of 
pancreatic cancer (59). In CRC infected with Fusobacterium 
nucleatum, the bacterium elevates the m6A methylation 
level of pri-mir-4717 through METTL3, fostering its 
maturation. miR-4717 targets and suppresses the expression 
of the tumor suppressor MAP2K4, promoting cancer cell  
proliferation (60). Lin et al. discovered that deoxycholic 
acid, by binding with METTL3, disrupts the formation 
of the METTL3-METTL14-WTAP complex. This 
reduces the m6A methylation level of pri-mir-92b in 
gallbladder cancer cells, inhibiting the maturation of mir-
92b-3p. Through its target gene PTEN, this leads to the 
deactivation of the oncogenic PI3K/AKT signaling pathway, 
ultimately exerting a tumor-suppressive effect (61). The 
hnRNPA2B1-DGCR8 complex binds with pri-miR-92a-
2-5p or pri-miR-373-3p, transforming them into mature 
exosomal miRNAs. This activates osteoclastogenesis and 
inhibits osteoblastogenesis, driving osteolytic bone disease 
in multiple myeloma (62).

M6A regulatory factors modulate drug sensitivity in 
tumors by either promoting or delaying the maturation of 
miRNAs. In breast cancer cells, HNRNPA2/B1 enhances 
DROSHA processing of pre-miRNAs, leading to the 
downregulation of miR-29a-3p, miR-29b-3p, and miR-222,  
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and the upregulation of miR-1266-5p, miR-1268a, and 
miR-671-3p. This results in decreased sensitivity of breast 
cancer cells to 4-hydroxytamoxifen and fulvestrant (63). In 
erlotinib-resistant lung adenocarcinoma cells, M6A acts 
through METTL3 to highly activate the miR-146a/Notch 
signaling pathway, while concurrently YTHDF2 suppresses 
TSUC7, countering the sponge-like regulatory effect of 
TUSC7 on miR-146a, which inhibits the Notch signaling 
function. These combined factors contribute to the drug 
resistance in lung adenocarcinoma (64). METTL14, in a 
methylation-dependent manner, promotes the maturation 
of miR-19a-5p (65) and miR-221-3p (66), respectively 
enhancing the resistance of non-small cell lung cancer to 
cisplatin and breast cancer to doxorubicin.

M6A regulatory factors control tumor cell metabolism, 
stemness, and radiotherapy sensitivity by promoting or 
delaying the maturation of miRNAs. Under hypoxic 
conditions, WTAP interacts with DGCR8 to facilitate the 
recognition of m6A-modified pri-miR-200 by DGCR8, 
leading to the processing of pri-miR-200 into mature 
miR-200. This significantly enhances the Warburg effect 
within cells (67). In esophageal squamous cell carcinoma 
cells, METTL14, through m6A modification, promotes 
the maturation of pri-miR-99a, increasing the stability of 
mir-99a-5p. This enhancement boosts the stem cell-like 
properties and radiation resistance of the cancer cells (68).

M6A regulatory factors regulate tumor progression by 
influencing other biological processes of miRNA
In addition to altering the processing and maturation 
of miRNA, m6A regulatory factors also regulate tumor 
progression by modulating pre-miRNA splicing and 
altering the local RNA structure in the terminal loop region 
of pri-miRNA. For instance, in lung cancer, METTL3 
enhances the biogenesis of pre-miR-143-3p by increasing 
its splicing, thereby promoting lung cancer metastasis to the 
brain and angiogenesis through the miR-143-3p/VASH1 
axis (69). In CRC, m6A, under the regulation of METTL3, 
modifies the local RNA structure in the terminal loop 
region of pri-miRNA, strengthening its interaction with 
RALY and facilitating the processing of specific miRNAs 
(such as miR-483, miR-676, and miR-877). These miRNAs 
systematically downregulate the expression of metabolism-
related genes (ATP5I, ATP5G1, ATP5G3, and CYC1), 
reprogramming mitochondrial metabolism in cancer cells, 
inducing reactive oxygen species production, and promoting 
the growth and progression of CRC (70). In ovarian cancer, 
overexpression of miR-145 inhibits cell proliferation, 

migration, and apoptosis, while overexpression of YTHDF2 
reduces the overall level of m6A mRNA in ovarian cancer 
cells, weakening the inhibitory effect of miR-145 on cell 
proliferation and migration. Furthermore, YTHDF2 is a 
direct target of miR-145, and a double-negative feedback 
loop exists between miR-145 and YTHDF2, collectively 
regulating the progression of ovarian cancer (71).

In certain circumstances, m6A regulatory factors also 
control the expression of miRNAs by regulating the 
levels of miRNA transcription factors, thereby impacting 
tumor progression. For example, in lung adenocarcinoma, 
METTL3 or YTHDF2 downregulates the transcription 
factor KLF4, which is a regulator of miR-1915, leading to 
the suppression of migration, invasion, and EMT in non-
small cell lung cancer cells (72). FTO, in a methylation-
dependent manner, enhances the stability and translation 
efficiency of the transcription factors MYC, which regulate 
mir-155/miR-23a, promoting the progression of glioma 
cells (73). 

M6A regulatory factors participate in the regulation of 
tumors through circRNA

M6A regulatory factors regulate tumor progression by 
influencing the stability of circRNA
M6A regulatory factors can influence the stability of 
circRNA to regulate the proliferation, migration, and 
invasion abilities of tumor cells. In cervical cancer, 
ALKBH5-mediated m6A modification enhances the 
stability and expression of circCCDC134 in a YTHDF2-
dependent manner. CircCCDC134 recruits p65 in the 
nucleus and acts as a miR-503-5P sponge to regulate 
MYB expression in the cytoplasm, ultimately stimulating 
HIF1A transcription and promoting cervical cancer cell 
proliferation and migration (74). In HCC, IGF2BP1 
binds to the m6A site on circMDK, enhancing circMDK 
transcript stability. CircMDK, as a sponge for miR-346 
and miR-874-3p, upregulates the expression of the target 
ATG16L1, activating the PI3K/AKT/mTOR signaling 
pathway and promoting liver cancer cell proliferation, 
migration, and invasion (75). In CRC, YTHDF2-mediated 
m6A modification leads to the degradation of circ_0003215. 
Through the circ-0003215/miR-663b/DLG4/G6PD 
axis, it inhibits the pentose phosphate pathway and the 
proliferation, migration, and invasion of CRC (76).

M6A regulatory factors  can also modulate the 
therapeutic sensitivity of tumor cells by altering the 
stability of circRNA. In HCC, increased m6A modification 
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levels enhance the stability of circRNA-SORE, which 
acts as a sponge for miR-103a-2-5p and miR-620-3p, 
competitively activating the Wnt/β-catenin pathway and 
promoting resistance to sorafenib in liver cancer cells (77). 
In hypopharyngeal squamous cell carcinoma, METTL3 
enhances the stability of cirCUX1 in a methylation-
dependent manner. Upregulated cirCUX1 binds to and 
inhibits Caspase1, reducing the release of inflammatory 
factors and inducing radioresistance in tumor cells (78).

M6A regulatory factors control tumor progression by 
influencing other biological processes of circRNA
M6A regulatory factors can also control tumor progression 
by influencing circRNA splicing and promoting the 
interaction between circRNA and miRNA. For instance, 
Rao et al. discovered that m6A modification also affects 
circRNA back-splicing and is involved in the process of 
HCC development caused by hepatitis B virus (HBV) 
infection. HBV protein upregulates METTL3 expression, 
increasing m6A modification of circ-ARL3. Subsequently, 
YTHDC1 binds to m6A-modified circ-ARL3, facilitating 
its back-splicing and biogenesis. Circ-ARL3 counteracts 
the inhibitory effect of miR-1305 on its target oncogenes, 
thereby promoting the proliferation and invasion of HBV-
positive HCC (79). In CRC, METTL3-induced m6A 
modification enhances the binding ability of circALG1 to 
miR-342-5p, thereby enhancing its ceRNA function and 
upregulating the expression of placental growth factor 
(PGF), ultimately promoting the proliferation, migration, 
and invasion of CRC cells (80).

The process by which m6A regulators influence tumor 
cell biological behavior through ncRNA is summarized in 
Figure 2.

NcRNAs participate in the regulation of tumors 
through m6A regulatory factors

LncRNAs participate in the regulation of tumors through 
m6A regulatory factors

LncRNAs participate in the regulation of tumors by 
influencing the stability of m6A regulatory factors
LncRNAs can directly interact with m6A regulatory 
factors and impact their protein stability and other intrinsic 
properties, thereby regulating the proliferation, migration, 
and invasion capabilities of tumor cells. 

For instance, research by Yang et al. demonstrated that 
in lung cancer cells, the lncRNA LCAT1 can directly bind 
to the IGF2BP2 protein, forming the LCAT1/IGF2BP2 

complex. This complex stabilizes CDC6 mRNA in an m6A-
dependent manner, leading to an increase in its expression 
level and promoting the growth and migration of lung 
cancer cells (81).

LncRNAs participate in the regulation of tumors by 
influencing the interaction between m6A regulatory 
factors and downstream target genes
In most cases, lncRNAs do not directly affect the expression 
levels and subcellular distribution of m6A regulatory 
factors in cancer cells. Instead, they modulate the binding 
capacity of m6A regulatory factors to target genes by 
directly interacting with them, thereby regulating tumor 
proliferation, migration, invasion, and other phenotypes. 
Specific lncRNAs, such as DMDRMR (82), LINC021 (83),  
lncRNA KB-1980E6.3 (84), LINC01605 (85), and 
LncRNA-PACERR (86), exhibit specific interactions with 
IGF2BP1/IGF2BP2/IGF2BP3, enhancing the binding 
capacity between IGF2BP1/IGF2BP2/IGF2BP3 and 
downstream target genes such as CDK4, MSX1, c-Myc, 
SPTBN2, and KLF12. This, in turn, increases the stability 
or accelerates the translation of target genes, promoting 
the proliferation, migration, invasion, and stem cell 
properties of CRC, breast cancer, and pancreatic cancer 
cells. LINC00460 (87) facilitates the interaction between 
the IGF3BP2/DHX9 complex and HMGA1, stabilizing 
HMGA1 mRNA in an m6A-dependent manner and 
promoting the proliferation, migration, and invasion of 
CRC cells. LncNRON (88) and lncRNA FOXM1-as (89)  
engage in RNA-protein interactions with ALKBH5, 
enhancing ALKBH5’s binding to target genes and 
increasing their expression levels, thereby promoting the 
pathological progression of gastric cancer and the stem cell 
characteristics of glioblastoma.

In HCC, lncRNA CASC11 enhances the binding 
ability of the demethylase ALKBH5 to UBE2T mRNA, 
leading to a decrease in UBE2T’s m6A modification level. 
Simultaneously, it weakens the binding ability of YTHDF2 
to UBE2T mRNA, inhibiting YTHDF2-dependent 
mRNA degradation and ultimately increasing the stability 
of UBE2T, thus promoting the progression of HCC (90). 
In CRC cells, lncRNA STEAP3-as1 directly binds to 
YTHDF2, competitively inhibiting the interaction between 
YTHDF2 and downstream target gene STEAP3. This 
prevents m6A-mediated degradation of STEAP3 mRNA, 
thereby increasing STEAP3 expression levels and promoting 
the proliferation and metastasis of CRC cells (91).  
In renal cell carcinoma, lncRNA TRAF3IP2-AS1 directly 
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interacts with the m6A methyltransferase complex composed 
of METTL3, METTL14, and WTAP, enhancing its 
binding to PARP1 mRNA. This interaction reduces the 
half-life of PARP1 mRNA, inhibiting the proliferation, 
migration, and invasion of renal cancer cells (92).

LncRNAs also regulate tumor treatment resistance 
by modulating the binding of m6A regulatory factors to 

downstream target genes. LncRNA ARHGAP5-as1 (93) 
and lncRNA DARS-AS1 (94) directly bind to METTL3/
METTL14, regulating their binding capacity to target 
genes and increasing the m6A levels of target genes. This 
ultimately promotes chemoresistance in gastric cancer 
and hypoxia adaptation in cervical cancer. In CML, 
LINC00470 binds to METTL3, positively regulating the 

Figure 2 M6A regulatory factors regulate tumor proliferation, migration, invasion, apoptosis, and drug resistance through ncRNAs. 
m6A, N6-methyladenosine; ncRNA, non-coding RNA; lncRNA, long non-coding RNA; circRNA, circular RNA; miRNA, microRNA;  
pri-miRNA, primary microRNA.

m6A

ci
rc

R
N

A

circRNA

circRNA

ci
rc

R
N

A

circRNA

ci
rc

R
N

A

W
rit

er

Writer

E
ra

se
r

Eraser

pr
i-m

iR
N

A

pr
i-

m
iR

N
A

pri-miRNA

pri-miRNA

pri-miRNA

ln
cR

N
A

lncRNA

lncRNA

lncRNA

ln
cR

N
A

ln
cR

N
A

R
ea

de
r

ReaderReader
Reader

Reader

Rea
der

Rea
de

r

m
iR

N
A

miRNA miRNA

P
ro

ce
ss

in
g

Processing

St
ab

liz
at

io
n

StablizationStablization

Stablization

S
ta

bl
iz

at
io

n
B

ac
ks

pl
ic

in
g

S
po

ng
e

Sp
lic

in
g

Splicing

Splicing

S
pl

ic
in

g
Tr

an
sc

rip
tio

n

Transcription

D
eg

ra
da

tio
n

Degradation

Proliferation

Apoptosis

Metabolism

D
rug resistance

In
va

si
on

 a
nd

 M
et

as
ta

si
s

BacksplicingSponge

circR
N

A

circR
N

A

circR
N

A

W
riter

W
riter

Write
r

Eraser

Eraser

Eraser

pri-m
iR

N
A

pri-m
iRNA

pri-m
iRNA

pri-m
iR

N
Apri-m

iR
N

A

lncR
N

A

lncRNA

lncRNA

lncRNA

lncRNA

lnc
RNA

lncRNA

lncR
N

A

lncR
N

A

R
eader

R
eader

Reader

Reader

R
ea

de
r

R
ea

de
r

R
eader

m
iR

N
A

m
iR

N
A

miRNA

m
iRNA

miRNA

miRNA

P
rocessing

Processing

Processing

P
rocessing

S
tablization

Stablization

Sta
bl

iza
tio

n

S
plicing

D
egradation

S
ponge

Deg
ra

da
tio

n



Translational Cancer Research, Vol 13, No 6 June 2024 3113

© Translational Cancer Research. All rights reserved.   Transl Cancer Res 2024;13(6):3106-3125 | https://dx.doi.org/10.21037/tcr-23-2401

m6A modification level of PTEN mRNA and promoting its 
degradation in an m6A-dependent manner. This inhibition 
of cellular autophagy enhances chemoresistance in  
CML (95). In gastric cancer, lncRNA-CBSLR (96), and 
in CRC, lncRNA MIR100HG (97), interact with m6A 
writers such as YTHDF2/hnRNPA2B1 and target genes, 
promoting the binding between YTHDF2/hnRNPA2B1 
and m6A modification sites of target genes. This m6A-
dependent regulation affects the expression levels of target 
genes, leading to increased resistance to ferroptosis in 
gastric cancer and resistance to chemotherapy and EMT 
as well as resistance to cetuximab in CRC. Similarly, 
lncRNA JPX acts as a molecular scaffold, interacting with 
m6A eraser FTO and the target gene PDK1 mRNA, 
thereby enhancing FTO-mediated m6A demethylation of 
PDK1 mRNA and promoting temozolomide resistance in 
glioblastoma (98).

LncRNAs can also modulate tumor metabolism by 
regulating the binding of m6A regulatory factors to 
downstream target genes. For example, lncRNA NEAT1 
interacts with hnRNPA2B1 and the target gene RPRD1B, 
facilitating the binding of hnRNPA2B1 to RPRD1B and 
increasing its stability in an m6A-dependent manner. 
This promotes fatty acid metabolism and lymph node 
metastasis in gastric cancer (99). LncRNA HOTAIR (100) 
and lncRNA JPX (98) enhance the interaction between 
m6A eraser FTO and downstream target genes, increasing 
FTO-mediated m6A demethylation and promoting aerobic 
glycolysis in lung cancer and glioblastoma, respectively.

MiRNAs participate in the regulation of tumors through 
m6A regulatory factors

MiRNAs participate in the regulation of tumors by 
directly targeting m6A regulatory factors
The majority of miRNAs regulate tumor proliferation, 
migration, and invasion by directly targeting m6A 
regulatory factors, leading to the downregulation of m6A 
regulatory factor expression. For instance, miR-186 (101), 
miR-320d (102), miR-338-5p (103,104), miR-302a (105), 
and miR-let-7g target and downregulate METTL3, thereby 
modulating the expression of downstream target genes in a 
methylation-dependent manner. This negative regulation 
ultimately affects the proliferation, migration, and invasion 
of HCC, prostate cancer, lung cancer, gastric cancer, and 
glioblastoma. In breast cancer, let-7g targets METTL3 and 
downregulates its expression. METTL3, in turn, promotes 
the expression of HBXIP through an m6A-dependent 

mechanism. HBXIP, which suppresses the expression of 
let-7g, forms a positive feedback loop involving HBXIP/
let-7g/METTL3/HBXIP, thereby accelerating breast 
cancer cell proliferation (106). In liver cancer, exosomes 
derived from M1 macrophages transfer miR-628-5p to 
liver cancer cells. miR-628-5p targets and inhibits the 
expression of METTL14, suppressing the circFUT8/
miR-552-3p/CHMP4B pathway mediated by METTL14 
and thus inhibiting the progression of liver cancer (13). In 
acute myeloid leukemia, mir-550-1 targets and inhibits the 
expression of WTAP. This leads to tumor cell apoptosis and 
inhibition of tumor cell proliferation through the WTAP/
WWTR1/BCL-2 and WTAP/WWTR1/CDK6/Rb/E2F1 
pathways (107). miR-495, miR-6125, miR-362-3p, and 
miR-425-5p target and suppress the expression of YTHDF2 
and ZC3H13, enhancing the stability of their target genes. 
This inhibition results in decreased proliferation, migration, 
and invasion of prostate cancer and colon cancer cells, 
as well as a reduction in tumor immune cell infiltration, 
immune cell biomarker expression, and immune checkpoint 
expression mediated by ZC3H13, ultimately leading to poor 
prognosis in liver cancer (108).

miRNAs can also regulate tumor drug resistance and 
metabolism by targeting and downregulating the expression 
of m6A regulatory factors. miR-4443 targets METTL3 
and downregulates its expression, increasing the expression 
level of its target gene FSP1 in an m6A-dependent manner. 
This inhibits ferroptosis in non-small cell lung cancer 
cells and promotes the progression of non-small cell lung 
cancer and resistance to cisplatin (109). MiR-493-5p targets 
METTL3 and negatively regulates the METTL3/MYC 
axis, enhancing the sensitivity of acute myeloid leukemia 
cells to the chemotherapeutic agent cytarabine (AraC) (110). 
In breast cancer, miR-16-5p targets and downregulates the 
expression of YTHDF1, suppressing the protein translation 
of YTHDF1’s target gene PKM2 in an m6A-dependent 
manner. This, in turn, inhibits anaerobic glycolysis and the 
metastatic potential of breast cancer (111).

In addition to directly targeting mRNA of m6A 
regulatory factors to downregulate their expression, 
miRNAs can also indirectly regulate the expression of m6A 
regulatory factors by targeting their associated proteins, 
such as transcription factors. In breast cancer, ZNF217 
upregulates the expression of METTL3, while miR-135  
specifically targets and inhibits ZNF217 expression, 
indirectly reducing the expression levels of METTL3 
and its mediated m6A modification. This ultimately 
promotes breast cancer cell migration, invasion, and EMT  
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initiation (112). Similarly, miR-96 targets and downregulates 
the expression of AMPKα2 in CRC cells, inhibiting its 
ability to upregulate FTO expression. This AMPKα2/FTO/
m6A/MYC axis promotes the occurrence and progression 
of CRC (113).

MiRNAs affect m6A regulatory factors through 
alternative pathways and participate in the regulation 
of tumors
In CRC, miR455-3p binds to the target gene HSF1 mRNA, 
competitively inhibiting the binding between METTL3 
and HSF1, thereby suppressing HSF1 protein translation 
and impeding the progression of CRC (114). During 
glioblastoma stem cell differentiation, mir-145 forms a 
complex with FTO to recruit the FTO target gene CLIP3. 
This complex, consisting of FTO/AGO1/ILF3/miR-145, 
promotes m6A demethylation of CLIP3, induces CLIP3 
translation, and facilitates glioblastoma progression (115).

CircRNAs participate in the regulation of tumors through 
m6A regulatory factors

CircRNAs participate in the regulation of tumors by 
modulating the expression of m6A regulatory factors 
through the ceRNA mechanism
CircRNAs commonly function as ceRNAs to influence the 
expression of m6A regulatory factors, thereby regulating 
tumor cell proliferation, migration, invasion, and drug 
resistance. For example, in breast cancer, CircBach2 acts 
as a sponge for has-miR-944, counteracting the inhibitory 
effect of has-mir-944 on hNRNPC and increasing 
hNRNPC expression, ultimately promoting breast cancer 
cell proliferation by upregulating the MAPK signaling 
pathway (116). In CRC, circEZH2 acts as a sponge for 
miR-133b and enhances the stability of CREB1 mRNA 
through the circEZH2/miR-133b/IGF2BP2/CREB1 axis, 
thereby promoting CRC proliferation and metastasis in 
both in vitro and in vivo settings (117). In non-small cell 
lung cancer, CircVMP1 serves as a sponge for miR-524-5p  
and upregulates METTL3, leading to increased stability 
of the target gene SOX2 mRNA in an m6A-dependent 
manner, thereby promoting pathological progression and 
cisplatin resistance in non-small cell lung cancer cells (118).

CircRNAs participate in the regulation of tumors by 
directly binding to m6A regulatory factors
CircRNAs can directly bind to m6A regulatory factors to 
enhance their protein stability and thereby regulate the 

pathological progression of tumors. In CRC, circEZH2 
can directly interact with IGF2BP2, preventing ubiquitin-
dependent degradation of IGF2BP2. Through the 
circEZH2/IGF2BP2/CREB1 axis, it enhances the stability 
of CREB1 mRNA and promotes the proliferation and 
metastasis of CRC in vitro and in vivo (117).

In HCC, CircRHBDD1 acts as a molecular scaffold, 
strengthening the interaction between YTHDF1 and its 
target gene PIK3R1 mRNA. It increases the translation of 
PIK3R1 mRNA in an m6A-dependent manner, activating 
the PI3K/AKT signaling pathway and promoting the 
proliferation and glycolysis of liver cancer cells (119). 
Another functional circRNA, rtcisE2F, in liver cancer, 
also acts as a molecular scaffold to facilitate the binding 
of IGF2BP2 to its target genes E2F6/E2F3 mRNA. It 
increases the stability of E2F6/E2F3 mRNA in an m6A-
dependent manner, driving self-renewal of liver tumor-
initiating cells (TICs), enhancing tumor heterogeneity, 
activating the Wnt/β-catenin pathway, and promoting the 
metastasis of liver cancer cells (120).

Other ncRNAs participate in the regulation of tumors 
through m6A regulatory factors

In addition to PIWI proteins, another class of non-coding 
small RNAs called piRNAs interact with Argonaute family 
proteins to regulate mRNA stability, protein synthesis, 
chromatin organization, and genome structure. Recent 
studies have discovered that certain piRNAs also participate 
in tumor progression through m6A regulatory factors. For 
instance, in cervical cancer cells, piRNA-14633 specifically 
binds to its target gene METTL14, increasing the stability 
of METTL14 mRNA, thereby enhancing the expression 
of the downstream target gene CYP1B1 in an m6A-
dependent manner, promoting the proliferation, migration, 
and invasion of cervical cancer cells (121). In diffuse large 
B-cell lymphoma, piRNA-30473 directly targets WTAP 
and enhances its stability, leading to increased m6A levels of 
the HK2 mRNA, thereby promoting the proliferation and 
invasion of diffuse large B-cell lymphoma (122). Moreover, 
piRNA-17560 derived from senescent neutrophil-derived 
extracellular vesicles enhances the RNA stability of FTO 
by binding to the 3’UTR of FTO mRNA, resulting in 
the upregulation of the FTO target gene ZEB1 in an 
m6A methylation-dependent manner, thereby promoting 
chemotherapy resistance and EMT in breast cancer (123).

The process by which ncRNAs affect tumor phenotypes 
by regulating m6A regulators is summarized in Figure 3.
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Clinical applications of M6A-associated ncRNAs

The role of m6A-associated ncRNAs as prognostic markers 
in cancer

Research has revealed a significant association between the 
dysregulation of many m6A-related ncRNAs and tumor 
grade and stage. The expression levels of these ncRNAs 

can serve as prognostic indicators for malignant tumors. 
For instance, a risk scoring system based on the differential 
expression of 11 m6A-related lncRNAs, including 
LINC01644, LINC01410, AL355574.1, AC091271.1, 
and LINC006303.2, has been identified as an independent 
prognostic factor for oral squamous cell carcinoma (124).  
Upregulation of nine m6A-related lncRNAs (e.g., 

Figure 3 Non-coding RNAs regulate tumor phenotypes such as proliferation, migration, apoptosis, and drug resistance through m6A 
regulatory factors. m6A, N6-methyladenosine; lnc RNA, long non-coding RNA; circRNA, circular RNA; miRNA, microRNA; piRNA, 
PIWI-interacting RNA.
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linc01117, linc00592, tmpo.as1) in lung adenocarcinoma 
is associated with lower overall survival. The risk score 
generated from these lncRNAs can serve as an independent 
prognostic marker for lung adenocarcinoma, with patients 
exhibiting higher scores demonstrating increased sensitivity 
to PD-1/L1 immunotherapy and targeted therapy (125). 
Current research suggests that risk scoring models based 
on m6A-related lncRNAs can serve as prognostic indicators 
for malignant tumors in various cancers, including gastric 
cancer, bladder cancer, and breast cancer. This review article 
provides an overview of these findings (Figure 4) (124-147).

The role of m6A-related ncRNAs as therapeutic targets in 
cancer

Current research suggests that m6A-related ncRNAs can 
serve as therapeutic targets in cancer either independently 
or in combination with chemotherapy drugs, other targeted 
anti-cancer agents, and immunotherapy, thereby enhancing 
anti-tumor efficacy. This article provides a comprehensive 
review of these approaches (Figure 5).

In multiple myeloma cells, EZH2 promotes the 
enrichment of LOC606724 in adipocyte-derived exosomes 
through METTL7A-mediated m6A methylation. The 

Figure 4 M6A-related non-coding RNAs serve as prognostic markers for tumors in different cancer types (124-147). m6A,  
N6-methyladenosine, lncRNA, long non-coding RNA.

Glioma (GBMLGG): 
•  9 m6A-related lncRNAs (AUC =0.928) (137)

Head and neck squamous cell carcinoma 
(HNSC): 
•  12 m6A-related lncRNAs (AUC =0.715) (138)

Esophageal cancer (ESCA): 
•  3 m6A-related lncRNAs (AUC =0.684) (139)

Pancreatic adenocarcinoma (PAAD):
•  10 m6A-related lncRNAs (AUC =0.828) (143)

•  3 m6A-related lncRNAs (AUC =0.710) (144)

Colorectal cancer (CRC): 
•  7 m6A- and m5C-related lncRNAs (AUC =0.721) (145)

•  7 m6A-related lncRNAs (AUC =0.695) (146)

Bladder cancer (BLCA): 
•  11 m6A-related lncRNAs (AUC >0.74) (147)

Gastric cancer (STAD): 
•  11 m6A-related lncRNAs (AUC =0.879) (140)

•  11 m6A-related lncRNAs (AUC =0.850) (141)

•  6 m6A-related lncRNAs (AUC =0.828) (142)

Oral squamous cell carcinoma (OSCC):
•  5 m6A-related lncRNAs (AUC =0.704) (124)

•  9 m6A-related lncRNAs (AUC =0.750) (126)

Thyroid cancer (THCA):
•  20 m6A-related lncRNAs (AUC =0.94) (127)

Lung cancer (LUNG): 
•  9 m6A-related lncRNAs (125)

•  4 m6A-related lncRNAs (AUC =0.617) (128)

Clear-cell renal cell carcinoma (KIRC):
•  12 m6A-related lncRNAs (AUC =0.735) (132)

Ovarian cancer (OV): 
•  7 m6A-related lncRNAs (133)

•  16 m6A-related lncRNAs (AUC =0.713) (134)

Endometrial cancer (UCEC) and cervical 
cancer (CESC): 
•  5 m6A-related lncRNAs (AUC =0.74) (135)

•  7 m6A-related lncRNAs (AUC =0.708) (136)

Hepatocellular carcinoma (LIHC):
•  16 m6A- and ferroptosis-related lncRNAs 

(mfrlncRNA) (AUC =0.831) (129)

•  8 m6A-related snRNAs (130)

•  4 m6A-related lncRNAs (AUC =0.768) (131)
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exosomal LOC606724 enhances c-MYC mRNA translation 
via eIF4E, protecting myeloma cells from chemotherapy-
induced apoptosis. In vitro experiments demonstrated that 
the EZH2 inhibitor tazemetostat significantly reduces the 

expression of LOC606724 in adipocyte-derived exosomes, 
and when combined with bortezomib, it synergistically 
inhibits tumor growth in a mouse model of multiple 
myeloma (Figure 5A) (148). In HCC, the m6A-related 

Figure 5 The role of m6A-related non-coding RNAs as targets in cancer therapy. (A) Tazemetostat can reduce the expression of 
LOC606724 (an m6A-associated lncRNA) in exosomes, and in combination with bortezomib, synergistically inhibits tumor growth in a 
mouse model of multiple myeloma. (B) A polyethylene glycolyzed poly (lactic acid/glycolic acid) nanoplatform (PLGA-PEG NP) loaded 
with LINC00958 siRNA (si-LINC00958) PLGA-PEG (si-LINC00958) NPs suppress tumor growth in a mouse model of liver cancer. (C) 
LncRNA ABL is an m6A-related lncRNA. Polyethylene glycol-modified cationic liposomes (PEG-CLs) loaded with ABL-specific siRNA 
PEG-CLs, when combined with paclitaxel, can synergistically inhibit the development of gastric cancer. (D) M6A-modified circQSOX1 can 
promote immune evasion of colorectal cancer in a specific way. Combination therapy with sh-circQSOX1 and anti-CTLA-4 can inhibit the 
development of CRC by overcoming resistance to immunotherapy. m6A, N6-methyladenosine.
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lncRNA LINC00958 promotes lipid accumulation, 
proliferation, migration, and invasion of liver cancer cells. 
A polyethylene glycolyzed poly (lactic acid/glycolic acid) 
nanoplatform (PLGA-PEG NP) loaded with LINC00958 
siRNA (si-LINC00958) PLGA-PEG (si-LINC00958) NPs 
effectively suppress tumor growth in a mouse model of liver 
cancer and significantly prolong overall survival, suggesting 
the potential of PLGA-PEG (si-LINC00958) NPs as 
nanotherapeutic candidates for HCC (Figure 5B) (17).  
In gastric cancer cells, m6A modification enhances the 
stability of LncRNA ABL through m6A methylation 
reader IGF2BP1, inhibiting apoptosis and promoting 
multidrug resistance. In vitro experiments demonstrated 
the development of polyethylene glycol-modified cationic 
liposomes (PEG-CLs) loaded with ABL-specific siRNA. 
Combined with paclitaxel, targeting ABL significantly 
enhances chemosensitivity of gastric cancer cells and 
improves anti-tumor efficacy (Figure 5C) (149). In CRC 
cells, circQSOX1 is upregulated in an m6A methylation-
dependent manner and regulates glycolysis through miR-
326/miR-330-5p, promoting immune evasion of CRC 
cells and suppressing anti-CTLA-4 therapy response in 
CRC patients, leading to immune therapy resistance. In 
in vivo experiments, the combination of sh-circQSOX1 
and anti-CTLA-4 significantly inhibits tumor volume and 
weight in a mouse model of CRC, enhancing the efficacy of 
immunotherapy (Figure 5D) (150).

Conclusions

M6A methylation modification is a reversible epigenetic 
RNA modification regulated by m6A-related regulatory 
factors, and it plays a crucial role in regulating RNA 
processes such as translation, splicing, and degradation. 
NcRNAs are important components of the transcriptome 
and play critical regulatory roles in tumor cell proliferation, 
apoptosis, drug resistance, and stemness maintenance. 
Dysregulation of ncRNAs is closely associated with cancer 
progression. In tumor cells, ncRNAs interact with m6A 
regulatory factors, collectively influencing the pathological 
processes of cancer. M6A regulatory factors can regulate 
the expression of ncRNAs through various mechanisms, 
such as stabilizing lncRNAs, promoting the maturation 
of pri-miRNAs, etc. Similarly, ncRNAs can modulate the 
expression and function of m6A regulatory factors through 
various pathways, including enhancing the binding capacity 
of m6A regulatory factors to downstream target genes, 
regulating the stability of m6A regulatory factors, and 

targeting the degradation of m6A regulatory factor mRNAs. 
This review summarizes the interaction between ncRNAs 

and m6A regulatory factors in tumor cells and highlights 
m6A-related ncRNAs that can serve as prognostic markers, 
providing insights into exploring novel therapeutic targets 
and prognostic indicators in cancer associated with m6A 
modifications. Currently, there are therapeutic strategies 
targeting m6A-related ncRNAs as tumor therapy targets, 
but these studies are limited to the animal level, and the 
clinical treatment efficacy remains unknown, requiring 
further validation. Furthermore, numerous studies have 
elucidated the role of ncRNAs in cancer prognosis through 
m6A-seq and risk models. For instance, a prognostic risk 
model based on nine m6A-related lncRNAs in glioblastoma 
achieved an AUC (areas under the receiver operating 
characteristic curve) of 0.928, indicating the tremendous 
potential of m6A-related ncRNAs as tumor prognostic 
markers. However, the current sample size for m6A-related 
ncRNAs as tumor prognostic markers is limited, and further 
investigations with larger sample sizes are needed to assess 
the accuracy of m6A-related ncRNAs as tumor prognostic 
markers.
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