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Abstract
The tumor microenvironment (TME), which is regulated by intrinsic oncogenic mechanisms and epigenetic modifications, has become a research hotspot in recent years. Characteristic features of TME include hypoxia, metabolic
dysregulation, and immunosuppression. One of the most common RNA modifications, N6-methyladenosine ( m6A)
methylation, is widely involved in the regulation of physiological and pathological processes, including tumor development. Compelling evidence indicates that m6A methylation regulates transcription and protein expression through
shearing, export, translation, and processing, thereby participating in the dynamic evolution of TME. Specifically, m
 6A
methylation-mediated adaptation to hypoxia, metabolic dysregulation, and phenotypic shift of immune cells synergistically promote the formation of an immunosuppressive TME that supports tumor proliferation and metastasis.
In this review, we have focused on the involvement of m6A methylation in the dynamic evolution of tumor-adaptive
TME and described the detailed mechanisms linking m6A methylation to change in tumor cell biological functions. In
view of the collective data, we advocate treating TME as a complete ecosystem in which components crosstalk with
each other to synergistically achieve tumor adaptive changes. Finally, we describe the potential utility of m
 6A methylation-targeted therapies and tumor immunotherapy in clinical applications and the challenges faced, with the aim of
advancing m6A methylation research.
Keywords: Hypoxia, Tumor metabolism, Exosomes, Immune escape, Tumor biological functions, Tumor combination
therapy
Introduction
N6-methyladenosine, a methylation process occurring at
the N6 position of adenosine, is one of the most abundant and conserved internal transcriptional modifications, especially in eukaryotic messenger RNA (mRNA)
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[1]. More than 7000 human genes with 12,000 
m6A
methylation sites that are enriched in the consensus
sequence ‘RRACH’, which is predominantly located stop
codons and 3′ untranslated regions (3′ UTRs) [2]. The
m6A methylation process is regulated by multiple regulators that are classified into three types, specifically,
methyltransferases (writers), demethylases (erasers),
and reading proteins (readers), which, respectively, add,
remove or read an m
 6A methylation site. Methyltransferase writers (METTL3, METTL14, METTL16, Wilms
tumor 1-associated protein (WTAP), KIAA1429) are
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responsible for initiation of the m6A methylation modification process [3, 4]. The main function of reading proteins (YTHDF1/2/3 and YTHDC1/2 etc.) is to recognize
bases that undergo m
 6A methylation, thus activating
downstream regulatory pathways, such as RNA degradation and miRNA processing [5, 6]. As erasers, the demethylases fat mass- and obesity-associated protein (FTO)
and ALKBH5 are responsible for demethylation modification of bases that have undergone m
 6A methylation.
These regulators (for example, the YTHDC and YTHDF
families) are essential for RNA metabolic processes,
including RNA shearing, export, translation, and processing [3, 7–9]. Therefore, m
 6A methylation is widely
involved in multiple physiological activities. The issue
of whether m6A methylation exerts anti- or pro-cancer
effects remains controversial. The inconsistent results
obtained to date may be attributable to distinct characteristics as a result of complex crosstalk of TME and
differential regulation of target genes by m
 6A methylation [10]. However, accumulating evidence suggests that
m6A methylation promotes the development of multiple
diseases, including cancer, under specific circumstances
[11–13].
Tumor survival and proliferation cannot be achieved
without the support of TME, a highly complex and heterogeneous ecosystem that includes not only the tumor
cells themselves but also their surrounding cell milieu,
including immunosuppressive cells (tumor-associated
mesenchymal stem cells (TA-MSCs), cancer-associated
fibroblasts (CAFs), myeloid-derived suppressor cells
(MDSCs), tumor-associated macrophages (TAMs),
immune and inflammatory cells, and various other cell
types) as well as intercellular stroma, microvasculature,
and biomolecules infiltrating from nearby regions [14,
15]. The interactions between tumor cells and TME promote proliferation, differentiation, invasion, metastasis
and even drug resistance [16]. Multiple components of
TME contribute to the formation of an immunosuppressive microenvironment that promotes tumor immune
escape, thus accelerating progression of these events,
which can be attributed to hypoxia, metabolic dysfunction, immune cell phenotypic shift, and tumor-derived
exosomes (Tu-Exo) [17–20]. As the most prevalent epigenetic modification of mRNA and non-coding RNA [21],
m6A methylation achieves post-transcriptional control of
protein expression through effects on RNA metabolism,
in turn, influencing a wide range of cellular activities [10].
The efficacy of tumor immunotherapy is significantly
limited by the immunosuppressive TME. To overcome
these barriers, systematic evaluation of the phenotypic
and functional changes of immune cells in TME is crucial. Interestingly, increasing evidence suggests that
m6A methylation has the potential to support tumor
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immune escape via modulation of the immunosuppressive TME [22–24]. Indeed, tumor cell proliferation
leads to hypoxia, which promotes the onset of metabolic
reprogramming and participates in the phenotypic and
functional conversion of immune cells in a m6A methylation-dependent manner, leading to the formation of an
immunosuppressive tumor microenvironment (TME)
that facilitates changes in mutually supportive biological functions to stimulate distant tumor metastasis. This
review focuses on the complex association of m
 6A methylation with TME, highlighting potential mechanisms by
which m6A methylation contributes to tumor growth and
metastasis, including regulation of the hypoxic environment, metabolic reprogramming, immune cells, and biological functions.

m6A methylation and hypoxia in TME
Excessive distance between the vascular system and
tumor cells can lead to diffusion-limited hypoxia [25].
Under conditions of excessive tissue hypoxia, homeostasis of the microenvironment is disrupted, generating
a hypoxic, hypoglycemic, and acidic TME conducive to
tumor growth [26]. Notably, hypoxia and tumor growth
form a mutually positive feedback loop. Tumor cell proliferation leads to excessive oxygen depletion and promotes
a hypoxic environment in TME, which, in turn, provides
conditions suitable for tumorigenesis and metastasis
through multiple modalities including proliferation, differentiation, and drug resistance [23, 27]. Cell response to
hypoxia is mainly controlled by hypoxia-inducible factors
(HIF), heterodimeric helix-loop-helix proteins composed
of O2-labile alpha and constitutively expressed beta subunits (HIF1α, HIF2α, and HIF-1β), involved in coordinating the regulation of numerous mechanisms that enable
tumor cells to adapt to the hostile environment [28].
HIF-1α and HIF-2α primarily recognize similar hypoxia
response elements in promoters of target genes and function stably in hypoxic environments [29]. HIF activates
genes that control cellular oxygen homeostasis, including
those involved in glucose metabolism and lactate metabolism. These molecular changes lead to a shift toward
glycolysis rather than oxidative metabolism to accomplish tumor adaptive changes [30].
m6A methylation promotes tumor progression in hypoxic
conditions

HIF is extensively involved in tumor metabolism and
has been shown to play a pivotal role in immune escape.
Numerous m6A modification-related enzymes participate
in regulation of HIF methylation and expression, consequently affecting tumor progression [31]. The immunosuppressive TME is critical for tumor growth and
paracrine mediators facilitate tumor evasion of immune
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surveillance. A number of researchers have proposed
that hypoxia-induced ALKBH5 stabilizes transcripts and
promotes relocalization of the transcriptional repressor,
SFPQ, from the CXCL8 promoter to paraspeckles by
eliminating the deposition of m
 6A-methylated lncRNA
NEAT1, ultimately stimulating tumor macrophage
recruitment and tumor immune escape through upregulation of CXCL8/IL8 in glioblastoma [32]. Interestingly,
m6A methylation is involved in shaping the hypoxic,
hypoglycemic, and acidic microenvironment and promotes tumor growth through metabolic reprogramming.
For instance, upregulation of hepatitis B virus X-interacting protein (HBXIP) positively promotes expression
of the m
 6A methylase METTL3, resulting in enhanced
HIF-1α expression and maintenance of high levels of
glycolysis, thus promoting malignant proliferation of
hepatocellular carcinoma (HCC) [33]. Accordingly, we
suggest that m
 6A methylation and hypoxia synergistically promote tumor proliferation via forming a positive
feedback loop. Hypoxia-induced YTH-domain family
2 (YTHDF2) is reported to inhibit hepatocellular carcinoma (HCC) growth via destabilizing EGFR mRNA,
which may contribute to resistance to tumorigenesis in
a hypoxic environment [34]. However, hypoxia in TME
mainly promotes tumorigenesis and malignant progression by altering m6A methylation levels to affect downstream adaptive responses, such as immune cell function
and tumor biological behavior (including angiogenesis,
autophagy, apoptosis, epithelial-mesenchymal transition
(EMT), and distant metastasis [35]), as discussed in detail
below.
HIF affects immune cell function

Hypoxia-mediated HIF is proposed to regulate various
aspects of tumor immunity, particularly immune cell
populations critical for effective anti-tumor immune
responses. Disruption of these cell populations impairs
the immune response and contributes to the development of immunosuppressive TME, thus allowing tumors
to evade immune surveillance and killing.
As a major cellular component of the adaptive
immune response to tumor neoantigens, T lymphocyte proliferation and function are significantly suppressed in hypoxia compared to normoxic conditions.
Hypoxic areas of spleen and lymph may block C D8+
T-cell activation by stabilizing HIF1α and inhibiting
TCR-mediated Ca2+ signaling [36]. In hypoxia, differentiation of effector T cells is suppressed and induces a
decrease in effector cytokines (such as IFN-γ, IL-2, and
proliferative cytokines), facilitating the tumor escape
from immune-mediated detection and killing [37]. B
cells are an important component of the immune system, and HIF increases the rate of B cell glycolysis,
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thereby reducing their proliferation and increasing
B cell apoptosis to weaken the immune response; this
process is associated with c-Myc-dependent glycolysis, ROS-induced apoptosis, glucose limitation, and
the hypoxic microenvironment [38, 39]. Natural killer
(NK) cells are known for their ability to non-specifically
kill tumor cells. Multiple lines of evidence suggest that
hypoxia can suppress the killing function of NK cells,
potentially through activation of the PI3K/mTOR signaling pathway that upregulates HIF expression resulting in inhibition of NK cell function [40]. Furthermore,
HIF1-α induces regulatory T cell (Treg) infiltration,
which activates the immunosuppressive factor TGF-β,
thereby impeding the antitumor potential of NK cells
[41].
Immunosuppressive cells are essential for tumor
growth and development, including Tregs, CAFs, and
TAMs. Treg infiltration in TME could enhance tumor
progression via suppressing anti-tumor immunity and
promoting tumor immune evasion. Mechanistically,
HIF-1 stimulates FOXP3 transcription by binding the
promoter region of FOXP3 expressed in CD4+ T cells
in a TGF-β-dependent manner, ultimately inducing differentiation into Tregs [42]. Specific cytokines act in
concert with Treg to generate an environment that supports tumor growth. In HCC, Treg recruitment can be
achieved via HIF-1α-dependent upregulation of CCL28
[43]. CAFs are abundant in stromal cells of TME and
contribute to tumorigenesis by influencing the paracrine
release of cytokines through various immunomodulatory mechanisms to promote extracellular matrix remodeling [44]. Considerable evidence suggests that HIF-1α
is upregulated in CAFs and its activation in hypoxia
mediates TGF-β signaling, which promotes release of
CXCL13 from CAFs, thereby accelerating malignant progression of prostate cancer [45]. CAFs in TME can produce tumor-associated cytokines, such as IL-6, NF-κB,
and TGF-β2, which support their function by enhancing secretion of HIF-1α and forming a feedback loop
facilitating tumor migration and invasion by shaping
the immunosuppressive TME [46, 47]. Therefore, blockage of the secretion of tumor-associated cytokines from
CAFs may enhance the therapeutic effect of immune
checkpoint blockade therapy. Macrophages that infiltrate
tumor tissue or accumulate in the solid tumor microenvironment are defined as TAMs. Similar to CAFs, TAMs
play important roles in tumor progression, such as promoting immunosuppression and proliferation through
secretion of cytokines, which are mediated by HIF [48].
Tumors release succinate into the TME and activate the
succinate receptor, which triggers the PI3K/HIF-1α signaling axis to polarize macrophages to TAMs and promote
cancer cell migration and invasion [49].
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Potential of hypoxia and m
 6A methylation to co‑construct
an immunosuppressive TME

Studies to date have established that hypoxia-mediated
m6A methylation promotes tumorigenesis and HIF contributes to the formation of an immunosuppressive TME
that provides suitable conditions for tumor proliferation. Our hypothesis that hypoxia-mediated m
 6A methylation weakens the anti-tumor capacity of immune cells
and facilitates the formation of an immunosuppressive
TME has been validated. For example, hypoxia-induced
ALKBH5 eliminates deposition of the m6A methylated
lncRNA, NEAT1, stabilizing transcription and promoting
NEAT1-mediated paraspeckle assembly, thus leading to
relocalization of SFPQ, a transcriptional repressor, from
the CXCL8 promoter to paraspeckles and ultimately,
TAM recruitment and immunosuppression via upregulation of CXCL8/IL8 [32]. Furthermore, hypoxia supports
the m6A methylation process and tumor proliferation by
increasing exosome release and altering its cargo, while
tumor-derived exosomes can transform the immune cell
phenotype to form suppressive TME (discussed in detail
in section 4.3) [50], thus future research is warranted to
establish the interrelationships among hypoxia, m
 6A
methylation, exosomes and immunosuppressive TME in
more detail, which would not only improve our understanding of the tumor epigenome (including the m6A
methylation signaling network) but also help to identify
novel anti-cancer targets.

m6A methylation and metabolic reprogramming
in TME
Over the past few decades, the medical consensus has
been that the majority of tumors are genetically related
diseases and caused by genetic mutations of different
causes. Increasing knowledge of tumor phenotypes supports two typical features of tumors: energy metabolic
reprogramming and evasion of immune surveillance
[51]. Maintenance of cancer cell viability and function
as well as evasion of immune recognition depends on
metabolic reprogramming [23], leading to the proposal
that cancer is essentially an immune-related metabolic
disease. The metabolic program of tumor cells provides a
hypoxic, hypoglycemic, and acidic tumor microenvironment that supports proliferation. Meanwhile, hypoxiainduced HIF significantly enhances glycolysis and lipid
metabolism that promote cancer-induced metabolic
disorders, creating a positive feedback loop to accelerate
tumor progression [16]. Therefore, hypoxia and metabolic reprogramming can be considered interdependent
and synergistic factors and cooperate in the generation of
an immunosuppressive TME to achieve adaptive changes
required for tumor progression (Table 1).
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Glucose metabolism

Abnormal glucose metabolism is the main feature of
metabolic reprogramming in cancer cells. Energy metabolism characteristics that serve as a marker of high
aggressiveness of tumor cells mainly include increased
glycolytic activity and lactic acid fermentation [52]. Even
in the presence of sufficient oxygen, tumor cells can
undergo metabolic reprogramming that drives conversion of glucose to lactate (Warburg effect) [52]. Hypoxia
induces a metabolic shift from oxidative phosphorylation
to glycolysis and increases glycogen synthesis to facilitate tumor proliferation [53]. In cases where the level of
oxygen does not meet tumor demand, tumor cells autonomously alter their flux through various metabolic pathways to meet increased bioenergetic and biosynthetic
requirements and mitigate oxidative stress required for
proliferation and survival [54]. The cellular response to
such complex microenvironmental changes is regulated
by multiple mechanisms. m6A methylation in TME leads
to increased glycolysis and reduced mitochondrial function, thereby shifting energy production from mitochondria to glycolytic sources [55]. Interestingly, preferential
activation of hypoxia-responsive glycolytic genes can
be achieved via binding to m6A methylation regulators.
Genes controlling extracellular glucose input (GLUT1)
[56] and enzymes responsible for intracellular glycolytic
breakdown of glucose (phosphofructokinase-1 (PFK1)
and aldolase) are regulated by activated m
 6A methylation to induce glycolytic energy production [57]. These
metabolic shifts shape the hypoxic, hypoglycemic, and
acidic TME that facilitates tumor growth in multiple
dimensions.
Several studies have demonstrated that m6A modulators (e.g., METTL3 and WTAP) affect tumor glucose
metabolism by regulating glycolytic enzymes (Warburg
effect) to promote proliferation [58–60]. The glycolytic
pyruvate kinase isoenzyme PKM2 (a glycolytic rate-limiting enzyme) is expressed in a variety of cells, particularly tumor cells [61]. The m
 6A eraser, FTO, accelerates
translation and promotes malignant biological behavior
of HCC by triggering demethylation of PKM2 mRNA.
Moreover, knockdown of FTO retards tumor growth via
induction of G0/G1 phase block [62]. c-Myc is a core regulator of glycolysis [63]. WNT/β-linked protein promotes
m6A modification of c-Myc mRNA and supports tumor
cell glycolysis and progression by inhibiting expression of
FTO, a m6A demethylase [64]. Further studies revealed
that the key regulatory network of the m6A methylation
reader, IGF2BP2, stabilizes lncRNA and collectively contributes to mitochondrial energy metabolism in tumor
pathogenesis. Specifically, metastasis and colony formation of colorectal cancer cells can be accomplished by
upregulating IGF2BP2 to stabilize the ZFAS1/OLA1 axis,

YTHDF2

ALKBH5

FTO

IGF2BP2

Hypoxia

Hypoxia

Metabolic

Metabolic

METTL3/YTHDF2 NA

Metabolic

Prostate cancer

Melanoma

Colon cancer

NA

Melanoma

Immune escape ALKBH5

Immune escape YTHDF1

Immune escape YTHDF2

Immune escape FTO

[202]

RNA m6A methylation regulates sorafenib resistance in
liver cancer through FOXO3-mediated autophagy
Induces breast cancer stem cell phenotype and accelerates tumor cell proliferation

Methylates FOXO3
Hypoxia mediates NANOG mRNA m6A-demethylation
through HIF dependence and ALKBH5

[32]

Hypoxia-induced ALKBH5 eliminates m6A methylated
lncRNA NEAT1 deposition, stabilizes transcripts and promotes NEAT1-mediated paraspeckle assembly, resulting in
secretion of the immunosuppressive factor CXCL8/IL8

[308]

[130]

METTL3/IGF2BP3 axis upregulates m6A modification of
Promotes tumor immune escape
PD-L1 mRNA, suppressing T cell activation in breast cancer

[125]

Promotes immune escape

[129]

[123]

Resulting in the inability of DCs to consistently induce
tumor neoantigen production and impeding antigenspecific activation of CD8+ T cells

[157]

FTO-mediated m6A demethylation in tumor cells enhances Tumors exploit FTO-mediated regulation of glycolytic
transcription factors c-Jun, JunB and C/EBPβ, thereby
metabolism to evade immune surveillance
inducing hypoxia-mediated glycolytic metabolism and
suppressing CD8+ T cell function

YTHDF2 exacerbates the CCR7‐induced DCs migration
process and completely disables DCs by alleviating m6A
modification‐based RNA degradation of lnc‐Dpf3

YTHDF1 induces lysosomal protease expression by recognizing its m
 6A methylation-tagged mRNA

Promotes melanoma escape by enhancing immunosuppressive effects

Induction of tumor immune escape

[312]

Affects the expression of Mct4/Slc16a3 in TME to regulate
the composition of tumor-infiltrating Tregs and MDSCs

Modulates CD8+ and CD4+ T cells aggregation

[311]

[310]

[309]

[85]

Promotes tumor proliferation

Promotes tumor growth

Promotes tumor cell metastasis and invasion

[65]

METTL3 promotes YTHDF2 binding to PPaRα through m6A Increases lipid accumulation in cells
modification to increase its mRNA stability

Activates EGFR-PIK3CA-AKT-mTOR

Binds to LHPP and NKX3-1

Upregulates c-Met, p-AKT, cyclin and CDK

Promotes HCC growth, resulting in poor prognosis

Promotes colorectal cancer cell invasion and colony
formation by activating the Warburg effect

Overexpression of the m
 6A methylation reader IGF2BP2
stabilizes the ZFAS1/OLA1 axis and increases OLA1 recruitment, ATP hydrolysis and glycolysis
Upregulates PTEN/AKT signaling

Promotes hepatocellular carcinoma

FTO triggers the demethylation of PKM2 mRNA and accelerates translation

[62]

[307]

Hypoxia-induced SUMOylation of YTHDF2 at the major site Promoting the progression of lung cancer
of K571 significantly enhances its binding affinity to m6A
methylation-modified mRNA, leading to dysregulation of
gene
Shapes the immunosuppressive TME through TAM recruitment and supports immune escape in glioblastoma

[33]

Induces upregulation of HIF-1α and maintenance of higher Promotes malignant biological behavior in hepatocellular
carcinoma
levels of glycolysis in hypoxia by positively promoting
expression of the m
 6A methyl esterase METTL3

[166]
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Immune escape METTL3/IGF2BP3 Breast cancer

Pancreatic cancer

Immune escape ALKBH5

Ovarian cancer

YTHDF2

ALKBH5

Metabolic

Uveal melanoma

HCC

Colorectal cancer

HCC

Glioblastoma

Lung cancer

HCC

Breast cancer

HCC

Tumor type

Metabolic

METTL1

METTL3

Hypoxia

METTL3

ALKBH5

Hypoxia

Metabolic

METTL3

Hypoxia

Metabolic

m6A regulator

TME

Table 1 Involvement of m
 6A methylation in regulation of tumor proliferation through TME
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Lung cancer

Colorectal cancer

Melanoma

Melanoma

Gastric cancer

Testicular germ cell tumors Expression of METTL3 is positively correlated with infiltration of C
 D8+ and CD4+ T cells

Immune escape YTHDF2

Immune escape METTL14

Immune escape ALKBH5

Immune escape METTL3

Immune escape WTAP

Immune escape METTL3

Promotes cisplatin resistance in lung cancer

Promotes drug resistance in myeloma and supports tumor [185]
growth
Targeting NCALD inhibits 5-FU sensitivity in colorectal
cancer

Exosome miR-4443 regulates FSP1 m6A methylationmediated ferroptosis
Induction of m
 6A methylation in adipocyte exosomal
lncRNAs to mediate myeloma drug resistance
m6A methylation-dependent promotion of miR-181d-5p
expression in cancer-associated fibroblast exosomes

METTL3

METTL7A

METTL3

Exosomes

Exosomes

Exosomes

Colorectal cancer

Myeloma

Lung cancer

[176]

[315]

[215]

Enhances resistance to temozolomide in gliomas

Warburg effect promotes exosome circ_0072083 release
to upregulate NANOG and ALKBH5 expression through
multiple pathways

Glioblastoma

ALKBH5

[136, 138]

Exosomes

Enhances anti-tumor immunity

[314]

Exerts an appropriate anti-tumor immune response

YTHDF2/METTL3 maintain NK cell homeostasis and terminal maturation and promote NK cell function

[313]

[150]

Causes poor prognosis of gastric cancer

Causes increased TAM-induced Treg infiltration into TME
and supports tumor metastasis

[157]

Immune escape YTHDF2/METTL3 Melanoma/ovarian cancer

Elevated expression of WTAP affects tumor-associated
T-lymphocyte infiltration

METTL3 deficiency impairs YTHDF1-mediated SPRED2
translation, in turn, enhancing NF-κB and STAT3 activation
via the ERK pathway

Achieves enhanced immunosuppressive effects and
promotes immune escape of melanoma

Promotes tumor progression

[149]

ALKBH5 regulates the composition of tumor-infiltrating
Tregs and MDSCs by affecting Mct4/Slc16a3 expression in
TME

METTL14 in TAM induces CD8+ T cell dysfunction

[132]

Causes stagnation of T-cell development

[134]

[131]

References

Reduces neutrophil recruitment to the central nervous
system during neuroinflammation resulting in impaired
CD4+ T cell responses

Effect on tumor progression

Participates in immune infiltration of lung cancer and
NPM1 negatively regulates the growth and development
of B and NK cells through glycolysis and YTHDF2-mediated promotes immune tumor escape
methylation

Downregulation of METTL3 leads to reduced METTL3mediated methylation of m6A targeting the IL-7/STAT5/
SOCS pathway

NA

Deletion of ALKBH5 in T cells reduces mRNA stability and
corresponding protein expression

Mechanism

Immune escape METTL3

Tumor type

NA

m6A regulator

Immune escape ALKBH5

TME

Table 1 (continued)
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leading to increased ATP hydrolysis and glycolysis and
activation of the Warburg effect [65]. Therefore, blockage of m6A methylation-dependent glycolysis may open
up new avenues for anti-tumor strategies. However, m
 6A
methylation modifiers act as a double-edged sword in the
regulation of cellular processes associated with glycolysis,
which may depend on the large number of RNA-binding
proteins (RBPs), including both m6A methylation reading and non-reading proteins, and their recognition sites.
Huang et al. [66] suggested that FTO suppresses APOE
through IGF2BP2-mediated m6A methylation and inhibits glycolytic metabolism in PTC through regulating the
IL-6/JAK2/STAT3 signaling pathway, thereby retarding
thyroid cancer cell growth. Correspondingly, YTHDC1mediated enhancement of miR-30d suppressed pancreatic tumorigenesis via attenuation of RUNX1-induced
transcriptional activation of the Warburg effect [67].
Notably, metabolic programming can affect TME via
modulation of the m
 6A modification process. One theory
is that sphingolipids generated from sequential ceramide
glycosylation activate cSrc and β-linked protein signaling,
thereby upregulating METTL3 and mutant p53 R273H
protein expression that promote tumor drug resistance
[68]. Evidently, m6A methylation is a complex process
and plays multiple roles in tumor metabolism, which may
be attributed to differences in the types of m
 6A methylation regulators and their recognition sites. Clearly, while
m6A modifications regulate metabolic programming,
metabolism also supports tumor development by influencing the m
 6A modification process [68].
TME is a complex and dynamically changing ecosystem in which the components and metabolic processes
are interrelated. Hypoxia causes metabolic disturbances
that support tumor progression [69]. According to recent
literature, HBXIP drives the metabolic reprogramming
of HCC through METTL3-mediated m
 6A methylation of
HIF-1α, which stimulates the Warburg effect and tumor
cell survival [33]. Correspondingly, with the involvement
of HIF-1α, follicular helper T cell differentiation may be
promoted by the E3 ubiquitin ligase VHL via m6A methylation-mediated glycolytic modification [70], which supports the formation of germinal centers and malignant
tumors, such as follicular lymphoma [71]. As an important component of TME, exosomes (to be mentioned
later) are synergistically involved in the construction
of pre-metastatic ecological niches (PMN) to facilitate
tumor metastasis. For instance, miR-122 in breast cancer-derived exosomes inhibits glucose uptake in recipient
cells by downregulating the glycolytic enzymes pyruvatekinase-2 (PKM2) and GLUT1, inducing nutrient competition in favor of tumor cells and promoting migration
[72]. Similarly, Tu-Exo-contained miR-105 could induce
MYC-dependent metabolic programs in CAFs. Glucose
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and glutamine metabolism were enhanced in these
reprogrammed CAFs to provide energy to neighboring
tumor cells [73]. Therefore, interactions among hypoxia,
exosome, glucose metabolic and m
 6A methylation exist
that contribute to the generation of a microenvironment
conducive to tumor development.
Lipid metabolism

Lipids are hydrophobic molecules that include sterols, glycerol monoesters, diacylglycerides, triglycerides,
phospholipids, and glycolipids. Digestion, absorption,
synthesis, and breakdown of lipid metabolism through
the actions of multiple enzymes are necessary to maintain cellular homeostasis [23]. Cancer cells regulate and
utilize lipid metabolism to support their own proliferation and metastasis to meet the high nutrient demand. In
addition, lipid production provides material and energy
sources for tumor proliferation [74], a typical example
being fatty acid oxidation. Activation of fatty acid synthase is induced by lipid transformation to support tumor
cell survival and invasion [75]. The available data clearly
indicate that m6A modifications regulate lipid metabolism to support tumor progression [76]. For instance,
YTHDF2 supports glioblastoma growth by inducing cholesterol dysregulation [77].
FTO-dependent m6A demethylation is intimately
involved in multiple aspects of lipid metabolism. Interestingly, overexpression of FTO in HepG2 cells has been
shown to enhance the expression of genes involved in
lipid metabolism (FASN, SCD1) and downregulate lipid
transport genes (MTTP, APOB), thereby causing lipid
accumulation and conditions supporting the development of various diseases, including cancer [78]. Furthermore, FTO overexpression enhances the levels of the key
regulators of lipogenesis (SREBP1c, CIDEC) in hepatocytes and accelerates lipid accumulation [79]. Therefore,
silencing of FTO expression may present a potential
therapeutic strategy. Similarly, the 
m6A methylation
reader, HNRNPA2B1, upregulates fatty acid metabolismrelated genes, ACLY and ACC1, which contribute to
tumor growth and metastasis, by promoting lipid accumulation in cells [80]. Conclusive evidence indicates that
hypoxia-induced m6A methylation provides nutritional
and environmental support for tumor growth by regulating glucose metabolism [81, 82]. Accordingly, we speculate that similar situations may arise in lipid metabolism.
Expression of fatty acid binding protein-5 (FABP5) is regulated by FTO in liver tissues [83], and it is proposed that
FABP5 could enhance HIF-1α activity by disrupting FIH/
HIF-1α interactions when promoting HIF-1α synthesis,
thereby activating the FABP5/HIF-1α axis to support
lipid accumulation in the liver and facilitate HCC proliferation [84]. However, these inferences require further
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research. Furthermore, METTL3 is reported to promote
YTHDF2 binding to PPARα through m
 6A modifications
that mediate its mRNA stability and enhance lipid accumulation in cells, suggesting that m
 6A RNA methylation
regulates metabolic processes by affecting downstream
genes and circadian rhythms of lipid metabolism [85].
Amino acid metabolism

Tumor cells have increased demand for amino acids to
meet their rapid proliferation requirements. Metabolism of amino acids in the body is mainly manifested as
synthesis of nitrogenous substances such as proteins
and peptides required for their own synthesis, while
catabolism of amino acids occurs through deamination and transamination to produce metabolites, such
as α-keto acids and C
 O2. Glutamine, a highly abundant
amino acid in the human circulation, is catabolized to
glutamate, internalized into mitochondria, converted
to α-ketoglutarate, which enters the tricarboxylic acid
(TCA) cycle to fuel the production of energy and intermediates [86]. TCA plays an irreplaceable role in multiple metabolic pathways and its functional maintenance
in tumor cells is dependent on elevation of glutaminase.
Therefore, among the several factors closely associated
with tumor progression, one important feature of tumor
energy metabolism is amino acid degradation [87]. For
example, m6A modification-mediated upregulation of
DEGS2 in kidney cancer inhibits ceramide synthesis to
increase the invasive ability of cancer cells [88]
Under hypoxic conditions, glutamine consumption in
tumor cells is increased and preferentially provides carbon for fatty acid synthesis through reductive carboxylation, where glutamine-derived α-ketoglutarate is reduced
to citrate by isocitrate dehydrogenase and NADPH is
oxidized to N
 ADP+ to provide energy for tumor cell
growth [89]. In renal clear cell carcinoma, loss of Von
Hippel-Lindau (VHL) tumor suppressor function that
leads to a significant increase in HIF activity is a critical
indicator [90]. Synthetic lethal effects of FTO and VHL,
structural activation of VEGF and PDGF induced by
VHL inactivation, and targeting of VEGF and PDGF to
the downstream glutamine transporter SLC1A5 promote
VHL deficiency-mediated metabolic reprogramming
in kidney cancer cells and selectively affect the proliferation of VHL-deficient kidney cancer cells [91]. This
signaling pathway can transmit molecular signals from
outside the cell through the membrane to within the
cell, also observed in m6A methylation-regulated amino
acid metabolism [92, 93]. A novel hypoxic lncRNA, KB1980E6.3, encodes RNA-binding regulatory peptide,
which recruits the m6A methylation reader, IGF2BP1,
and promotes its binding to m6A methylation-modified
c-Myc coding region instability cluster (CRD) mRNA
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via a KB-1980E6.3/IGF2BP1/c-Myc signaling axis to
maintain c-Myc mRNA stability and augment tumorigenesis [94]. In another interesting experiment, targeting YTHDF1 effectively re-sensitizes cisplatin-resistant
colon cancer by modulating GLS-mediated glutamine
metabolism, providing a novel strategy for targeted glutamine therapy for cancer [95].
Mitochondrial metabolism

Considering the key role of mitochondria as cellular
energy factories and metabolic centers, abnormalities in
mitochondrial metabolism support tumor proliferation
and metastasis. Tumor cell stemness is maintained via
oxidative phosphorylation and mitochondria-dependent
energy synthesis [96]. A mitochondrial enzyme, methylenetetrahydrofolate dehydrogenase-2 (MTHFD2),
involved in HIF-2α transcriptomic regulation has been
shown to promote progression of kidney cancer [97].
MTHFD2 is not considered an m
 6A methyltransferase
but is overexpressed in renal cancer and involved in regulation of m6A methylation. In particular, MTHFD2 promotes translation of HIF-2α via m
 6A methylation, in turn,
stimulating aerobic glycolysis and cancer cell progression. MTHFD2 increases METTL3-dependent methylation levels of HIF-2α, which, in turn, binds the promoter
region of the MTHFD2 gene. Its overexpression induces
an increase in MTHFD2 levels, resulting in the formation
of a positive feedback loop and enhanced tumor proliferation through mitochondrial metabolism [97]. Thus,
in mitochondria, hypoxia and metabolic reprogramming may synergistically mediate the malignant biological behavior of tumor cells through m6A methylation.
Moreover, metabolites generated by mitochondrial dysfunction inhibit VHL-dependent HIF-2α degradation,
creating a pseudo-hypoxic state. However, in VHL-deficient cells with high FTO expression, PGC-1α expression is induced via a decrease in m
 6A methylation, which
restores mitochondrial activity and promotes oxidative
stress (OS) and ROS production, with consequent inhibition of tumor progression [98]. An earlier study by
Duan et al. [23] reported that m6A modifications regulate
tumor progression through effects on multiple signaling pathways, including mTOR, MAPK, PI3K-Akt, Wnt,
and NF-κB. Furthermore, multiple metabolic pathways
may be interconnected, with FTO-induced downregulation of m6A levels leading to inhibition of mitochondrial
metabolism, which would promote lipid accumulation
and provide potential for dysregulated lipid metabolismmediated tumorigenesis [99].
Glycan metabolism and vitamin metabolism

Additionally, m6A methylation regulates the progression
of many diseases through vitamin metabolism (vitamin
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B12/C/D, etc.) [100–102]. Vitamin B12 deficiency dysregulates m6A mRNA methylation of genes associated
with neurological function, such as cognitive dysfunction, mental retardation, or memory impairment [100].
In addition, m
 6A methylation is also involved in peritoneal injury through vitamin metabolism (vitamin D)
[102]. However, little literature is available on the role of
m6A methylation with vitamin metabolism in tumors.
For glycan metabolism, multiple m
 6A methylation regulators (METTL13/IGF2BP2/YTHDF2, etc.) regulate the
development of multiple diseases (e.g., tumor and kidney
injury) through glycan metabolism. [103, 104], and these
pathogenic mechanisms involve different signaling pathways (GLUT1-mTORC1 axis, TRAF6/NF-κB and NF-κB/
MAPK pathways). For example, METTL3 promotes colorectal cancer by activating the m6A-GLUT1-mTORC1
axis [104]; YTHDF2 mediates lipopolysaccharideinduced osteoclastogenesis and inflammatory response
via the NF-κB and MAPK signaling pathways [105].
However, the impact of glycan metabolism on tumor
biological functions needs to be further explored in the
future.
Metabolites shape the immunosuppressive TME

Mounting evidence suggests that intermediates or products of tumor metabolism regulate the proliferation, differentiation, activation, and function of immune cells.
Metabolic programs can produce toxic metabolites that
reshape the microenvironment to promote tumor survival, such as 2-hydroxyglutarate (2-HG), lactic acid, and
H+. Metabolites can also mediate immunosuppressive
functions through m6A methylation. For instance, lactic
acid-driven METTL3 mediates RNA m6A modifications
that promote immunosuppressive capacity [106].
Tumors consume glucose and produce lactic acid, even
in the presence of sufficient oxygen. Lactic acid accumulates in the extracellular environment and contributes
to the formation of an acidic TME by activating monocarboxylate transport proteins in the cell membrane.
Both lactate accumulation and TME acidification have
profound effects on T cell-mediated antitumor immune
responses [107]. Tumor-derived lactate promotes Treg
activity in highly glycolytic TME and impairs C
 D8+ T cell
function [108]. Indeed, tumor glycolysis-derived lactate
accelerates tumor proliferation by promoting secretion
of IL-23 and IL-17 [109]. Lactic acid causes functional
changes in NK cells, intake of pathological concentrations of lactic acid leads to intracellular acidification
of NK cells, which inhibits upregulation of nuclear factor of activated T cells and leads to decreased IFN-γ
production and selective apoptosis of T and NK cells,
resulting in accelerated tumor immune escape [110]. In
TME, lactic acid alters the TAM phenotype to acquire
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tumor growth-enhancing properties, lactate inhibits
TFEB-mediated expression of the macrophage-specific
vesicular ATPase subunit, ATP6V0d2, by activating
mTORC1, resulting in HIF-2α lysosomal degradation and
programming of TAMs to a tumor growth-promoting
immunophenotype [111]. Moreover, lactic acid in highly
glycolytic TME enhances Treg cell function via upregulating PD-1 while suppressing effector T cell function,
which underlies treatment failure [108].
Under nutrient-deficient conditions, nutrient acquisition by tumor cells can be achieved by scavenging
extracellular proteins and degrading them to amino
acids, including glutamine [112]. Besides cancer cells,
glutamine utilization in immune cells reflects cell fate
decisions and immune responses, such as activation of
macrophages and neutrophils [113, 114]. Selective death
of immune cells is significantly decreased with increasing glutamine utilization. Glutamine-mediated downregulation of the pro-apoptotic proteins, Bax and Bcl-xs,
leads to increased survival of neutrophils [115]. Moreover, glutamine affects the secretion of pro-inflammatory
cytokines by macrophages. In renal cancer, glutamine
depletion leads to activation of HIF-1α and promotes
secretion of IL-23 by tumor-infiltrating macrophages
to activate regulatory T cell proliferation and enhance
expression of IL-10 and transforming growth factor β,
thereby inhibiting tumor cell killing by cytotoxic lymphocytes [116]. This finding confirms our conclusion (section 3.3) that glutamine degradation is a feature of cancer
metabolism as a functional sustainer of tumor cells. Prostate cancer cells are radiosensitized by glutamine deprivation, which induces DNA damage, oxidative stress,
epigenetic modifications, and tumor stem cell depletion
[117]. Conversely, prostate cancer cells resistant to glutamine depletion display activation of autophagy-related
gene-mediated macroautophagy/autophagy as a survival
strategy against radiation-induced damage [117]. However, owing to tumor heterogeneity, the effects of glutamine in each tumor type need to be analyzed.
Lipid metabolites and key enzymes of the tricarboxylic acid cycle, such as isocitrate dehydrogenase (IDH),
additionally have similar immunosuppressive functions.
Indeed, abnormal accumulation of lipid metabolites
in tumor-infiltrating myeloid cells has been shown to
mediate immune reprogramming and contribute to conversion of immune cells into immunosuppressive and
anti-inflammatory phenotypes [118]. Furthermore, mutations in IDH promote derivation of the oncogenic metabolite, 2-HG, which limits the production of chemokines,
CXCL9 and CXCL10, by downregulating STAT1, resulting in reduced infiltration of CD8+ T cells and tumor
escape [119]. Notably, tumor cell-derived metabolites
have a non-negligible impact on immune cells in TME.
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The number of tumor metabolites and their effects on
immune cells are too diverse for exhaustive explanation.
Here, we have focused on the regulation of immune cells
by lactate and glutamine. The immune regulation effects
of other metabolites require considerable study. Collectively, the data suggest that m6A methylation elicits
tumor metabolic reprogramming and affects immune
cell functions and phenotypic shifts through supplying
metabolites to generate an immunosuppressive TME,
thus contributing to metastasis and invasion.

m6A methylation remodels immunosuppressive
TME by directly affecting immune cells
Dysregulation of m6A methylation is closely related to
cancer development and pathogenesis [120]. The majority of current studies have focused on immune regulation
of tumors, with the key aim of addressing the persistent
immunosuppressive response in TME [121]. However,
the detailed mechanisms underlying the contributory
effects of m6A methylation in immune cells to the series
of transformations that culminate in "tumor immunity"
are yet to be established (the formation of immunosuppressive TME). Here, we provide minimal representative
but not exhaustive examples of some aspects of association of m6A methylation with tumor cell functions
(Fig. 1).
m6A methylation and anti‑tumor immune cells in TME
Dendritic cells

Substantial abnormalities of m6A methylation have been
reported in immune cells, such as dendritic cells (DCs),
in TME. In certain cases, m6A methylation of mRNA
expression significantly promotes immune dysfunction and tumor escape, in part, by inhibiting immune
cell function, rather than suppression of cell proliferation and differentiation [122]. For example, YTHDF1
induces lysosomal protease expression by recognizing its m
 6A methylation-tagged mRNA and enhancing
translation efficiency, further resulting in the inability of
DCs to consistently induce tumor neoantigen production and impeding antigen-specific activation of CD8+
T cells [123]. Conversely, YTHDF1 deficiency in gastric
cancer promotes the recruitment of mature DCs, which
further stimulate MHCII expression and IL-12 secretion, in turn, increasing CD4+ and CD8+ T cell infiltration and IFN-γ secretion that potentially contribute to
restoration of tumor immune sensitivity [124]. Therefore,
YTHDF1 deletion may enhance antitumor immunity by
facilitating interactions with DCs, rather than promoting their differentiation and proliferation, supporting a
potential role of YTHDF2 as a tumor immunosuppressive factor. 
m6A modifications are also implicated in
CC-chemokine receptor-7 (CCR7)-mediated migration
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of DCs and DC-based immune response pathways. The
lncRNA Dpf3 plays a key role in these pathways, directly
promoting HIF-1α activity and HIF-1α-dependent glycolytic metabolism to ultimately inhibit DC migration and
inflammatory responses. YTHDF2 further exacerbates
CCR7‐induced DC migration and completely disables
DCs by alleviating m6A modification‐based RNA degradation of Dpf3 [125]. Therefore, induction of checkpoint
blockade of YTHDF1 or YTHDF2 depletion in DCs may
be effectively utilized as a potential immunotherapeutic
strategy. Correspondingly, DC activation and function
are influenced by METTL3-mediated methylation [126].
Specific depletion of METTL3 leads to impaired phenotypic and functional maturation of DCs and reduced
expression of co-stimulatory molecules CD40, CD80
and cytokine IL-12 involved in maturation. Silencing of
METTL3 has been shown to reduce the ability of DCs
to stimulate T-cell responses [24]. Moreover, METTL3mediated methylation of CD40, CD80 and TLR4 signal
transduction junction TIRAP transcripts promotes translation in DCs to stimulate T-cell activation and enhances
TLR4/NF-κB signaling to promote cytokine production
[126]. Given the functional differences between METTL3
and YTHDF1/2 in DCs, this finding may be attributed
to the involvement of m6A modifications in the adaptive
alterations of hypoxia and glycolysis of immune cells in
TME.
T and B cells

T cells are an important component of the human
immune system. T cell receptors are responsible for
initiating signaling pathways that activate, inactivate
or eliminate T cells and alterations in T cell-positive/
negative regulatory factors can inhibit T cell function
and mediate immune escape [127, 128]. Methylation
of m6A affects T cells in multiple ways (including signaling pathways and glycolytic metabolism), leading to
profound effects on T cell differentiation and function
and generation of an immunosuppressive environment
to facilitate tumor evasion of immune surveillance [70,
129]. FTO-mediated m
 6A demethylation in tumor cells
enhances transcription factors, such as c-Jun, JunB and
C/EBPβ, thereby inducing hypoxia-mediated glycolytic metabolism and suppressing C
 D8+ T cell function
[129]. VHL deficiency regulates m6A methylation levels
in ICOS through a HIF-1α-dependent glycolytic pathway and inhibits T cell maturation [70]. Interestingly, the
METTL3/IGF2BP3 axis promotes tumor immune escape
via m6A modification of PD-L1 mRNA and suppression
of T cell activation in breast cancer [130]. These findings suggest that m6A methylation in tumor cells could
remodel TME and mediate immune escape by affecting
T cell functions. Moreover, m
 6A modifications in T cells
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Fig. 1 Effects of m6A modification on immune cells in hypoxia and metabolic TME. The different colored lines represent interactions of m
 6A
modifications in immune cells through the respective pathways

appear to regulate the autoimmune response. Deletion of
ALKBH5 in T cells leads to impairment of C
 D4+ T cell
responses through reduction of mRNA stability and corresponding protein expression and decreased neutrophil
recruitment into the central nervous system during neuroinflammation [131]. Furthermore, downregulation of
METTL3 induces reduction of METTL3-mediated methylation of m6A targeting the IL-7/STAT5/SOCS pathway
and stagnation of T cells at the naive stage [132]. Thus, in

malignant TME, m6A methylation in both tumor and T
cells impairs the immune response in vivo. However, the
potential existence of a positive feedback loop between
the two is yet to be established.
Reader proteins of m
 6A methylation play important
regulatory roles in development of B cells [133]. For
instance, NPM1 negatively regulates the growth and
development of B and NK cells through glycolysis and
YTHDF2-mediated methylation, possibly involving the
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mTORC1-mediated p53-hypoxia pathway [134]. Furthermore, downregulation of METTL14 may trigger
severe defects in B cell development via inhibition of IL7-induced pro-B cell proliferation and pre-B cell transition [122]. However, the detailed mechanisms by which
m6A methylation achieves its effects on T and B cells, i.e.,
by inhibiting cell function and migration or suppressing
proliferation and apoptosis (attributable to differences
in immune cell types and m6A modification pathways
and the effects of glycolysis) warrant comprehensive
investigation.
Natural killer cells

Natural killer (NK) cells are irreplaceable components of
the immune system due to their ability to directly identify and kill tumor cells [135]. m6A modifications regulate
the anti-tumor function of NK cells in several ways [136].
As important regulators of NK cell antitumor immunity
and homeostasis in vivo, METTL3- and YTHDF2-mediated m6A methylation can positively regulate antitumor
immunity of NK cells [137]. YTHDF2 maintains NK
cell maturation, homeostasis, and antitumor activity by
regulating downstream target genes, including signal
transduction and activator of transcription-5 (STAT-5),
Eomesodermin and TARDBP [136]. Downregulation of
METTL3 leads to NK cell hyporesponsiveness to IL-15
and promotes tumor immune escape via targeted effects
on protein tyrosine phosphatase-2 [138]. An earlier bioinformatics study lacking experimental validation showed
that NPM1 expression is negatively correlated with B and
NK cells and regulated by YTHDF1-mediated m
 6A modifications as well as multiple glycolytic genes [134]. Considering the lack of detailed information, clarification of
the mechanisms underlying m6A methylation-mediated
effects of hypoxia and metabolic reprogramming on NK
cell proliferation and activation is of significant interest
for the purpose of therapeutic application.
Macrophages

Macrophages can polarize into activated macrophages
with anti-tumor function (M1 type) or those that favor
tumor proliferation (M2 type) [139]. Regulation of macrophage polarization by m6A methylation is manifested
in several aspects and serves to maintain homeostasis
of the microenvironment. For instance, upregulation
of METTL3 significantly promotes M1 and inhibits M2
macrophage polarization [140]. METTL3 deficiency
is associated with loss of m6A modifications on Irakm
mRNA and slower degradation, ultimately resulting in
inhibition of TLR -mediated macrophage activation
[141]. FTO silencing suppresses the phosphorylation
of IKKα/β, IκBα and p65 in the NF-κB signaling pathway and inhibits M1 and M2 macrophage polarization
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[142]. Glycolysis in TME has been shown to impair the
anti-tumor function of macrophages. RNA-binding
motif-4 (RBM4) interacts with YTHDF2 and degrades
m6A-modified STAT1 mRNA, subsequently inhibiting
IFN-γ-induced M1 macrophage polarization through
regulation of glycolysis [143]. The collective findings
provide key insights into the molecular mechanisms
underlying m6A modification and metabolic reprogramming-mediated regulation of macrophages.
Granulocytes

The granulocyte family is classified into neutrophils,
eosinophils and basophils, which perform phagocytic and bactericidal functions in the immune system.
Granulocyte expression and function are known to be
influenced by 
m6A modifications. Considerable evidence suggests that YTHDF2, METTL14, METTL3, and
ZC3H13 are significantly correlated with the level of
infiltration of neutrophils, macrophages, and eosinophils
[144–146]. METTL3 and HNRNPC positively regulate
CD4 memory-activated T cells and eosinophils in headand-neck squamous cell carcinoma (HNSCC) [146].
Moreover, WTAP-dependent m6A methylation in neutrophils promotes glycolysis in breast cancer, supporting
the potential involvement of hypoxia and metabolism in
granulocyte regulation [147]. Promotion of granulocyte
expression via m6A modification in tumor cells may be
considered an adaptive immune response in the early
tumor stages while tumor proliferation via m
 6A modification in granulocytes may be attributed to modulation of immune cells by malignant TME in the advanced
tumor stages.
m6A methylation promotes immunosuppressive cell
functions
TAMs

Tumor-associated macrophages (TAMs) are at the core
of the immunosuppressive cell and cytokine networks
that play a critical role in tumor immune evasion through
mechanisms associated with m6A modifications, such as
promotion of TAM aggregation and immunosuppressive functions of ALKBH5 [148] and involvement of FTO
in macrophage M2 polarization via the NF-κB pathway
[32, 142]. TAM-induced regulation of immunosuppressive TME is a complex process and hypoxia-mediated
m6A methylation may contribute to TAM recruitment
and immunosuppression [32]. TAMs can inhibit antitumor immune cell functions and enhance the recruitment
or differentiation of immunosuppressive cells. Hypoxiamediated ALKBH5 is reported to significantly accelerate
TAM recruitment and immunosuppression [134] and
the m6A methyltransferase METTL14 in TAMs induces
CD8+ T cell dysfunction and tumor progression [149].
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In addition, METTL3 deficiency impairs YTHDF1mediated SPRED2 translation, which enhances NF-κB
and STAT3 activation via the ERK pathway, resulting in
increased TAM-induced Treg infiltration into TME and
tumor metastasis [150].
Treg

m6A methylation-dependent immune functions have
also been reported in Treg, which serve as key immunosuppressive effector T cells in TME and are extensively
regulated by 
m6A methylation-mediated SOCS genes.
In mouse Tregs, METTL3/m6A methylation knockdown
is reported to upregulate SOCS family genes through
enhancing mRNA stability, thereby suppressing the IL-2/
STAT5 pathway essential for Treg activity. Paradoxically, enhanced SOCS activity has been shown to inhibit
IL-7-mediated STAT5 activation and T cell homeostatic
proliferation and differentiation [132], whereas m
 6A
methylation is critical for inducible degradation of SOCS
mRNA in response to IL-7 signaling to reprogram naive
T cells for proliferation and differentiation. This discrepancy may be ascribed to cell specificity and environmental effects on Treg m6A methylation-mediated regulatory
effects. Furthermore, deletion of METTL3 results in
an inability to activate natural T cell proliferation and
METTL3-mediated inflammation in mice [151]. Our
collective findings confirm the regulatory effects of m
 6A
methylation on the immune function of Tregs, although
it remains to be established whether (1) the malignant
TME affects Treg function through m6A modifications
and (2) other immunosuppressive cells can activate m6A
methylation in Tregs and accelerate proliferation and differentiation via secretion of cytokines.
MDSCs

Myeloid-derived suppressor cells (MDSCs) are bone
marrow-derived heterogeneous precursors of dendritic
cells, macrophages and granulocytes [152] that exert
immunosuppressive functions through multiple pathways [153] including negative regulation of immune
responses in tumors and other diseases, in which m6A
methylation plays an important role, for example,
ALKBH5 promotes PD-L1 expression on monocytes/
macrophages and reduces infiltration of MDSCs [154].
Accumulating evidence indicates that m
 6A modifications are involved in the differentiation and functional
regulatory network of MDSCs to create an inhibitory
microenvironment conducive to tumor growth, including high METTL3 expression in cervical cancer and
m6A modification-mediated Olfr29-ps1/miR-214-3p/
MyD88 regulation in renal cancer [155, 156]. ALKBH5
regulates the composition of tumor-infiltrating Tregs
and MDSCs by affecting Mct4/Slc16a3 expression in
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TME, ultimately achieving enhanced immunosuppressive effects and promoting melanoma escape. Conversely,
deletion of ALKBH5 attenuates the immunosuppressive
function of MDSCs and enhances the efficacy of tumor
immunotherapy [157]. Interestingly, elevated expression of METTL3 is associated with regulation of MDSC
differentiation and poor prognosis of cervical cancer
[155]. However, cisplatin-targeting METTL3 was used
to block G-CSF methylation, which reduced the number of MDSCs, thereby achieving successful inhibition
of bladder cancer progression [158]. Therefore, blocking specific m6A modifications in tumors may present a
feasible technique for targeted tumor therapy. Notably,
differentiation of MDSCs is a complex and variable process, metabolic programming products can also mediate
immunosuppression of MDSCs through m6A methylation. For instance, the metabolite lactic acid upregulates
METTL3 expression in MDSCs by inducing histone
lactonization, leading to increased m
 6A modification
and immunosuppressive activity, and ultimately, tumor
immune escape [106]. However, limited reports to date
have focused on establishing the effects of hypoxia and
metabolic reprogramming on the status and behavior of
MDSCs. Further research is essential to determine the
interactions between the components of TME and their
effects on the differentiation status of MDSCs.
MSCs and TA‑MSCs

The interactions between mesenchymal stem cells
(MSCs) and TME are complex. MSCs act as antigenpresenting cells (APCs) that activate tumor-adaptive
immune responses to retard tumor growth [159]. In addition, MSCs have strong differentiation and proliferation
capability and can inhibit multiple immune cells and
promote tumor cell escape from immune surveillance
by participating in generation of TME [160]. Studies to
date have focused on the effect of m6A methylation on
MSCs at the site of tumor metastasis rather than primary
TME. m6A methylation is involved in the mechanism of
differentiation of bone marrow-MSCs (BM-MSCs) into
osteoblasts. METTL3 is upregulated in BM-MSCs during osteogenesis induction and its knockdown inhibits
BM-MSC differentiation, which may be ascribed to a significant decrease in phosphorylation in the AKT signaling pathway [161]. Furthermore, BM-MSCs participate in
TME remodeling via recruitment to tumor sites or may
even transform directly into tumor cells through complex
interactions with TME. BM-MSCs can differentiate into
VECs, myofibroblasts and even CAFs, and secrete multiple factors in TME that strongly support tumor proliferation, angiogenesis, and invasion [162, 163]. Future
studies should focus on the potential impact of 
m6A
methylation on MSC behavior in TME. Importantly,
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MSCs can transform into TA-MSCs that strongly support tumor proliferation with the involvement of tumorsecreted cytokines. Although limited literature has
documented the relationship between 
m6A and TAMSCs, our group confirmed that TA-MSCs express high
levels of macrophage migration inhibitory factor (MIF),
which enhances FTO expression in pancreatic cancer
cells and promotes proliferation, migration and invasion
(unpublished results). Conversely, knockdown of MIF in
TA-MSCs reduced FTO expression and attenuated the
cancer-promoting effect. Similarly, knockdown of FTO in
TA-MSCs decreased their pro-tumorigenic effect while
overexpression of FTO rescued the decreased function
of cancer cells induced by MIF knockdown in TA-MSCs.
These findings clearly indicate that 
m6A modification
affects the biological function of TA-MSCs, although the
precise mechanisms linking m6A methylation with regulation of tumor progression remain to be established.
CAFs

Cancer-associated fibroblasts (CAFs) potently support
tumor proliferation and metastasis, mainly through the
activities of paracrine cytokines. Recent findings have
revealed a critical role of Zfp217-FTO-YTHDF2 in fibroblast-mediated differentiation of adipocytes from 3T3L1
cells [164]. However, few studies have focused on the
effects of m6A methylation in the secretory functions of
CAFs, which should be extensively explored bearing in
mind the multiple ways in which CAFs mediate tumor
invasion. In addition, m6A modification is additionally
implicated in EMT [165], tumor stem cell transformation
[166], chemoresistance [167], and distant metastasis. The
issue of whether hypoxia and metabolic reprogrammingmediated m6A methylation contribute to these processes
via CAFs deserves further attention.
In TME, hypoxia and glycolysis-based metabolic reprogramming (metabolites such as lactic acid) are extensively involved in the functional regulation of immune
cells and create an immunosuppressive microenvironment with the aid of m6A modifications that supports
tumor growth. Immunosuppressive cells can inhibit
the functions of anti-tumor immune cells. For example,
METTL14 in TAM promotes dysfunction of CD8+ T
cells and tumor progression [149]. In turn, tumor cells
further support proliferation by activating m
 6A modifications in anti-tumor immune cells (such as Treg and
TAM [150]) and converting them to immunosuppressive
phenotypes through secretion of cytokines [136, 168].
Moreover, m6A modification in tumors regulates the levels of anti-tumor immune and immunosuppressive cells
to shape the immunosuppressive TME. For instance,
expression levels of METTL3 in breast cancer are negatively correlated with CD8+ T cells, helper T cells and
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activated NK cells and positively correlated with TAMs
[169]. Given the complexity of TME, exploring the intricate crosstalk in the m6A methylation-regulated immune
microenvironment could provide valuable insights for
improving targeted treatment of tumors.
Exosome and m6A methylation affect immune cell
functions

Exosomes (30–150 nm in diameter) are extracellular
vesicles (EVs) with a double lipid membrane [170]. Under
pathological and physiological conditions, almost all cells
(including tumor cells) secrete exosomes for metabolic
distribution throughout the body [170]. As a significant
medium for cellular communication, the intercellular
signaling transmission function of exosomes is mainly
attributed to the constituent proteins, nucleic acids and
lipids [14] among which miRNA, mRNA, and lncRNA
play irreplaceable roles [171]. The hypoxic environment
accelerates tumor signaling, disrupts the balance of the
normal TME through promoting exosome secretion by
tumor cells and performs essential functions in a range of
pathological conditions [172], including tumor invasion,
immune escape, metabolic dysregulation, and chemoresistance [173], thus promoting accelerated tumor cell
growth. However, tumor cell proliferation consumes oxygen, leading to more severe tissue hypoxia [174]. Thus,
tumor exosome secretion promoted by hypoxia creates a vicious cycle in which they support each other to
facilitate tumor proliferation and invasion. For instance,
in hypoxic TME, CAFs alter their exosome content and
increase exosome release through metabolic reprogramming [175], CAF-derived exosomes have been shown to
inhibit the sensitivity of colorectal cancer cells to 5-fluorouracil and promote metastasis via the METTL3/miR181d-5p axis [176].
Tu-Exo converts immune cells into a phenotype that
favors tumor growth and promotes distant metastasis and
chemoresistance of tumor cells by shaping the immunosuppressive TME [14, 177, 178]. The mechanism of this
phenotypic shift in immune cells appears to be related to
Tu-Exo-mediated cytokines and chemokines. Tu-Exo has
been shown to inhibit T cell activity and induce apoptosis [179, 180]. Elevated Treg activity contributes to an
immunosuppressive TME. Specifically, upregulation
of chemokine ligand 20 in nasopharyngeal carcinomaderived exosomes is reported to enhance recruitment of
Treg to TME and increase its immunosuppressive function via Treg amplification [181]. Importantly, Tu-Exo
carries cytokines and chemokines that transform MSCs
into TA-MSCs with a pro-tumor phenotype. TA-MSCs
have strong immune escape and intercellular signaling
capabilities that generate a microenvironment favorable
for tumor growth and metastasis. This TME remodeling
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drives the conversion of immune cells to a phenotype
conducive to tumor proliferation [14]. TA-MSCs are
able to regulate signaling through secreted exosomes,
thereby affecting tumor proliferation and metastasis. For
example, TA-MSCs promote M2 macrophage differentiation by inducing overexpression of PD-L1 in CD206+
macrophages, which accelerates tumor invasion [182].
A study by Yang et al. characterized the mechanisms by
which Tu-Exo affects immune cell function and generates PMN. Specifically, Tu-Exo induces immunosuppression by downregulating NKG2D in NK cells and activates
PI3K/AKT signaling to promote M2 macrophage polarization [183].
Immune escape, a key link in tumor proliferation, may
be achieved by exosomal cargo-mediated 
m6A methylation. For instance, circNEIL3 contained in exosomes
secreted by glioma cells accelerates tumor evasion of
immune surveillance by blocking HECTD4-mediated
ubiquitination to stabilize the m6A methylation regulator,
IGF2BP3, and promote an immunosuppressive phenotype in macrophages [184]. Interestingly, tumor proliferation requires oxygen consumption and hypoxia promotes
release of exosomes from tumor cells [174], Tu-Exo supports PMN formation by metabolic reprogramming or
directly affecting immune cell function, facilitating tumor
metastasis and invasion. Furthermore, exosome-carried
substances can influence tumor progression through
m6A methylation, which, in turn, produces ideal conditions for tumor growth and metastasis by regulating
immune cell function [150, 185]. Accordingly, we suggest
that as biomolecules that transmit signals over long distances, exosomes, not only influence conditions to support tumor metastasis, but also activate m
 6A methylation
through multiple cargoes and create PMN by regulating
immune cells to support tumor metastasis. Overall, we
would encourage consideration of TME as a dynamically
changing medium as a whole in which the components
may be interrelated and act in concert to collectively
influence the tumor development process.

m6A methylation regulates the biological functions
of tumor cells
With the substantial advances in oncology research,
hypoxia, metabolism and m
 6A methylation have been
shown to serve as regulatory factors in a variety of tumorassociated biological processes, including autophagy,
apoptosis, chemotherapy resistance, and angiogenesis
(Fig. 2, Table 2).
CSCs

Cancer stem cells (CSCs) are a leading cause of tumor
recurrence and drug resistance. Hypoxia, a prominent
feature of TME, is essential for rapid tumor proliferation

Page 15 of 38

and maintenance of stem cell function. Notably, specific m6A regulators act synergistically with HIF-1α
and HIF-2α to promote the CSCs phenotype in multiple tumor types [166, 186]. The hypoxic microenvironment enriches stemness characteristics and CSCs
levels through stimulating HIF and ALKBH5 expression
in tumor cells [166]. In this biological pathway, HIF-1α/2α
are considered upstream regulators of ALKBH5-mediated demethylation of the target gene NANOG, based
on the finding that alterations in HIF-1α/2α expression
affect ALKBH5 activity. Increased proportions of breast
cancer stem cells can be achieved by dual regulation of
HIF-1α/2α and ALKBH5 that induces higher expression
and lower degradation levels of NANOG [166]. In addition to the hypoxia-HIF-1α/2α-ALKBH5-NANOG axis,
an analogous mechanism involving hypoxia-HIF-ZNF17m6A-NANOG/KLF4 signaling has been uncovered [187].
Similarly, in endometrial cancer, HIF-1α suppression
downregulates ALKBH5 protein and inhibits the tumorigenicity of CSCs by reducing its demethylation capacity [186]. Moreover, PD-L1 signaling supports immune
evasion and growth of CSCs, synergistically creating
a hypoxic and immunosuppressive environment that
facilitates tumor proliferation and invasion [188]. For
example, FTO-mediated upregulation of PD-L1 in colon
cancer cells promotes immune escape [189], while inhibition of FTO sensitizes tumor cells to T-cell toxicity and
overcomes hypomethylating agent-induced immune evasion [190].
m6A methylation promotes angiogenesis and tumor
metastasis

Angiogenesis supplies nutrient and oxygen requirements
and removes metabolic waste products [51], while invasion and metastasis are the leading causes of tumorrelated death [191]. Neovascularization is an important
process that provides adequate nutrients for metastatic
invasion of tumors. A growing number of studies have
evaluated the function of 
m6A methylation in tumor
angiogenesis. For example, IGF2BP3 has been shown to
bind vascular endothelial growth factor (VEGF) mRNA
and upregulate its expression and stability through m6A
methylation, thereby promoting angiogenesis in colon
cancer [192]. Recent studies have focused on inducing vascular normalization in tumor cells and inhibiting malignant progression triggered by increased tumor
hypoxia and dystrophy [193]. Hypoxia modulates the
levels/activities of m6A regulators, in turn, altering m6A
levels, thereby leading to increased target transcript
expression and effects on tumor cell growth [194]. Regulation of the m6A reader YTHDF2 by hypoxia involves
enhanced inflammation and angiogenesis and thus is
critical for tumor invasion [195]. Overexpression of
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Fig. 2 Effects of m6A modifications in hypoxia and metabolic TME on tumor biological functions. The different colored lines represent the
interactions of m6A modifications in tumor biological functions through the respective pathways

IGF2BP3 upregulates HIF-α in gastric cancer and promotes hypoxia-induced angiogenesis and tumor invasion
[196]. In addition, tumor metabolism in hypoxic TME
favors angiogenesis. Elevated expression of METTL3
in gastric cancer contributes to angiogenesis and liver
metastasis by promoting HDGF secretion to support
glycolysis [197]. Additionally, a role of m6A methylated
mRNA in vascular endothelial cells (VECs) and vascular smooth muscle cells (VSMCs) of TME has been

described. Knockdown of METTL3 significantly activates
Notch signaling, which is associated with downregulation of heterodimeric Notch E3 ubiquitin ligase, and
affects proliferation of VECs [198]. VEGF is considered
the most potent and abundant specific vascular growth
factor in angiogenesis that promotes metastasis [199].
METTL3-mediated m6A methylation positively regulates
VEGF expression [200]. However, limited reports have
comprehensively investigated the mechanisms involving

IGF2BP1 silencing induces cell cycle arrest and apoptosis
through downregulation of Netrin-1

Pancreatic cancer

Upregulation of METTL14 mediates cisplatin resistance by
activating the AMPKα/ERK1/2/mTOR pathway to reduce
autophagy and apoptosis

ALKBH5 activates PER1 through transcription in a
m6A-YTHDF2-dependent manner

microRNA-96 promotes anti-apoptosis in tumor cells by
regulating the AMPKα2-FTO-m6A/MYC axis

Hypoxia-mediated HIF-1α induces expression of YTHDF1,
a m6A methylation reader, and promotes translation of
autophagy-related genes ATG2A and ATG14 in a m6A
methylation-dependent manner

Overexpression of METTL3 promotes autophagy and
cisplatin resistance in tumors

FTO accelerates ovarian cancer cell proliferation by inhibiting apoptosis and activating autophagy

ALKBH5 improves the translation efficiency of lung cancer
cells by decreasing the m6A methylation level of ubiquitinbinding enzyme E2C (UBE2C) mRNA

FTO-mediated demethylation prevents the decay of
YTHDF2-dependent Unc-51-like kinase 1 mRNA by removing the methyl group from the 3′-UTR region
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[318]
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Accelerates HCC autophagy and malignant tumorigenesis
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apoptosis
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Pancreatic cancer

Colorectal cancer

HCC

METTL14

Lung cancer

Apoptosis

ALKBH5

Autophagy

Kidney cancer

ALKBH5

FTO

Autophagy

The lncRNA HCG11 regulates IGF2BP1 to affect the G1
phase of HCC through MAPK signaling

Overexpression of METTL3 promotes tumor proliferation
and colony formation by regulating the G1 phase

Renal cell carcinoma DMDRMR binds IGF2BP3 to stabilize target genes and
enhances cell cycle kinase CDK4 and G1-S phase transition

Apoptosis

IGF2BP3

Cell cycle

Lung cancer

FTO

IGF2BP1

Cell cycle

Mediates HCC occurrence

WTAP downregulation suppresses the m6A methylation
level, thereby blocking the G2/M phase transition

Renal cell carcinoma IGF2BP1 promotes G1/S cell cycle transition by stabilizing
mRNA

Apoptosis

IGF2BP1

Cell cycle

HCC

YTHDF1

IGF2BP1

Cell cycle

Uveal melanoma

Autophagy

METTL3

Cell cycle

Promotes cancer cell proliferation

METTL3-catalyzed m6A methylation mediates HMBOX1
gene downregulation, resulting in telomere dysfunction
and inactivation of the p53 signaling pathway

High ALKBH5 expression promotes tumor proliferation by
increasing the percentage of cells in the G2/M phase

[316]

Promotes proliferation and invasion of lung adenocarcinoma cells under hypoxia

ALKBH5 improves the translation efficiency of FOXM1
mRNA by downregulating m6A methylation in FOXM1
mRNA

[257]
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Effects on biological behavior of tumors

Mechanism

Renal cell carcinoma Hypoxia-induced HIF-1α upregulates ALKBH5 expression

Seminoma

ALKBH5

Cell cycle

HCC

METTL3

WTAP

Genomic instability

Lung cancer

Autophagy

METTL3

Genomic instability

Lung cancer

Ovarian cancer

ALKBH5

Genomic instability

Tumor types

Autophagy/apoptosis FTO

m6A regulators

Types of tumor
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Table 2 Effects of m6A methylation on tumor biological functions
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YTHDF1

METTL3

METTL3

YTHDF1/METTL3 HCC

METTL3

METTL3

Drug resistance

EMT

EMT

EMT

EMT

EMT

Ovarian cancer

Lung cancer

Gastric cancer

Leukemia

Colorectal cancer

HCC

Ovarian cancer

Lung cancer

Gastric cancer

METTL3

METTL3

Angiogenesis

HCC

Drug resistance

YTHDF2

Angiogenesis

Breast cancer

METTL3

YTHDF3

Angiogenesis

Colon cancer

ALKBH5

IGF2BP3

Angiogenesis

Colorectal cancer

Drug resistance

METTL3

Apoptosis

Tumor types

Drug resistance

m6A regulators
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Table 2 (continued)
Effects on biological behavior of tumors

Promotes breast cancer cell metastasis and invasion

YTHDF3 induces the translation of m
 6A-enriched gene
transcripts

Promotes HCC sorafenib resistance

m6A methylation mediates autophagy in HCC via FOXO3

Promotes tumor progression

Promotes growth and invasion of ovarian cancer

Promotes tumor metastasis

The m6A methyltransferase METTL3 contributes to Transforming Growth Factor-beta-induced epithelial-mesenchymal transition of lung cancer cells through regulation
of JUNB
METTL3 promotes EMT by regulating AXL translation

Promotes tumor metastasis

METTL3 and YTHDF1 mediate Snail mRNA translation to
enhance EMT

Promotes gastric cancer metastasis
METTL3 enhances the stability of ZMYM1 mRNA through
m6A modification, which, in turn, promotes EMT by recruiting the CtBP/LSD1/CoREST complex to bind and mediate
repression of the E-calmodulin promoter

N6-methyladenosine regulates TGFβ1 expression and
secretion to affect epithelial-mesenchymal transition of
cancer cells

Inhibits tumor cell death

Induces cisplatin resistance in ovarian cancer

YTHDF1 promotes cisplatin resistance by reprogramming
GLS1-glutamine metabolism in colorectal cancer
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[57]
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Accelerates progression of gastric cancer
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JAK2/STAT3 signaling pathway

Regulation of MALAT1-miR-1914-3p-YAP axis

P300-mediated activation of H3K27 acetylation in the
METTL3 promoter induces METTL3 transcription, which
stimulates m6A methylation of HDGF mRNA

YTHDF2 processes the decay of m6A-containing interleukin Reduction of YTHDF2 contributes to angiogenesis and
11 (IL11) and serpin family E member 2 (SERPINE2) mRNAs supports tumor metastasis

Promotes angiogenesis and metastasis in colon cancer

IGF2BP3 binds to mRNA of cyclin D1 (cell cycle G1/S phase
checkpoint) and regulates tumor angiogenesis by reading
m6A methylation in the CDS region to reduce its mRNA
stability

METTL3 activates the glycolytic pathway and prevents
Promotes tumor proliferation
tumor cell apoptosis by stabilizing the transcriptional translation of this gene
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m6A modifications by which hypoxia and metabolism
affect vascular endothelial cells (VEC) and vascular
smooth muscle cells (VSMC) and mediate tumor angiogenesis. Considering the clinical utility of anti-angiogenic therapy, targeting pro-angiogenic m6A methylation
may provide an innovative avenue for treatment of solid
tumors. Moreover, the specific mechanisms by which
m6A methylation affects VEGF and other key genes in
TME angiogenesis, such as Notch signaling, are worth
further investigation.
The invasion and metastasis-promoting function of
m6A methylation has been confirmed in breast cancer
[201], liver cancer [202], lung cancer [165], gastric cancer
[197]. However, tumor metastasis is a multistep process,
designated the invasion-metastasis cascade [191, 203].
Therefore, the specific role of m
 6A methylation modifications at each step, from primary tumor cell development to metastasis formation, should be explored. For
instance, the m
 6A reading protein, YTHDF3, potentiates
tumorigenicity of cancer stem-like cells in ocular melanoma through facilitating translation of CTNNB1 [204].
The m6A methyltransferase METTL3 stimulates EMT
in lung cancer through the miR-143-3p/VASH1 axis for
metastasis and invasion [165]. Additionally, increased
vascular permeability may be mediated by m
 6A methylation in the METTL3-YTHDF2-PKC-η/FAT4/PDGFRA signaling axis [205], which supports the possibility
of transendothelial migration of tumor cells. Given the
effects of hypoxia and metabolism on TME, a feasible
consideration is that these factors promote metastasis in
concert with m6A modifications. For instance, hypoxia in
breast cancer induces HIF-1α expression and promotes
the effect of PKM2 on glycolysis through upregulation
of YTHDF1, triggering cancer cell growth and metastasis [206]. In fact, all known metastatic mechanisms
involving CSCs [166], angiogenesis [196], EMT [207],
chemoresistance [208] and autophagy [81] are associated with hypoxia and metabolism to varying degrees.
However, the potential roles of m
 6A methylation in other
metastatic processes, such as tumor cell entry and exit
from dormancy, tumor-associated regulation of biological circadian rhythms, and signaling networks that promote metastatic colonization and evolution, remain to be
established.
m6A methylation is associated with therapeutic resistance

Similar to infectious diseases, tumors are often resistant to multiple treatment modalities and facilitate distant metastases [209], from traditional radiotherapy and
chemotherapy to current targeted therapies and immunotherapy. Moreover, development of tumor resistance
to combinations of drugs has been reported, which poses
a considerable challenge. For improvement of therapeutic
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efficacy, the mechanisms underlying treatment resistance
should be comprehensively understood. Interestingly,
lung cancer cells adapt to the hypoxic microenvironment
and mediate cisplatin resistance through the Keap1Nrf2-AKR1C1 signaling axis by suppressing YTHDF1
expression, meanwhile, YTHDF1 inhibition regulates
the translation of CDK2, CDK4 and cytokine D1, further
promoting distant tumor metastasis [31]. Conversely,
YTHDF1 gene expression is reported to be significantly
upregulated in colorectal cancer, thereby reducing the
sensitivity of tumor cells to cisplatin [210], suggesting
that YTHDF1 mediates chemoresistance through distinct expression patterns in different cancer types. However, the mechanisms underlying TME crosstalk-induced
treatment resistance are multifaceted. For instance,
elevated endogenous Fe2+-dependent m6A demethylase
activity promotes global m6A hypomethylation and posttranscriptional regulation of downstream genes involved
in glycolysis, hypoxia, and immune checkpoint pathways,
ultimately leading to treatment resistance in leukemia.
This treatment-resistant phenotype could be effectively
reversed by combination therapy with GNRa-CSP12 (a
potential immunotherapeutic agent) and tyrosine kinase
inhibitors [211]. Indeed, the involvement of m6A methylation in metabolic reprogramming after drug uptake
and neutralization in TME may be a major factor in the
development of therapeutic resistance. Another interesting finding is that YTHDF1 can promote cisplatin resistance by reprogramming GLS1-glutamine metabolism
in colorectal cancer [95]. m6A-induced ERRγ stimulates
fatty acid oxidation (FAO) and mediates chemoresistance via regulation of CPT1B, the rate-limiting enzyme
of FAO [212]. Additionally, upregulation of METTL3
in tumors increases adenylate kinase-4 expression to
promote mitochondrial metabolism-mediated tamoxifen resistance and tumor progression [213]. Similarly,
a m6A-dependent mechanism enhances PDK1 mRNA
stability and mediates temozolomide chemoresistance
in glioblastoma by inducing an increase in glycolysis
[214]. The Warburg effect (tumor cell glycolysis) promotes release of glioma exosomes carrying circ_0072083
that upregulates NANOG expression by targeting miR1252-5p and mediating m
 6A demethylation, thereby
promoting temozolomide resistance [215]. Therefore,
comprehensive investigation of the mechanisms underlying m6A methylation-mediated chemoresistance may
provide promising strategies for tumor treatment. Future
studies should additionally focus on hypoxia, metabolism, and other TME components, including exosomes.
Radio-resistance is another cause of treatment failure.
Various m6A methylation enzymes, such as METTL3,
FTO, and ALKBH5, clearly affect key cellular processes
in tumor cells, including apoptosis, resulting in resistance
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to radiation therapy [216–218]. Additionally, m6A methylation of the lncRNA MALAT1 is reported to induce
radio-resistance/chemoresistance by impairing the apoptotic response in cervical cancer [217, 219]. Silencing of
specific key m6A regulators, such as IGF2BP2/3 in lung
cancer [218] and METTL3 in glioma [220], can reverse
tumor radio-resistance via activation of DNA damage
repair and inhibition of CSC functions. Elucidation of
the molecular mechanisms underlying drug resistance
in various malignancies is important to facilitate the
development of individualized and precise therapeutic
approaches.
m6A methylation modulates autophagy

Autophagy is a type II programmed cell death mechanism [221]. The role of autophagy in tumors is currently controversial, but the general consensus is that
when tumors progress to advanced stages and face a
hostile environment, autophagy acts as a dynamic degradation and recycling system that contributes to the
survival of established tumors and enhances aggressiveness by promoting metastasis [222]. Under strong environmental stimuli such as hypoxia, tumor cells maintain
cellular integrity and support their survival and proliferation through autophagy [223]. Therefore, activation
of autophagy represents an adaptive change of tumor
cells in response to hypoxia that supports tumor survival. Mounting evidence supports the theory that the
autophagy-associated mechanisms underlying tumor
progression are associated with m
 6A methylation [81].
Mechanistically, hypoxia-mediated HIF-1α induces
expression of the 
m6A methylation reader, YTHDF1,
and promotes translation of autophagy-related genes,
ATG2A and ATG14, in a m6A methylation-dependent
manner, resulting in autophagy and tumorigenesis of
HCC [81]. Angiogenesis and chemotherapy resistance
are major contributory factors to the poor efficacy of
antitumor therapy, and they can be achieved through
autophagy. Low expression of the m6A methyltransferase,
METTL3, under hypoxia is reported to trigger downregulation of FOXO3, thereby enhancing sorafenib resistance and angiogenic gene expression in HCC through
YTHDF1-mediated autophagy, ultimately leading to
poor prognosis [202]. Autophagy-mediated chemoresistance of gastric and nasopharyngeal carcinomas is similarly regulated by the mTORC signaling axis mediated
by the m6A demethylase FTO and the β-catenin/ABCC9
signaling axis activated by m6A methylation on TRIM11
[224, 225]. In addition, multiple metabolic pathways
(including lipid metabolism and glycolysis) are associated with autophagy-mediated tumor progression. FTO
regulates obesity and adipogenesis through autophagy
and provides energy for tumor survival through lipid
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metabolism. Mechanistically, FTO-mediated demethylation prevents YTHDF2-dependent decay of Unc-51-like
kinase-1 (U51LK1) mRNA by removing methyl groups
from the 3′-UTR region, thereby driving autophagy to
promote tumorigenesis [226]. Hence, reduction of adipose accumulation through anti-autophagy pathways
activated under conditions of FTO deficiency presents a
critical strategy to prevent the harmful effects of increasing obesity [227]. Other m
 6A methylation regulators are
additionally involved in modulation of autophagy. For
example, knockdown of the lncRNA LINRIS in colorectal cancer blocks K139 ubiquitination of IGF2BP2 (a m6A
reader), preventing its degradation by the autophagic
lysosomal pathway and ultimately, attenuating the downstream pathways of IGF2BP2, such as MYC-mediated
glycolysis in tumor cells [228]. These findings highlight
critical interactions between autophagy and m6A methylation regulators, further confirming the biological significance of m
 6A methylation in hypoxia and metabolic
programming in TME. However, the impact of 
m6A
methylation regulators on the transcription and translation of autophagy-related genes through complex associations in TME and autophagy-related mechanisms
involved in distant tumor metastasis (including angiogenesis, radio-resistance, tumor cell cycle, and EMT)
remain poorly understood.
m6A methylation is involved in apoptosis

Apoptosis is an orderly and coordinated cellular process that occurs under both physiological and pathological conditions. Deficiency of apoptosis induces
persistent proliferation of tumor cells, which is one of
the main reasons underlying poor prognosis [229, 230].
Clarification of the mechanisms associated with apoptosis may therefore provide useful information for targeted tumor therapy. Recent studies suggest that m
 6A
methylation is closely associated with apoptosis [2]. As
described by Chen et al. [231], m6A methylation regulates apoptosis through multiple mechanisms including modulation of apoptosis-related genes, silencing of
genes encoding methylated or demethylated enzymes,
and reduction of reading proteins-mediated transcripts. Hypoxia-mediated autophagy is involved in
m6A modification-mediated regulation of apoptosis.
Mechanistically, transcription factor EB (TREB, a major
regulator of lysosomal biogenesis and autophagy genes)
enhances the autophagic flux in hypoxic cardiomyocytes to inhibit apoptosis via induction of ALKBH5 and
inhibition of METTL3 expression [232]. Furthermore,
upregulation of METTL14 mediates cisplatin resistance through activating the AMPKα/ERK1/2/mTOR
pathway to reduce autophagy and apoptosis, resulting
in accelerated tumor proliferation and metastasis [233].
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Tumor proliferation induced by apoptosis inhibition is,
in fact, a multifactor-mediated biological behavior that
incorporates EMT in addition to autophagy. Hypoxia
favors tumor progression by interfering with the levels of m6A, leading to uncontrolled expression/activity
of related genes. Specifically, the hypoxic environment
promotes upregulation of METTL14/ALKBH5 [166,
234] and subsequently modulates m
 6A levels of EMT
and angiogenesis-related transcripts (including genes
involved in transforming growth factor-β signaling), leading to inappropriate cell cycle progression
and tumor evasion of apoptosis [194]. Altered cellular metabolism is an adaptive adjustment mechanism
by tumors in response to malignant stimuli such as
hypoxia. METTL3 interacts directly with the 5′/3′UTR
region of HK2 and the 3′UTR region of GLUT1 to activate the glycolytic pathway and prevents tumor apoptosis by stabilizing the transcriptional translation of
these two genes [57]. In addition, a novel RNA-binding
protein, RALY, systematically downregulates metabolism-related genes (ATP5I, ATP5G1, ATP5G3 and
CYC1) through METTL3-mediated m6A methylation
to promote post-transcriptional processing of specific
miRNA subsets (miR-483, miR-676, and miR-877),
thereby reprogramming mitochondrial metabolism in
cancer cells to inhibit apoptosis and promote metastasis [235].
Tumor heterogeneity poses a considerable challenge
in the delivery of effective tumor-targeted therapy. Targeting of m
 6A methylation regulators to induce apoptosis is proposed to provide a feasible therapeutic option
[236]. For example, R-2-hydroxyglutaric acid (R-2HG)
stimulates overall m
 6A methylation modifications of
RNA in R-2HG-sensitive leukemia cells by inhibiting FTO activity, which, in turn, reduces the stability of
MYC/CEBPA transcripts, thereby suppressing leukemia cell proliferation/viability and promoting cell cycle
arrest (G2/M) and apoptosis [237]. Alterations in m6A
RNA modifications can further modulate downstream
adaptive responses, such as key regulators of apoptosis,
autophagy, pro-survival and oncogenic pathways, CSCs
and TME [238]. Thus, apoptotic evasion of tumor cells is
the result of multiple factors and future precision tumor
therapy needs to consider the associations among biological behaviors in malignant TME, including hypoxia and
metabolism. m6A modifications are additionally reported
to be involved in other cell death types, including necroptosis, ferroptosis, and pyroptosis, but their potential
crosstalk with malignant TME has not been established
[10]. Moreover, the relationship between more recently
identified modes of cell death (cuproptosis and immunogenic cell death) and m
 6A methylation in tumor progression is worth further investigation [239, 240].
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m6A methylation regulates the cell cycle

Cell division is composed of G1 → S → G2 → M stages
(designated the ’cell cycle’) and its dysregulation is closely
related to tumorigenesis. For example, dysregulation of
the G1 phase suppresses DNA damage repair and promotes retinoblastoma progression [241]. m6A methylation has been shown to promote tumor proliferation
through effects on the cell cycle [242]. An earlier study
reported that IGF2BP3 increases the percentage of cells
in the S phase and promotes proliferation of colorectal
cancer cells through regulation of cyclin D1 expression
[192]. Notably, the IGF2BP family modulates tumor progression in an m6A-dependent manner by affecting the
cell cycle to varying degrees in multiple tumor types,
including bladder cancer [243], lung cancer [244], HCC
[245], endometrial cancer [246], and kidney cancer [247].
FTO-mediated m6A methylation of PKM2 promotes
HCC progression by accelerating the generation of translation products and conversely, FTO knockdown induces
G0/G1 phase blockage and inhibits tumor proliferation
and growth in vivo [248]. Importantly, hypoxia-induced
regulation of downstream biological behavior (e.g., the
cell cycle) can be achieved through effects on reprogramming of the m
 6A-modified episodic transcriptome
[249]. In renal cell carcinoma, hypoxia-induced HIF-1α
enhances ALKBH5 expression, which, in turn, promotes
tumor proliferation through increasing the percentage of
cells in the G2/M phase [250]. Similarly, loss of YTHDF3
or IGF2BP2 in hypoxia induces a significant decrease in
the percentage of cells in the G1 phase and significant
increase in G2 phase cells, thereby promoting cell cycle
progression and impeding apoptosis [251]. The collective
findings suggest that hypoxia-mediated m6A modifications allow tumor cells to avoid apoptosis and continue to
proliferate and induce distant metastasis through effects
on the cell cycle. However, the issue of whether other
biological behaviors (e.g., autophagy and glycolysis) are
involved in regulation of the tumor cell cycle through
m6A modifications is yet to be established.
Genomic instability

Genomic instability (GI), which refers to the increased
frequency of genomic alterations acquired by cells, is one
of the most prevalent features of tumor cells and often
associated with poor prognosis [252, 253]. Tumor cells
with altered genomes (e.g., loss of apoptotic potential) are
allowed to survive under hypoxic conditions that exacerbate tumor hypoxia, while persistent hypoxia increases
genomic instability and heterogeneity and triggers environmental changes to support tumor cell proliferation
[254]. RNA m6A methylation has recently been shown to
regulate tumor progression through effects on GI [255].
Yin et al. [256] reported that multiple m6A regulators
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(METTL3, WTAP, YTHDF1/2/3) are associated with
GI and mediate poor prognosis in HCC. Interestingly,
METTL3-catalyzed m6A methylation is reported to
mediate downregulation of the HMBOX1 gene, resulting
in telomere dysfunction and inactivation of p53 signaling, thereby affecting telomere homeostasis and genome
stability and promoting tumorigenesis [257]. Based on
these findings, we propose that m6A methylation facilitates tumor growth through regulation of genomic stability. However, the issue of whether hypoxia or metabolism
plays a role in this process and the underlying mechanisms are yet to be determined. Earlier studies support
the involvement of m
 6A methylation in maintenance of
genomic stability. For instance, METTL3-catalyzed m
 6A
RNA methylation not only suppresses chromosomal
translocation by driving RNA exosome recognition and 3′
end processing of SμGLT but also inhibits IgH-associated
aberrant DNA breakage and prevents genomic instability
[258]. The variable functions may be attributed to differences in tumor or cell type. However, m
 6A methylation in
TME appears to primarily mediate the onset of GI. Theoretically, the maintenance of genomic stability is essential
for efficient operation of the cell cycle. To our knowledge,
few studies to date have focused on the mechanisms by
which m6A modifications interfere with genomic stability and regulate tumor progression through the cell cycle.
Extracellular matrix

Extracellular matrix (ECM) consists of basement membrane and intercellular stroma, which is an important
tissue barrier for tumor metastasis. The tumor cells activate or secrete protein-degrading enzymes to degrade the
matrix through adhesion of their surface receptors to various components in the ECM, thus forming a local lysis
zone that constitutes a tumor cell metastasis runway. To
some extent, m
 6A methylation is involved in the degradation of ECM and affects the progression of osteoarthritis
[259], renal fibrosis [260], and tumors [261]. For instance,
METTL3 involves the progression of osteoarthritis
probably by affecting ECM degradation and regulating
the inflammatory response [259]; the m6A methylation
regulates endometrial carcinogenesis by targeting genes
associated with ECM [261]. Indeed, m
 6A methylation is
involved in cellular senescence and apoptosis through
the regulation of ECM [262–264]. However, these studies
have been focused more on non-tumor diseases, so there
is a need to further investigate whether and how m6A
methylation and ECM affect tumor development (e.g.,
senescence, apoptosis, and metabolism).
Importantly, hypoxia and metabolic programming
jointly create a malignant immunosuppressive TME
that supports multiple aspects of tumor development. Subsequently, tumor biological behaviors act
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synergistically to support disease progression in an
m6A methylation-dependent manner. For example,
hypoxia and glycolysis involved in 
m6A-dependent
autophagy contribute to chemoresistance and inhibition of apoptosis and promote distant tumor metastasis. Persistent proliferation exacerbates hypoxia and
mediates autophagy to promote further malignant
growth. Tumor angiogenesis can also support chemoresistance and EMT formation as well as apoptosis inhibition. Indeed, some of the lesser reported m
 6A "readers"
may also support tumor progression, high expression
of YTHDC2 may increase mutation frequency in favor
of tumorigenesis and portend a poor prognosis for
patients with soft tissue sarcoma [265].

Potential clinical applications of m6A methylation
Accumulating research has elucidated the mechanisms of
m6A methylation in epigenetic regulation in tumorigenesis, providing valuable insights into the diagnostic and
therapeutic applications (Table 3) of this modification.
Potential of m6A methylation in tumor diagnosis
and prognosis

Effective biomarkers and assays with high sensitivity and
specificity should greatly improve the efficiency of early
tumor diagnosis. m6A methylation and its regulators are
emerging biomarkers for tumor diagnosis and prognosis [266, 267]. Due to their metabolic reversibility, high
abundance and stability, methylated nucleosides can be
obtained in biological fluids or circulating cells [268, 269].
Huang et al. [268] showed elevated levels of m6A methylated RNA in circulating tumor cells from lung cancer
patients using liquid chromatography-electrospray ionization tandem mass spectrometry (LC–ESI–MS/MS).
Similarly, Pei and co-workers [270] reported elevated
m6A methylation in peripheral blood leukocytes of lung
cancer patients via flow cytometry, further supporting
the potential of this modification as a biomarker. Multiple
m6A methylation regulators have been shown to be associated with prognosis of different tumor types, including METTL3, WTAP, IGF2BP, FTO, and YTHDF [271].
Tumor prognosis is affected not only by gene expression
but also the combined characteristics of multiple m6A
methylation regulators. Although m6A methylation and
its regulators show strong potential as biomarkers, their
clinical application remains a considerable challenge due
to the heterogeneity of m
 6A methylation in patients and
lack of effective assays to detect site-specific m
 6A methylation from low-input clinical samples. In the future,
single-cell sequencing technologies and spatial transcriptomic analyses may help to address these issues.
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Table 3 Tumor-targeted drug therapy based on m6A methylation
Drug name

Targeting

Tumor

Functions

References

Curcumin

ALKHB5

NA

Curcumin reduces ALKHB5 (m6A demethylase)
expression in a m
 6A methylation-dependent
manner to inhibit adipogenesis

[329]

Quercetin

METTL3

Cervical cancer

Quercetin acts synergistically with cisplatin to
inhibit migration and invasion of cervical cancer cells by suppressing expression of METTL3

[330]

Baicalin

FTO/ALKBH5

Nasopharyngeal carcinoma Baicalein affects genomic stability to inhibit
tumor growth by mediating increase in
METTL3 and METTL14 and decreases in FTO
and ALKBH5

[331]

Saikosaponin

FTO

Myelomonocytic leukemia

Saikosaponin sensitizes myelomonocytic
leukemia cells to tyrosine kinase inhibitors by
suppressing FTO to rescue m6A hypermethylation in MYC and RARA

[332]

Simvastatin

METTL3

Lung cancer

Simvastatin mediates METTL3 downregulation
and affects epithelial mesenchymal transition
through m6A methylation of EZH2 mRNA,
thereby inhibiting malignant progression of
lung cancer

[333]

DAC51

FTO

Melanoma

Dac51 blocks FTO-mediated regulation of
glycolytic metabolism and prevents tumor
immune evasion by inhibiting FTO activity

[129]

Meclofenamic acid

FTO

Cervical cancer

Selective inhibition of FTO demethylation of
ALKBH5 via m
 6A methylation

[276]

Alk-04

ALKBH5

Melanoma

Inhibition of ALKBH5 to regulate Mct4/Slc16a3
expression and lactate content in TME and
the composition of tumor-infiltrating Treg and
MDSCs

[157]

miR-4429

METTL3

Gastric cancer

miR-4429 prevents gastric cancer progression
by targeting METTL3 to inhibit m6A methylation-induced stabilization of SEC62

[281]

miR-186

METTL3

HCC

miR-186 targets METTL3 and inhibits valueadded invasion of HCC through the Wnt/βcatenin signaling pathway

[282]

Cisplatin

METTL3

Seminoma

Enhanced stability of TFAP2C mRNA may
[334]
promote survival of cisplatin-loaded spermatocytoma cells through upregulation of DNA
repair-related genes

Oxaliplatin

METTL3

Colorectal cancer

Depletion of Sec62 sensitizes tumor cells to
chemotherapeutic agents by inhibiting Wnt/βcatenin signaling

[335]

Everolimus

METTL3

Gastric cancer

Inhibition of AKT/mTOR pathway to enhance
drug sensitivity in tumor cells

[336]

Anti‑PD‑1

METTL3

Melanoma

Inhibition of NF-κB and STAT3 via suppressing the ERK pathway, thereby slowing tumor
growth

[150]

STM2457

METTL3

Leukemia

STM2457 inhibits growth and differentiation
and increases apoptosis of cancer cells by
targeting METTL3

[337]

Imidazobenzoxazin-5-thione MV1035

ALKBH5

Glioblastoma

MV1035 reduces tumor migration and invasion [338]
by inhibiting ALKBH5

CS1/CS2

FTO

Leukemia

Inhibits expression of immune checkpoint
genes (in particular, LILRB4) and significantly
attenuates leukemic stem cell/initiating cell
self-renewal and reprogramming immune
responses through targeting FTO

[190]

Tyrosine kinase inhibitors

FTO

Leukemia

FTO-dependent m6A demethylation enhances
mRNA stability of proliferation/survival transcripts containing m6A, leading to increased
protein synthesis

[339]
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Table 3 (continued)
Drug name

Targeting

Tumor

Triptonide

IGF2BP1

Nasopharyngeal carcinoma Inhibits tumor growth by disrupting the
lncRNA THOR-IGF2BP1 signaling pathway

[340]

Berberine

IGF2BP3

Colorectal cancer

Blocks tumor proliferation by downregulating
IGF2BP3, inducing a G0/G1 phase block

[341]

JQ1

IGF2BP3

Ewing sarcoma

Inhibits tumor growth by reducing IGF2BP3
expression

[342]

BTYNB

IGF2BP1

Melanoma

Suppresses IGF2BP1 protein expression and
retards ovarian cancer growth by impairing
interactions between IGF2BP1 and c-MYC or
E2F1 mRNA

[273]

Colorectal/HCC

Delays tumor progression through targeted
inhibition of IGF2BP2

[343]

Downregulates c-MET expression by suppressing its mRNA m
 6A methylation, leading to a
subsequent c-MET-/HGF-dependent increase
in crizotinib sensitivity of tumor cells

[344]

Benzamidobenzoic acid/ureidothiophene IGF2BP2
Chidamide

METTL3/WTAP Lung cancer

Therapeutic potential of targeted m
 6A methylation
modulators

Abnormal reduction or increase in specific m6A methylation regulators frequently cause dysregulation of
overall levels of m6A methylation, thus affecting tumorigenesis, progression, and treatment. Currently,
m6A methylation inhibitors are the most commonly
used modality of targeted therapy, with reported positive antitumor effects. Indeed, inhibition of specific
m6A regulators, such as METTL3 [104] and YTHDF1
[272], prevents glycolysis-mediated glucose uptake
and lactate production, which offers promise for clinically targeted combination therapy. To date, a number
of small-molecule inhibitors based on m6A modifications have been developed. For instance, BTYNB, a
selective inhibitor of IGF2BP1, reduces IGF2BP1 protein expression and retards ovarian cancer growth by
impairing interactions between IGF2BP1 and c-MYC
or E2F1 mRNA [273]. Another specific inhibitor of
ALKBH5, ALK-04, reduces Treg cell and MDSC infiltration and enhances the efficacy of anti-PD-1 therapy
against tumor growth [157]. Targeted suppression of
FTO with small-molecule inhibitors CS1 and CS2 can
inhibit tumor proliferation through several pathways,
including blockage of immune checkpoints (LILRB4)
to suppress CSCs, induction of tumor cell cycle arrest
(G0 phase), and suppression of immune escape through
increasing tumor sensitivity to T cells, confirming the
holistic nature of TME [190]. Given that silencing of a
number of m6A regulators contributes to tumor proliferation and metastasis, upregulation of these molecules
with the aid of specific agonists may present an effective
option for m
 6A tumor-targeted therapy (e.g., certain
ligands can act as activators of the METTL3-14-WTAP

Functions

References

complex [274]). However, relatively few studies have
been conducted in this area.
In addition to small-molecule inhibitors, a nonsteroidal anti-inflammatory drug, maclofenamic acid
(MA), specifically inhibits FTO demethylase activity
and increases 
m6A methylation levels of mRNA. MA
has been shown to effectively inhibit the growth and
survival of glioblastoma stem cells and enhance the efficacy of the chemotherapeutic agent temozolomide [275,
276]. Other inhibitor compounds with similar antitumor
effects have been identified. For example, 3-deazaadenosine inhibits METTL3/METTL14 [277], CA4 (carbonic
anhydrase member) induces WTAP degradation and
suppresses colorectal cancer proliferation [278], and
R-2-hydroxyglutarate (R-2HG) delays leukemia progression via inhibition of FTO [237]. Moreover, METTL3mediated autophagy-induced resistance to gefitinib could
be reversed by β-elemene in lung cancer [279]. Although
a variety of m6A modulator inhibitors hold promise for
improving oncologic outcomes in clinical practice, limited relevant data are currently available, highlighting the
urgent need for further clinical trials and development
of effective strategies targeting further m6A methylation
modulators.
Additionally, miRNAs are also feasible as inhibitors
of m6A regulators, are non-coding RNA molecules with
potent gene regulation properties shown to bind to target
mRNAs, leading to inhibition of translation or degradation [280]. Notably, multiple miRNAs directly targeting
m6A methyltransferases in tumors have been identified.
In gastric cancer, miR-4429 acts as a tumor suppressor by
targeting METTL3 to inhibit m
 6A methylation-induced
stabilization of SEC62 and reduce tumor growth [281].
Interestingly, miR-186 and miR-600 appear to similarly
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target METTL3 and inhibit the progression of hepatoblastoma and lung cancer [282–284]. supporting the significant potential of miRNAs in m6A methylation-based
targeted tumor therapy. However, the finding that specific miRNAs can target multiple genes complicates the
development of selective miRNA-directed therapies. To
identify efficacious therapeutic candidates, a clear picture
of the miRNA targetome with information on the definitive number of oncogenes or tumor suppressors targeted
by individual miRNAs is essential.
Potential of m6A methylation in combination therapy

Targeted silencing or activation of m
 6A regulators can
retard tumor proliferation. Radio- and chemoresistance
are important factors in tumor recurrence. Therefore,
combinations of m
 6A methylation inhibitors that block
tumor growth and reverse radio- and chemoresistance
may achieve better efficacy. In support of this theory,
silencing of IGF2BP2/3, FTO, and METTL3 with specific
inhibitors has been shown to suppress proliferation and
reverse radio- and chemoresistance in multiple tumor
types, including lung, cervical and pancreatic cancer, and
glioma) [217, 218, 220, 275, 285], with ultimate improvement of treatment outcomes.
Tremendous progress in cancer immunotherapy has
been made over the last decade. The most widely used
immunotherapeutic agents at present are antibodies
targeting immunosuppressive receptors such as CTLA4, PD-1 and PD-L1 [286]. PD-1 is reported to downregulate the immune system response and promote
immune tolerance by suppressing T-cell activity. Elucidation of the molecular mechanisms of various immunosuppressive TME is critical for the development of
individualized and precise m6A methylation-mediated
therapeutic approaches. Specific 
m6A modulators in
anti-PD-1/L1 therapy have shown promise in eradication of malignant tumors [287]. Interestingly, in colorectal cancer and melanoma, enhanced anti-PD-1
efficacy could be achieved by depletion of METTL3
and METTL14, potentially via increased C D8+ T-cell
infiltration and tumor killing function [288]. Moreover,
knockdown of FTO led to increased PD-1 expression,
thereby reversing melanoma resistance to anti-PD-1
therapy in preclinical trials [289]. Higher C D8+ T cell
numbers reported in YTHDF1-deficient mice in TME
are associated with prediction of improved PD-L1
checkpoint blockade outcomes [123]. These findings
validate the ability of m6A modulators to modify the
immune response against PD-1/L1 therapy. In fact,
combining PD-L1 checkpoint blockade with YTHDF1
depletion enhances C D8+ T cell function and consequently slows tumor progression [123], providing a
reference for the development of strategies utilizing
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m6A inhibitors in conjunction with PD-L1 therapy.
Similarly, targeted inhibition of FTO and METTL3/14
combined with anti-PD-1 based immune checkpoint
blockade therapy has been used for leukemia and colorectal cancer [190, 288]. The clinical value of integrated
therapy based on immune checkpoint blockade with
other m6A inhibitors is of considerable research interest. Combined inhibition of demethylase-FTO and
immune checkpoint gene (LILRB4) has been shown to
significantly attenuate leukemic stem cell/initiating cell
self-renewal and reprogramming of immune responses
[190].
Notably, hypoxia and metabolism are extensively
involved in the complex crosstalk of TME through m6A
methylation and promote tumor progression via multiple pathways. Therefore, multifaceted combination
therapy should be considered. Accumulating evidence
has revealed that HIF-1α and HIF-2α inhibitors block
tumor growth through multiple mechanisms [290, 291].
For example, LAQ824 promotes polyubiquitination of
HIF-1α through an unknown pathway, leading to inhibition of its function [292]. HIF-2α inhibitors, such as
PT2385 and Vorinostat, suppress the HIF pathway by
interfering with epigenetic mechanisms to achieve inhibition of soft tissue sarcoma and neuroblastoma, respectively [293, 294]. Combined inhibition of IGF2BP3 and
HIF-1α is reported to further prevent tumor angiogenesis and metastasis [196]. Metabolic reprogramming in
TME provides nutrition for tumor survival and proliferation. Therefore, targeting metabolic pathways associated
with tumor proliferation and metastasis, such as glycolysis, mitochondrial metabolism, glutamate metabolism
and autophagy, could provide an effective strategy for
the development of novel drug discovery programs. For
instance, an antitumor effect of BPTES, an inhibitor of
glutaminase activity, has been reported [295]. Mitochondrial metabolism is critical for tumor growth. Metformin,
an antidiabetic drug, has been shown to act as a key target pathway for cancer therapy through mitochondriamediated metabolic pathways [296]. In this context, the
drug biguanide phenformin, an inhibitor of mitochondrial complex I, displays anticancer activity [297]. Given
the holistic nature of TME, combining these strategies
with m6A methylation-targeted therapy may be a future
research direction for the development of effective antitumor agents. For instance, METTL3 silencing can be
synergistically implemented with the glycolysis inhibitor 2-deoxyglucose (2-DG) to block HCC growth [298]
and combined inhibition of METTL3 and autophagy
increases the sensitivity of spermatocytoma to cisplatin
[299]. Additionally, co-inhibition of YTHDF2, ATF4induced autophagy, and glutamine provides a novel strategy for targeted therapy in colorectal cancer [300].
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Conclusions and future perspectives
Hypoxia is commonly associated with tumor cell proliferation. To survive in such a hostile microenvironment,
tumor cells utilize various strategies, such as regulating metabolic reprogramming and altering immune cell
functions, thereby generating an immunosuppressive
TME that supports their growth. Since the regulatory
mechanisms of m6A methylation and immunosuppressive TME are not completely understood at present, we
were unable to establish a perfect framework to understand the mutual crosstalk. However, a number of conclusions could be drawn based on the available data
(Fig. 3): Tumor proliferation causes hypoxia in TME and
hypoxia-mediated m6A methylation not only accelerates
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metabolite production by regulating metabolic reprogramming but also supports malignant progression by
altering immune cell functions and phenotypes in the
TME to promote immunosuppressive properties. In
addition, these immunosuppressive signals are mediated by Tu-Exo for transfer to distant sites and generate an immunosuppressive TME by suppressing normal
immune function to create conditions suitable for tumor
cell metastasis and invasion. Hypoxia and metabolic
reprogramming regulate multiple tumor biological
behaviors in an m
 6A methylation-dependent manner.
Tumor cells further support proliferation and metastasis through crosstalk among various mechanisms such
as autophagy, inhibition of apoptosis, angiogenesis,

Fig. 3 m6A methylation promotes immunosuppressive TME properties and supports tumor proliferation through pathways involving hypoxia,
metabolic dysregulation, tumor exosomes and immune cells. HIF influences tumor cells under hypoxic conditions through m
 6A methylation
modifications. Tumor cells in hypoxia accelerate the release of exosomes, contributing to the formation of immunosuppressive TME. m
 6A-mediated
metabolic dysregulation generates an acidic environment that further supports tumor growth and exacerbates tumor hypoxia. A number of
metabolites support immunosuppressive characteristics. In hypoxic conditions, tumors undergo metabolic reprogramming mediated by a
HIF-induced positive feedback loop to further exacerbate metabolic dysregulation. Additionally, m
 6A methylation directly regulates immune cells to
promote the progressive establishment of immunosuppressive TME
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and chemoresistance, generating a positive feedback
cycle that results in poor prognosis. m6A methylation is
extensively involved in the dynamic evolution of TME
(hypoxia, metabolic dysregulation, functional transformation of immune cells, autophagy, angiogenesis, treatment resistance) and exacerbates the immunosuppressive
properties of TME, providing potent conditions for adaptive changes and metastatic invasion of tumors. Furthermore, m6A methylation serves as an ideal marker for
tumor surveillance, providing useful clinical information
for tumor diagnosis and prediction that could be implemented in alteration of treatment regimens for optimal
outcomes. Importantly, combination of strategies to
remove and target m
 6A methylation, immunosuppressive
TME-related approaches (e.g., targeting immune cells),
and metabolic and hypoxia-based targeted therapies may
provide novel and innovative avenues for clinical tumor
therapy.
While targeted inhibitors based on m6A methylation
regulators are relatively traditional therapeutic agents,
their application is limited by low inhibition efficiency.
Benefiting from the development of gene editing technology, m6A methylation-based therapies have been proposed to add or remove m6A methylation sites in specific
genes. A novel tool, designated RCas9-FTO, facilitates
sequence-specific demethylation of 
m6A in RNA via
fusion of FTO with RCas9 [301]. This tool employs single guide RNA (sgRNA) to target RNA and PAMmer for
enhancing their interactions, along with fusion with FTO
to demethylate specific m
 6A sites. Another programmable in vivo manipulation tool, CRISPR-Cas13b-ALKBH5,
has been utilized for targeted demethylation of specific
mRNAs [302]. These tools do not require genomic alteration and are physiologically degradable but mRNA instability is a major challenge in the development of mRNA
drugs. Regulation of structural elements involved in
mRNA translation and metabolism via modification may
present an effective strategy to address this problem.
Therapies based on suppression and targeting of TME
immunosuppressive activity have gained significant
attention in recent years. Currently, cancer immunotherapy is mainly based on immune checkpoint blockade technology, antibody/oncoprotein technology, CAR
T cells, and small molecules. However, these approaches
have a number of drawbacks, such as individualized
differences and tumor heterogeneity, leading to nonresponse in some patients. Therefore, RNA-mediated
immunotherapy may be an alternative option for tumor
treatment [303]. Recently, Yeo and co-workers used
CRISPR-Cas9 screening to identify 57 RNA-binding
protein candidates with critical roles in promoting
MYC-driven oncogenic pathways. Their study revealed
an important function of YTHDF2 protein in global
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transcriptional regulation of MYC-driven breast cancer,
highlighting the therapeutic applicability of RNA-binding proteins [304]. However, owing to complex tumor
cell signaling mechanisms and immune cell phenotype
shifts, no real breakthroughs have been made in this area.
With the development of single-cell RNA sequencing
and spatial transcriptome analysis, differences between
tumor cell subpopulations should be identified, offering
the possibility of addressing the temporal-spatial structure of tumor and immune cells (bearing in mind that
spatial proximity between tumor and immune cells does
not necessarily mean that actual communication is taking
place). Furthermore, examination of how different cell
subpopulations accomplish complex intercommunication and coordination in time and space may contribute
to our understanding of the dynamics of TME.
Potential applications of exosomes as antitumor drug
carriers are comprehensively discussed in a previous
study by our group, which show utility as specific drug
carriers for tumor-targeted therapy owing to low immunogenicity and biocompatibility [14, 305]. However, specific conditions of TME (such as hypoxia or metabolism)
may affect the morphology or heterogeneity of exosomes
and Tu-Exo may exert tumorigenic effects [306]. Therefore, studies on changes in exosome properties in TME
(including how Tu-Exos are involved in metabolic reprogramming to influence tumor progression) and avoidance
of Tu-Exo-mediated tumor proliferation are essential to
facilitate their successful clinical application.
In summary, further in-depth exploration of the complex links and mechanisms between m6A methylation
(including the implications of hypoxia and metabolic
reprogramming-mediated crosstalk in immune cell function and tumor biological behavior) in TME should accelerate the clinical development of m
 6A methylation-based
tumor immunotherapy. In view of the complex crosstalk
within TME components, multifaceted combination
therapies targeting m6A, hypoxia, metabolism, and the
immune system should be considered.
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