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Abstract

Recent advancements in cancer therapies have improved clinical outcomes, yet therapeutic resistance remains
a significant challenge because of its complex mechanisms. Among epigenetic factors, m5C RNA modification
is emerging as a key player in cancer drug resistance, similar to the well-known m6A modification. m5C affects
RNA metabolism processes, including splicing, export, translation, and stability, thereby influencing drug
efficacy. This review highlights the critical roles of m5C in modulating resistance to chemotherapy, targeted
therapy, radiotherapy, and immunotherapy. This review also discusses the functions of key regulators, including
methyltransferases, demethylases, and m5C-binding proteins, as essential modulators of the m5C epigenetic
landscape that contribute to its dynamic and complex regulatory network. Targeting these regulatory components
offers a promising strategy to overcome resistance. We highlight the need for further research to elucidate the
specific mechanisms by which m5C contributes to resistance and to develop precise m5C-targeted therapies,
presenting m5C-focused strategies as potential novel anticancer treatments.
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Background

RNA methylation, an epigenetic mark that maintains
the gene sequence intact, is implicated in a multitude
of biological functions. The machinery governing RNA
methylation comprises “writers” that add methyl groups,
“erasers” that eliminate them, and “readers” that iden-
tify methylated RNA. Specific forms of RNA methyla-

*Fang Li and Tingting Liu contributed equally to this work.

*Correspondence: . . .

Rongzh‘i L tion, including m6A, m5C, m3C, m1A, and m7G, have
lurz@ujs.edu.cn emerged as potential therapeutic targets for disease
Zhiyong Deng intervention [1-3]. Abnormalities in RNA modification
yichun1988@yeah.net linked to di lil d d ti
'Science and technology department, Suzhou Key Laboratory of Neuro- al‘ﬂe Inked to diseases like cancer an n‘euro egenerative
Oncology and Nano-Bionics, Affiliated Kunshan Hospital of Jiangsu disorders. Therefore, better understanding of the mecha-
University, Suzhou 215300, Jiangsu, China nisms of RNA modification may provide insights into

Department of Preventive Medicine and Public Health Laboratory . lexi d developi
Sciences, School of Medicine, Jiangsu University, Zhenjiang 212013, gene expression complexity an eveloping new cancer

Jiangsu, China treatments.
Center for Experimental Research, Kunshan Hospital Affiliated to Jiangsu RNA methylatlons are present in various RNA spe-

University, Kunshan 215130, Jiangsu, China . . . .
“School of Medicine, Jiangsu University, Zhenjiang 212013, Jiangsu, China cies, 1nclud1ng messenger RNA, transfer RNA, ribosomal

© The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the

licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http:/creati
vecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12967-025-06217-8&domain=pdf&date_stamp=2025-4-2

Li et al. Journal of Translational Medicine (2025) 23:390

RNA, microRNA, long noncoding RNA, small nuclear
RNA, and small nucleolar RNA. The modification of
RNA with N6-methyladenosine (m6A) plays a critical
function in biological processes such as cell differen-
tiation, development, and stress response [4, 5]. Same
as m6A modification, 5-methylcytosine (m5C), plays a
crucial role in mRNA stability, nuclear export, and trans-
lation. Research has shown that RNA methylation regula-
tory factors are frequently disordered in several tumors.
Aberrant mRNA m5C modification has been reported to
be involved in the etiology of multiple diseases, including
arteriosclerosis, autoimmune diseases, and cancer.

Despite the rapid development of modern medicine,
cancer is a complex disease that remains a significant
cause of death worldwide. Drug resistance is the main
obstacle in cancer treatment, and a variety of drug resis-
tance mechanisms have been identified, such as drug
efflux, metabolic changes, target mutations, and cell
death mechanism escape [6]. Hypoxia, acidic conditions,
and immune escape in the tumor microenvironment also
adversely affect the therapeutic effect of drug treatments.
These complex drug resistance phenomena make it dif-
ficult to achieve treatment efficacy. Therefore, there is an
urgent need for the exploration of innovative therapies.

Epigenetic regulation plays a critical function in medi-
ating drug resistance, and RNA methylation contrib-
utes to drug resistance through various mechanisms.
In hepatocellular carcinoma (HCC), upregulation of
METTL1 and WDR4, components of the tRNA m7G
methyltransferase complex, is associated with lenvatinib
resistance [7]. m6A plays a regulatory role in various
aspects of cancer resistance, influencing processes such
as drug transportation and metabolism, the activity of
target receptors, the characteristics of cancer stem cells,
DNA repair mechanisms, and cellular apoptosis [8, 9].
For example, METTL3 facilitates m6A methylation of
DCP2 mRNA, promoting its degradation and increas-
ing mitochondrial autophagy via the Pink1-Parkin path-
way, thus aiding chemotherapy resistance. Moreover,
depleting METTL3 leads to sorafenib resistance in HCC
by affecting FOXO3 mRNA stability, while overexpress-
ing FOXO3 restores sensitivity to sorafenib [10]. Better
understanding of these resistance mechanisms is crucial
for the development of novel therapeutic strategies tar-
geting these modifications, thereby enhancing the effi-
cacy of cancer treatments.

Studies have shown that m5C modifications are closely
related to drug resistance in tumors. In ovarian cancer,
the m5C modification stabilizes CHD3 mRNA via the
recruitment of PABPCI1, thereby augmenting nuclear
accessibility and the efficacy of homologous recombina-
tion repair, which contributes to the resistance of tumor
cells against cisplatin-induced apoptotic stress. This
review discusses the clinical potential of targeting m5C
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modifications to overcome drug resistance and optimize
cancer therapy. The regulatory factors and mechanisms
that modulate m5C modification and the m5C detection
methodologies are first presented. The review primar-
ily highlights the significant role of m5C modifications
in tumor drug resistance by exploring the mechanisms
through which RNA m5C modifications contribute
to drug resistance. Furthermore, the review discusses
strategies for targeting m5C alterations to predict and
treat cancer resistance. The aim is to inspire the devel-
opment of novel therapeutic approaches targeting m5C
modifications.

Dynamic regulation of m5C

The m5C modification is a widespread RNA modifica-
tion detected in mRNA and non-coding RNAs includ-
ing transfer RNA, ribosomal RNA, long non-coding
RNA, small non-coding RNA, microRNA, and enhancer
RNA [11-14]. In m5C modification, an active methyl
group from the donor, usually S-adenosyl-methionine,
is added to the carbon-5 position of the cytosine base in
RNA. m5C modification is mediated by methyltransfer-
ases (writers), demethylases (erasers), and binding pro-
teins (readers) as shown in Fig. 1 [15-17]. The interplay
between these proteins enables the dynamic and revers-
ible regulation of m5C methylation. m5C modifica-
tion impacts various RNA processes, including splicing,
translation, maturation, transport, localization, and pro-
tein interactions (Table 1) [18].

m5C writers

The m5C methylation process is catalyzed by metRNA
cytosine methyltransferases, including NOL1/NOP2/sun
(NSUN) family proteins (NSUN1-7) and DNA meth-
yltransferase 2 (DNMT2). The localization of methyl-
transferases in cells is highly specific. Within the nucleus,
NSUN2, NSUN5, NSUN6, NSUN7, and NOP2 primarily
mediate m5C modification on mRNA, tRNA, 28 S rRNA,
and non-coding RNA [19]. In mitochondria, NSUN2 and
NSUNS3 methylate tRNA, while NSUN4 facilitates mito-
chondrial ribosome assembly by methylating 12 S rRNA
[20]. NSUN2 is a major RNA cytosine methyltransferase
that is distributed in both the nucleus and the cytoplasm,
including ribosomes and mitochondria.

NSUN?2 is highly expressed in multiple tumor types
and is involved in multiple malignant cellular functions,
such as tumorigenesis, cell proliferation, tumor invasion,
and cell differentiation [21, 22]. Studies in hepatitis B
virus (HBV) showed that the host NSUN2 methyltrans-
ferase mediates m5C modification on HBV RNA, thereby
increasing the stability of viral RNA and promoting HBV
replication and expression [23]. Recent reports have
shown that m5C modification of mitochondrial tRNA
mediated by the NSUN3 methyltransferase enhances
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Fig. 1 Chemical structures and regulatory enzymes for m5C modifications

Table 1 Regulator of m5C

RNA Writer Eraser  Reader Function
mMRNA DNMT2, TET1 YBX1,LIN28B  Stabilization
NSUN2/4/5/6  TET2 ALYREF, RNA export
RAD52, Homologous
FMRP recombination
RBFOX2 Degradation
tRNA DNMT2, ALKBH1 ~ YBX1,YBX2 Stabilization
NSUN2/3/6
rRNA NSUN1/4/5 TET2, YTHDF2 Pre-rRNA
ALKBH1 procession
INCRNA NSUN2/3/6 TETs YBX1, ALYREF  Stabilization
CircRNA NSUN4 NA NA Nuclear export

energy supply by promoting the protein synthesis of the
mitochondrial respiratory chain, thereby promoting can-
cer cell invasion and metastasis [24]. A combined m5C
microarray analysis showed that circERI3 is modified by
m5C, and NSUN4-mediated m5C modification enhances
circERI3 nuclear export.

TRDMT1 (DNMT2), a member of the 5-DNA meth-
yltransferase protein family, is a conserved eukaryotic
cytokine that is present in the nucleus or cytoplasm.
While DNMT2 was found to mediate m5C methyla-
tion modification of DNA, DNMT?2 also mediates m5C
modification of tRNA [25]. In eukaryotic cells, DNMT2
mainly mediates the methylation of tRNA at position

C38 [26]. Researchers showed that DNMT2-mediated
RNA methylation plays an important role in organ dif-
ferentiation and environmental tolerance in zebrafish and
Drosophila [27].

m5C erasers

Demethyltransferases, or “erasers,” mediate the demeth-
ylation of RNA, making m5C a reversible process. In
recent years, liquid chromatography tandem mass spec-
trometry quantitative analysis showed that enzyme fam-
ily has the potential to act as RNA demethylases, and its
overexpression significantly increases the level of RNA
5hmC in HEK293T cells.

ALKBH]I, a mitochondrial DNA and RNA dioxygen-
ase, is also involved in the demethylation of cytoplasmic
tRNAs [28]. Loss of ALKBHI leads to severe deficiencies
in mitochondrial translation and oxygen consumption,
indicating that ALKBH1 may regulate mitochondrial
activity [29]. In acute myeloid leukemia, TET2 defi-
ciency leads to an accumulation of m5C modifications in
TSPAN13 mRNA, which is recognized by YBX1, result-
ing in transcript stabilization and enhanced TSPAN13
expression. This process contributes to rapid leukemo-
genesis, not only through cell proliferation advantages
but also through increased leukemic stem cell hom-
ing and self-renewal [30]. Studies have shown that the
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TET-mediated oxidation product 5-hydroxylmethyl-
cytosine (hm5C) is specifically enriched in tRNA, and
TET?2 may influence translation through impacting tRNA
methylation [31]. In allergic rhinitis, TET2 plays a pro-
tective role by negatively regulating M2-related factors
through mRNA m5C demethylation.

m5C readers

m5C modification of mRNA plays a crucial role in vari-
ous biological processes and diseases through its recog-
nition by specific reader proteins. Identifying these m5C
reader proteins is essential for elucidating the mecha-
nisms that influence the fate and function of m5C-mod-
ified RNA. The currently known m5C reader proteins
include ALYREF, YBX1, YBX2, YTHDF2, RAD52, FMRP
and SRSF2 [32-36]. The m5C reader ALYREF binds to
lysine 171 and promotes mRNA extravasation in bladder
cancer. ALYREF acts as an oncogenic factor by binding
to m5C in EGFR mRNA to stabilize EGFR expression,
thereby activating the STAT3 pathway and promot-
ing liver hepatocellular carcinoma progression [17]. The
RNA-binding protein YBX1 functions as an m5C reader
and participates in NSUN2-mediated E2F1 regulation to
drive ovarian cancer progression [37]. YBX2, a homolo-
gous protein of YBX1, is another m5C binding protein
and interacts with m5C-modified RNAs [38]. In a study
using an unbiased quantitative proteomic approach,
YTHDEF2 was identified as a reader of m5C in RNA [39].
FMRP, a m5C reader, is a coordinator between m5C writ-
ers and erasers to promote mRNA-dependent repair
and cell survival in cancer [40]. SRSF2 is a novel reader
of m5C. The SRSF2P95H common gene mutation in leu-
kemia impairs the ability of SRSF2 to read m5C-labeled
mRNA and significantly reduces its binding to key leuke-
mia-associated transcripts in leukemia cells, thus partici-
pating in leukemogenesis [41].
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Fig. 2 Methods for detecting m5C methylation modifications
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Methods for detecting m5C methylation
modifications

Liquid chromatography-mass spectrometry was ini-
tially used to identify m5C, but sensitivity and reliability
issues were challenges for detection of low abundance
mb5C. Recent advancements in high-throughput sequenc-
ing and derived techniques now allow for precise iden-
tification and quantification of nucleotide methylation
modifications, including m5C, within the transcriptome
[42-44]. The detection of m5C methylation modifica-
tions has evolved from liquid chromatography-mass
spectrometry, which faced sensitivity and reliability chal-
lenges, to high-throughput sequencing techniques. The
common methods for m5c detection are shown in Fig. 2.
These technological advancements have significantly
advanced research in transcriptome epigenetics and
have become valuable tools for investigating the roles of
mb5C in tumor immunity, metastasis, and other biologi-
cal functions. Additionally, these techniques hold poten-
tial clinical applications in cancer diagnosis and surgical
support.

m5C RNA immunoprecipitation sequencing (m5C-RIP-seq)
In m5C-RIP-seq, antibodies that specifically recognize
m5C modification sites are used to enrich RNA frag-
ments containing m5C by antibody affinity chromatog-
raphy for library construction and sequencing. However,
because of certain limitations, m5C-RIP-seq is unable
to identify methylation on low abundance mRNAs [45].
Similarly, miCLIP-seq using NSUN2-specific antibody
has been performed to selectively capture RNA frag-
ments targeted by NSUN2. The drawbacks of miCLIP-
seq detection of NSUN2-mediated m5C modification in
RNA is the inability to obtain a comprehensive transcrip-
tomic profile because of the use of antibodies against a
single RNA m5C methyltransferase and being limited to
in vitro analyses in cells [36].
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RNA bisulfite sequencing (RNA-BisSeq)

RNA-BisSeq is the most widely used method for detect-
ing RNA m5C methylation modification. During RNA-
BisSeq, the heavy sulfate treatment of the sample
converts unmethylated cytosine in mRNA to uracil,
and subsequent reverse transcription generates cDNA,
enabling identification of m5C modification sites [46].
This technique offers significant advantages in terms
of single nucleotide resolution and accurate prediction
of methylation levels. However, a limitation lies in its
inability to effectively distinguish between unconverted
cytosine derived from m5C or hm5C [47]. Bisulfite can
only convert single-stranded cytosines; thus, incomplete
conversion as a result of partial double-stranded RNA
formation may lead to misidentification as methylated
cytosines.

Ultrafast bisulfite sequencing (UBS-seq)

Compared with m5C in DNA, m5C has fewer modifi-
cation sites in mRNA and lower levels, presenting chal-
lenges in RNA bisulfite sequencing such as avoiding false
positives, reducing RNA degradation, and accurately
detecting m5C sites. UBS-seq, developed by Chuan He’s
team at the University of Chicago, addresses these chal-
lenges by using ammonium bisulfite, which enhances
bisulfite treatment efficiency [48]. This method allows
for rapid and complete conversion of cytosine to uracil
while preserving 5mC, minimizing degradation. UBS-seq
enables efficient and accurate sequencing of both DNA
and RNA, including single-cell samples, with reduced
background noise and false positives. This method offers
a powerful tool for studying the biological functions
mediated by m5C.

m5C-TAC-seq

Li Xiao yu et al. developed a novel detection technology
called m5C-TAC-seq (m5C detection strategy enabled
by TET-assisted chemical labeling), which eliminates the
need for bisulfite treatment [49]. This method enables
accurate and sensitive detection of m5C at single-base
resolution across the transcriptome. The technology
combines an optimized TET enzymatic reaction to oxi-
dize RNA m5C to f5C, followed by chemical labeling
with azindone for direct detection. Using m5C-TAC-seq,
researchers observed down-regulation of m5C methyla-
tion during mouse embryonic stem cell differentiation,
particularly in transcripts related to the cell cycle and
division, suggesting a role for m5C in differentiation.
This method allows for the detection of low abundance
RNA with low sequence complexity and low modification
ratios and facilitates dynamic monitoring of m5C modifi-
cations in various biological processes, enabling insights
into the biological function of m5C modifications.
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The applicability of m5C detection methods varies
depending on the research context. miCLIP-seq, while
specific for NSUN2-mediated m5C, offers a restricted
view of the transcriptome and is primarily applicable
in vitro. Technological bottlenecks include the need for
high-quality antibodies, the complexity of data analy-
sis, and the challenge of profiling low-abundance m5C
modifications. Advances in sequencing depth and bioin-
formatics are ongoing to mitigate these limitations and
enhance the utility of these techniques in both research
and clinical settings.

m5C and cancer progression

Research has shown that the RNA modification m5C
is intimately associated with cancer progression. m5C
modification and its regulatory factors, including writ-
ers, erasers, and readers, are abnormally expressed
across various types of cancer, leading to the initiation
and development of tumors. Studies have demonstrated
that the role of m5C is correlated with DNA methylation
and the regulation of gene expression, and alterations in
mb5C patterns may influence the proliferation, migration,
and drug resistance of cancer cells. In multiple myeloma,
m5C modifications by NSUN2 and YBX1 upregulate
IncRNA MALAT]1, which is then transported to osteo-
clasts via exosomes, promoting bone lesions [50]. The
modulation of cancer cell behavior by m5C alterations is
critical and may influence the development of therapeu-
tic resistance in tumors.

Most m5C RNA methylation regulators exhibit dif-
ferential expression and prognostic values in cancer.
The great significance of the m5C-related signature in
predicting the survival of patients with glioma was con-
firmed in validation sets and a CGGA cohort [51].

m5C and chemotherapy resistance

Chemotherapy is one of the most effective methods for
the treatment of cancer, and it is a particularly effective
clinical treatment strategy for patients with advanced
malignant tumors [52—54]. However, resistance to che-
motherapeutic agents greatly limits their overall thera-
peutic effect. Cancer resistance is caused by a variety of
factors, such as individual differences in drug sensitivity,
tumor location, tissue spectrum, tumor aggressiveness,
and alterations in intracellular molecules [55, 56]. An
increasing number of studies have implicated m5C modi-
fication as a potential determinant of tumor response
to chemotherapy [57-59]. This modification appears to
play a crucial role in how cancer cells react to treatment.
Studies have also shown that m5C functions in drug
resistance by influencing DNA repair, adaptive responses
like apoptosis and autophagy, cell stemness, the tumor
immune environment, and non-coding RNAs (Table 2).
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Table 2 Role of m5C regulator in chemotherapy
Drug Regulator  Role Level Cancer Target Mechanism References
Cisplatin YBX1 oncogene high  OC CHD3 maintained CHD3 mRNA stability by recruiting  [65]
PABPC1 protein
Cisplatin YBX1 oncogene high  EOC SIAH1 SIAHT as a novel E3 ligases to trigger degrada-  [66]
tion of YBX-1
Cisplatin DNMT1 suppressor low  Osteosarcoma  AXL, Increased DNMT1 reduces anti-apoptotic [68]
NOTCH2, genes’expression
YAP1
Cisplatin NSUN2 oncogene high  ESCC NMR bind to chromatin regulator BPTF and [67]
promote MMP3 and MMP10 expression by
ERK1/2 pathway
Cisplatin NSUN2 oncogene high  GC Bcl-2,Bax NSUN2 downregulation declines in ERK1/2- [69]
5-FU induced proliferation
Cisplatin NSUN6 oncogene high  CC NDRG1 NSUNG6 promoted the m5C modification [97]
Olaparib of NDRG1 mRNA, enhanced NDRGT mRNA
stability
Temozolomide NSUNG6 Suppressor low  Glioma NELFB, regulates mRNA stability in time-dependent [74]
RPS6BK2  manner through NELFB coordinated transcrip-
tional pausing
5-FU NSUN2 oncogene high  CCA stabilize mature tRNA molecules and prevent  [82]
rapid tRNA decay
Doxorubicin HCl, NSUN2 oncogene high  ATC c-Myc, stabilizing tRNA, increased efficiency neces- [70]
Cisplatin BCL2, sary to support a pro-cancer translation
RAB31, program
JUNB
5-Azacytidine DNMT2 oncogene high  myeloid leuke-  DNMT2  Azacytidine inhibits RNA methylation at [83]
mias; CRC DNMT?2 target sites
5-Azacytidine DNMT2 oncogene high  leukemias hnRNPK  Disrupt the active chromatin structure associ-  [59]
ated with hnRNPK.
AZD9291 NSUN2 oncogene high  LUAD YAP increased the stability of YAP mRNA [90]
Gefitinib NSUNZ2, oncogene high  NSCLC QSOX1 methylated QSOX1 coding sequence region,  [91]
YBX1 enhanced QSOX1 translation
Osimertinib TET2 Suppressor low NSCLC IL6, TNF  Loss of TET2 resulted in the upregulation of [92]
TNF/NF-kB signaling
Erlotinib ALYREF oncogene high  LIHC EGFR stabilization of EGFR mRNA and subsequent [93]
activation of the STAT3 signaling pathway
Sorafenib NSUN2 oncogene high  HCC GRB2 modulating the Ras signaling pathway [94]

Platinum drugs

The platinum compound cisplatin was approved by
the Food and Drug Administration for the treatment
of metastatic testicular, ovarian, and bladder cancer in
1978 [60-62]. The second-generation platinum drug
carboplatin and third-generation oxaliplatin are a major
component of chemotherapy regimens for many other
cancers [63, 64]. While platinum has become the first-
line chemotherapeutic drug in the clinical treatment of
cancer, drug resistance greatly limits its clinical applica-
tion. Recent studies have revealed that m5C modification
and its regulatory factors modulates cancer resistance to
cisplatin.

Inhibiting the m5C reader YBX1 significantly enhances
the sensitivity of ovarian cancer to platinum-induced
stress, indicating the potential of targeting YBX1 to over-
come platinum-resistant therapy in ovarian cancer [65].
The overexpression of STAH1 has been shown to enhance
the antitumor efficacy of cisplatin in both in vitro and

in vivo. This enhancement is partially compromised by
either the ectopic expression of YBX1 or the depletion
of YBX1 ubiquitination. The interaction between SIAH1
and YBX1 may be a potential therapeutic target for over-
coming chemoresistance in epithelial ovarian cancer
[66]. A novel NSUN2 methylated IncRNA (NMR), which
was significantly upregulated in esophageal squamous
cell carcinoma, functions as a key regulator of tumor
metastasis and drug resistance in esophageal squamous
cell carcinoma [67]. During the induction of apopto-
sis in osteosarcoma cells by cisplatin and doxorubicin,
DNMT1 and NSun?2 exhibit inversely levels. DNMT1 can
silence the of NSUN2, thereby reducing its methylation
on NOTCH2, AXL, and YAP1 mRNA, which impacts
the apoptosis process. Modulating the of DNMT1 or
NSUN2 can regulate the in osteosarcoma [68]. Down-
regulation of NSUN2 promotes gastric cancer chemo-
sensitivity to inverse modulation by chemotherapeutic
agents of Bcl-2 and Bax expression levels and declines
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in ERK1/2-induced proliferation [69]. The expression of
the tRNA m5C methyltransferase NSUN2 is upregulated
in undifferentiated thyroid carcinoma, promoting can-
cer cell dedifferentiation, and its inhibition enhances the
sensitivity of tumors to genotoxic drugs by catalyzing the
m5C modification of tRNA, stabilizing tRNA, and accel-
erating amino acid transport, particularly leucine [70].

Temozolomide (TMZ)

TMZ is an alkylating agent distinct from platinum-
based drugs and serves as the primary first-line chemo-
therapeutic agent in the standard treatment regimen for
advanced gliomas, in combination with radiotherapy.
The overall clinical efficacy of this regimen in treating
glioblastoma is suboptimal because of both inherent and
acquired resistance to TMZ therapy [71-73].

In glioma, NSUNG6 interacts with NELFB and
RPS6KB2, which together modulate the adaptability of
glioblastoma cells to TMZ treatment. Elevated levels of
NSUNG6 promote tumor cell survival in the presence of
chemotherapy, suggesting that targeting NSUN6 may
enhance therapeutic efficacy in glioblastoma manage-
ment [74].

Anthracyclines

Anthracyclines are some of the most commonly used
antitumor drugs for treating various hematologic and
solid tumors; these drugs are used alone or in combina-
tion with targeted therapies or cytotoxic agents [75-77].
Doxorubicin and its derivative epirubicin are widely used
in the treatment of breast cancer, endometrial cancer,
gastric cancer, pediatric solid tumors, soft tissue sarco-
mas, and aggressive lymphocytic or myelocytic leukemia
[78-81].

The simultaneous overexpression of NSUN2 and
METTLI1 is common in human cancers, suggesting that
targeting both proteins may be an effective cancer che-
motherapy strategy. Overexpression of the dephos-
phorylated forms of these methyltransferases suppresses
sensitivity to 5-FU [82].

5-Azacytidine

The cytosine analogues azacytidine and decitabine, which
exhibit demethylating effects, are being developed as
drugs for epigenetic cancer therapy. Studies have shown
that changes in RNA methylation patterns can lead to
alterations in gene expression and chromatin structure,
thereby influencing the efficacy of 5-azacytidine [83].
Resistant leukemia cells exhibit distinct methylation pro-
files compared with sensitive cells, pointing to methyla-
tion status as a critical factor in the development of drug
resistance. Such insights underscore the importance of
understanding the mechanisms of RNA methylation and
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its implications for therapeutic strategies in leukemia
[59].

In myeloid leukemias, azacytidine inhibits the RNA
methyltransferase DNMT2, which in turn inhibits the
methylation of cytosine 38 in tRNA (Asp). This raises
the possibility that tRNA hypomethylation might con-
tribute to drug susceptibility [83]. These findings suggest
that targeting RNA methylation pathways may provide
a novel approach to overcoming resistance to 5-azacyti-
dine and improving treatment outcomes for leukemia
patients.

m5C and resistance to targeted therapy

Targeted therapy represents a revolutionary approach
in cancer treatment by disrupting specific molecules
involved in cancer growth, spread, and progression
[84—87]. Numerous targeted drugs have received FDA
approval and have shown significant clinical benefits for
various cancers, such as liver, colorectal, lung, breast, and
ovarian cancers. However, resistance to these therapies
often develops, mainly as a result of mutations in the tar-
get, activation of alternative signaling pathways, and cel-
lular adaptability.

EGFR tyrosine kinase inhibitors (EGFR-TKIs)

EGFR-TKIs are small molecule drugs that target the tyro-
sine kinase domain of EGFR, effectively inhibiting tumor
growth by blocking the EGFR signaling pathway. Three
generations of EGFR-TKIs are currently available [88,
89].

Recent findings suggest that YAP m5C modification,
along with its function in promoting exosome secre-
tion, contributes to the malignant phenotype and resis-
tance to AZD9291 (a third-generation EGFR-TKI) in
lung adenocarcinoma cells, indicating that blocking YAP
m5C modification may be beneficial for lung adenocar-
cinoma treatment [90]. In non-small cell lung cancer,
aberrant m5C hypermethylation plays a critical role in
mediating resistance to gefitinib, an EGFR inhibitor. The
NSUN2 methyltransferase enhances the m5C methyla-
tion of specific mRNAs, leading to altered stability and
translation of these targets, including YBX1. This altera-
tion in mRNA processing contributes to the resistance
phenotype, as elevated levels of YBX1 subsequently reg-
ulate QSOX1 expression, reinforcing cellular pathways
that diminish gefitinib efficacy [91]. TET2 undergoes
polyubiquitination by the E3 ligase complex CUL7*BXW1L,
leading to TET2 degradation in EGFR-TKI-resistant non-
small cell lung cancer cells [92].

In HCC, ALYREF-mediated m5C modification stabi-
lizes EGFR mRNA, leading to enhanced activation of the
STAT3 signaling pathway. This stabilization promotes
HCC progression by facilitating the expression of onco-
genic factors associated with tumor growth and survival,
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and contributes to the development of resistance to erlo-
tinib [93]. NSUN2 also enhances the stability of specific
mRNAs involved in tumorigenesis, and is closely asso-
ciated with sorafenib resistance, further supporting the
notion that m5C modifications are integral to the molec-
ular mechanisms driving HCC [94].

m5C and radiosensitivity

Radiotherapy has long been a crucial pillar in cancer
treatment, especially for solid tumors such as lung can-
cer, breast cancer, esophageal cancer, colorectal cancer,
and glioblastoma [95, 96]. However, resistance to radio-
therapy remains a significant challenge in clinical cancer
treatment.

In cervical cancer, aberrant m5C hypermethylation and
overexpression of NSUNG6 drive resistance to radiother-
apy. Elevated NSUNG6 expression promotes radioresis-
tance by activating the NSUN6/ALYREF-m5C-NDRG1
pathway [97]. While targeting R-loop modifiers and RNA
modification enzymes is an attractive strategy in cancer
therapy, further investigation is warranted to understand
the molecular mechanisms by which RNA modifica-
tions regulate DNA repair. The RNA methyltransferase
TRDMT1 generates m5C on mRNA at transcription-
associated DNA double-strand breaks (DSBs), promoting
homologous recombination (HR). The fragile X mental
retardation protein (FMRP) aids HR by interacting with
TRDMT1 and TET1, functioning at active DSB sites.
FMRP binds m5C-modified RNA in DNA: RNA hybrids
and promotes TET1-mediated m5C demethylation in
vitro. Loss of FMRP impairs m5C demethylation, hinder-
ing DSB repair and increasing radiosensitivity in cancer
cells via BRCA-independent pathways [40]. TRDMT1
deficiency compromises HR, preventing RAD51 and
RAD52 from localizing to DNA damage sites, and
increases sensitivity to PARP inhibitors [34]. These find-
ings highlight the TRDMT1-m5C axis in HR, suggesting
that post-transcriptional RNA modifications regulate
DNA repair and radiosensitivity.

The potential of m5C in clinical applications
Research has confirmed m5C as a significant epigenetic
modification in RNA. The potential of m5C in clinical
applications is substantial, particularly in the context of
cancer diagnosis, prognosis, and therapy.

m5C in immunotherapy and the tumor microenvironment

Immunotherapy is a powerful approach to cancer treat-
ment that leverages the patient’s own immune system
to combat cancer cells [4, 98]. Recent studies have illu-
minated the role of RNA m5C modifications in modulat-
ing immune responses, thereby influencing the efficacy
of immunotherapy. m5C modifications are implicated in
the regulation of gene expression and mRNA stability,
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which can affect the immune landscape within the tumor
microenvironment.

Recent studies have highlighted how m5C modifica-
tions, particularly modifications mediated by NSUN2,
influence the efficacy of immunotherapy in cancer treat-
ment. Understanding the mechanisms by which m5C
modifications influence cancer and immune responses
may provide new avenues for enhancing the effectiveness
of immunotherapeutic strategies. The deletion of genes
in the glucose/NSUN2/TREX2 pathway promotes apop-
tosis and CD8 + T cell infiltration by activating the cGAS/
STING pathway, thereby inhibiting tumorigenesis and
overcoming tumor resistance to PD-L1 immunotherapy
[99]. In head and neck squamous cell carcinoma, NSUN3
knockdown reduces M2 macrophage infiltration and
increases M1 macrophage infiltration. This highlights the
potential of NSUN3 as a therapeutic target for improving
treatment outcomes in cancer [100]. NSUN6 promotes
HDACI10 expression, inhibiting macrophage-associated
chemokines and reducing M2 macrophage recruitment,
thereby improving prognosis in bladder cancer patients.
High YBX1 expression is linked to M2 macrophage infil-
tration and T cell depletion and may be targeted with M1
polarization agents alongside immunotherapy [101]. m5C
modifications appear to play a leading role in the intri-
cate interplay with m6A, finely tuning gene expression
and cellular functions. This interaction underscores the
complexity of the epigenetic regulatory network, which
may significantly influence cancer progression and the
development of therapeutic resistance [102]. YTHDEF2 is
overexpressed in B-cell malignancies and contributes to
cancer cell survival and immune evasion via two distinct
pathways. It stabilizes m5C-modified ATP synthase sub-
unit mRNAs, enhancing ATP synthesis and supporting
cancer cell proliferation. Additionally, YTHDF2 induces
the degradation of m6A-modified CD19 and MHC-II
mRNAs, reducing cancer cell detection by the immune
system and aiding in evading immunotherapy. Under-
standing the mechanisms by which m5C modifications
influence cancer and immune responses may provide
new avenues for enhancing the effectiveness of immuno-
therapeutic strategies.

The pivotal role of m5C in modulating interactions
between tumor cells and the immune microenviron-
ment significantly influences tumorigenesis. Studies have
shown that NSUN3 and NSUN4 predict lung squamous
cell carcinoma prognosis and modulate the immune
microenvironment. In lung adenocarcinoma, distinct
m5C patterns correlate with immune cell infiltration in
the tumor microenvironment, where higher m5C scores
are linked to better prognosis [103]. Additionally, m5C-
regulated IncRNAs predict overall survival in lung ade-
nocarcinoma and affect the immune microenvironment
[104]. In pancreatic cancer, three m5C-related IncRNAs
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Fig. 3 m5C modification induced specific drug resistance. Specific chemotherapy drug resistance associated with m5C and related regulators in cancers

demonstrate prognostic value. Identifying m5C’s specific
immune checkpoint molecular targets could facilitate the
development of targeted therapies in combination with
checkpoint blockade immunotherapies, enhancing can-
cer management [105]. Investigating novel m5C epigene-
tic alterations in cancer is crucial for revealing underlying
molecular and immunological mechanisms, paving the
way for new therapeutic strategies.

m5C and diseases other than cancer
Epigenetic modifications, including m5C methylation,
play a crucial role in the intricate modulation of gene
expression, which in turn influences cellular functions
[102, 106]. Aberrations in epigenetic modifications can
thus lead to the pathogenesis of a variety of diseases
[107, 108]. The dysregulation of RNA processing and the
metabolism of non-coding RNAs is a central aspect of
the etiology underlying these conditions [109, 110].

mb5C has been implicated in the DNA damage response
(DDR) pathway, which is vital for preserving genomic
integrity and a key player in the suppression of muta-
tions associated with numerous human diseases, such
as neurodegenerative disorders. RNA modifications may
contribute to the pathogenesis of neurodegenerative dis-
orders through two mechanisms: by modulating gene
expression and by impacting the DNA repair processes
and genomic stability [111]. In cardiovascular and cere-
brovascular diseases, m5C methylation is involved in the
regulation of cardiomyocyte necroptosis. Heart necrop-
tosis-associated piRNAs (HNEAP) have been identified
to modulate this process by targeting DNMT1-mediated
methylation of m5C, thereby activating Atf7 mRNA

transcripts [112]. These studies underscore the signifi-
cance of m5C methylation in the broader spectrum of
disease pathogenesis beyond cancer, offering novel per-
spectives for potential therapeutic targets in cardiovascu-
lar and neurodegenerative conditions.

Discussions

The mechanisms for tumor resistance are complex. In
this review, we focused on the association of m5C meth-
ylation with tumor resistance (Fig. 3). The role of m5C
modification in tumor drug resistance is multifaceted,
involving multiple aspects such as gene expression, cell
survival, DNA repair, and tumor microenvironment.
Considering the association of m5C RNA modifications
with various malignancies, therapeutic interventions
that modulate the levels of m5C by altering the gene
sequences of key m5C methyltransferases present a
promising avenue for cancer progression intervention
[113]. While gene therapies show limitations of non-
specificity, the development of specific inhibitors to
reduce the activity of certain m5C methyltransferases
and reverse tumor advancement represents an alternative
approach with enhanced safety. While drugs that inhibit
m6A methylation have been used in cancer treatment,
to date, no specific inhibitors targeting RNA m5C meth-
yltransferases have been developed. Several compounds
initially designed to disrupt DNA m5C methylation may
also interfere with RNA methylation. One study showed
that nitrogenous nucleoside analogs effectively reduce
DNMT2-mediated tRNA m5C levels in cancer cells,
inhibiting cancer cell proliferation [83]. Nonetheless,
the potential lack of selectivity of these compounds and
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the subsequent effects on methylation at multiple sites
introduces the risk of off-target effects and unknown
liabilities.

Despite the encouraging advancements described
above, there are still numerous challenges associated with
the clinical application of strategies targeting m5C meth-
ylation. It is important to note that these applications
predominantly focus on a single m5C modification and
its corresponding regulators. The effects of m5C methyl-
ation on certain cancers also remain unknown. More sys-
tematic studies are needed to explore the mechanisms of
m5C methylation in tumor resistance. A growing body of
evidence indicates that RNA modifying proteins hold sig-
nificant promise as pharmacological targets or diagnostic
markers. Nonetheless, our understanding of the interac-
tions between various RNA modifications and their mod-
ifiers is still in its infancy, which raises some uncertainties
regarding the clinical application of strategies targeting
RNA modifying proteins.

Numerous m5C regulators are overexpressed in
tumors, contributing to drug resistance primarily by
inhibiting apoptosis, promoting autophagy and epithe-
lial-mesenchymal transition (EMT), enhancing cellular
stemness, and activating various signaling pathways such
as ERK1/2, STAT3, Notch, and NF-kB. For these regula-
tors that promote tumor progression and drug resistance,
targeted inhibition can effectively increase tumor sensi-
tivity to chemotherapy. A recent study identified an effec-
tive small molecule inhibitor of NSUN2 that reduces the
enzyme’s function and the expression of its downstream
targets. This discovery offers a novel and promising ther-
apeutic option for CRC immunotherapy [114]. By target-
ing the YBX1 signaling cascade, it is possible to overcome
tumor immune evasion and multidrug resistance, indi-
cating its potential as an effective therapeutic approach
to combat tumor chemotherapy resistance [115]. While
these inhibitors have demonstrated some efficacy in lab-
oratory studies, they have not entered the clinical stage.
Thus, it is essential to conduct further research to investi-
gate the performance and mechanisms of these inhibitors
under diverse conditions, with the aim to offer patients
more effective treatment options. Moreover, further
research into m5C modifications in immune responses
may lead to new tumor immunotherapy and drug resis-
tance strategies. Several companies are already focusing
on RNA modifications. As the preclinical success of these
drugs becomes evident, RNA epigenetic drug develop-
ment will advance to a new level.

Conclusions

The regulation of RNA fate by m5C modification plays
a crucial role in cancer therapeutic resistance, provid-
ing potential targets for new strategies for overcoming
resistance and optimizing cancer treatments. Although
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significant progress has been made in understanding the
mechanisms and clinical implications of m5C modifica-
tion, our knowledge remains limited. Further develop-
ment of new methodologies, large-scale and in-depth
studies, and increased focus on the potential of emerging
immunotherapies are needed to advance this field.
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