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Abstract: 5-methylcytosine (m5C modification) plays an essential role in tumors, which affects different types of 
RNA, the expression of downstream target genes, and downstream pathways, thus participating in the tumor pro-
cess. However, the effect of m5C modification on RNA in tumors and the exact mechanism have not been systema-
tically reviewed. Therefore, we reviewed the status and sites of m5C modification, as well as the expression pattern 
and biological functions of m5C regulators in tumors, and further summarized the effects and regulation mecha-
nism of m5C modification on messenger RNA (mRNA), ribosomal RNA (rRNA), transfer RNA (tRNA), long non-coding 
RNA (lncRNA) and other RNA in tumors. Finally, we summed up the interaction network, potential application, and 
value in clinical diagnosis and treatment of tumors. Taken together, this review benefits revealing the mechanism of 
m5C modification in tumor progression and provides new strategies for tumor diagnosis and treatment. 
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Introduction

Posttranscriptional modifications of RNA have 
attracted growing attention in tumors [1-5]. 
Among them, m5C modification regulates the 
expression of downstream target genes and 
exerts different biological functions by affec-
ting the stability and translation of different 
types of RNA, such as mRNA, rRNA, tRNA, and 
ncRNA [6-8], to further participate in carcinoma 
[9-13]. The acting elements of m5C modifica-
tion contain m5C methyltransferase (m5C wri-
ters), m5C demethyltransferase (m5C erasers), 
and a binding protein of m5C methylation (m5C 
readers), among which m5C writers are main- 
ly NSUN family (NSUN1-NSUN7) and TRDMT1 
(DNMT2) [14-17], while ALKBH1 and TET fami-
lies belong to m5C erasers, ALYREF and YBX1 
mainly serve as m5C readers [18-20].

Researchers have reported that m5C modifica-
tion plays a key role in regulating the occur-

rence and malignant progress of many tumors, 
such as breast cancer, liver cancer, prostate 
cancer, lung cancer, colon cancer, glioma, and 
other tumors [21-26], which is crucial in tumor 
invasion, metastasis, metabolism, and immune 
escape of tumor [27-30]. In this review, the bio-
logical function, regulatory mechanism, interac-
tion network, and clinical significance of m5C 
modification are described systematically from 
the aspects of RNA types and m5C regulators  
in tumors, to provide important strategies for 
revealing the carcinogenic mechanism and cli-
nical significance of m5C modification. 

Abnormal m5C modification is closely related 
to tumorigenesis

High modification of m5C exists in tumors

Changes in m5C modification are closely rela-
ted to tumorigenesis, and the overall abnormal 
m5C modification exists in tumors. For examp-
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Table 1. The abnormal modification of m5C in tumors
Cell types State Factors Ref
Urothelial carcinoma of the bladder Up Malignant progression [31]
Retinoblastoma Up Malignant progression [32]
Non-small cell lung cancer Up Drug-resistance [41]
Lung adenocarcinoma Up Drug-resistance [42]
Osteosarcoma Up DNA damage repair [89, 90]
Gastric cancer Up NSUN2 overexpression [33]
Cervical cancer Up NSUN2 overexpression [36]
Bladder cancer Up NSUN2 overexpression [37]
Uveal melanoma Up NSUN2 overexpression [35]
Esophageal squamous-cell carcinoma Up NSUN2 overexpression [38]
Hepatocellular carcinoma Up NSUN2 overexpression [39]
Prostate cancer Up NSUN2 overexpression [14]

le, the m5C modification on mRNA in UCB  
samples and retinoblastoma (RB) cells was hig-
her than that in normal tissues or cells [31, 32]. 
At the same time, changes in regulators that 
regulate m5C modification affect the whole 
m5C modification in tumors. For example, kno- 
ckout of the NSUN2 gene significantly reduced 
the overall level of the m5C modification on 
RNA in gastric cancer (GC), cervical cancer (CC), 
uveal melanoma (UM) cell lines, bladder cancer 
(BCa), prostate cancer (PCa) and so forth [14, 
33-39]. In addition, miR-124a also affects the 
expression of m5C regulator, thus regulating 
the overall level of m5C modification in UM 
cells [35].

Meanwhile, the abnormalities of m5C modifica-
tion in some transcripts also exist in tumors. 
The acting elements of m5C modification may 
play a key role in tumors by affecting the m5C 
modification of target genes. For example, the 
m5C modification on PKM2 mRNA has decrea-
sed due to the absence of NSUN2 in BCa [37]. 
Similarly, abnormalities of m5C modification 
are also found in p57KIP2 mRNA of gastric  
cancer, CTNNB1 mRNA in UM cells, and FOXC2 
mRNA in GC [33, 35, 40]. In addition, drug 
resistance of cells, which is the key reason for 
chemotherapy resistance, also has an impact 
on the modification of m5C, thus participating 
in the process of tumorigenesis. For example, 
the expression of m5C modification is higher in 
non-small cell lung cancer drug-resistant cells 
compared with sensitive cells [41]. Studies 
reported that the level of m5C modification on 
YAP mRNA in AZD9291-resistant cells of lung 
adenocarcinoma (LUAD) was significantly high-

er than that in non-drug-
resistant cells of LUAD 
[42]. All of these abnor-
malities of m5C modifi-
cation in tumors are su- 
mmarized in Table 1.

Sites of m5C modifica-
tion in tumors

Different locations of 
m5C modification on 
RNA have different influ-
ences, resulting in diver-
se biological effects in 
tumors. Recent studies 
have proven that m5C 
modification sites are 

often located in CG-rich environment, mainly in 
3’-UTR and CDS regions of mRNA, and less 
m5C modification on 5’-UTR of mRNA [31, 38, 
43]. For example, the sites of m5C modification 
in pancreatic cancer cells were mainly located 
in the CDS region and 3’-UTR, and few in 5’-UTR 
of mRNA. The absence of NSUN2 reduced the 
m5C modification in the CDS region and increa-
sed the m5C-modified sites in 3’-UTR, while the 
m5C-modified sites of 5’-UTR are still in a low 
state [44]. mRNA 3’-UTR is a common region of 
the m5C locus. For example, the m5C modifica-
tion in 3’-UTR of TEAD1 mRNA, YAP mRNA, and 
GRB2 mRNA were modified by NSUN2 [38, 42, 
45]. Similarly, m5C reader ALYREF can also 
combine with 3’-UTR on PKM2 mRNA to stabi-
lize PKM2 mRNA in BCa [37]. m5C modification 
also exists in the CDS region of the transcript. 
The CDS near the 3’-UTR and 3’-UTR regions of 
KRT13 mRNA contain m5C modification in CC 
[34].

m5C regulators have binding specificity to m5C 
loci. For example, NSUN6 had the characteris-
tics of substrate specificity and preferentially 
binds to methylation sites in hairpin rings with 
stem-ring structure. A study identified that the 
specific methylation of NSUN6 depended on 
the site of CTC[CT]A, and NSUN6 mainly targe-
ted the CTCCA motif of 3’-UTR [46]. The m5C 
sites modified by NSUN2 were often enriched 
in the consensus sequence ([A/G]GGG) of 
3’-UTR [44]. In addition, m5C reader YBX1 with 
cold shock domain (CSD) specifically recog-
nized CA(U/C)C motif in RNA and preferentially 
bound to m5C-modified RNA oligomer (5’- 
UCAU(m5C)U-3’), resulting that NSUN2 and 
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Figure 1. m5C sites on RNA. A: m5C sites on mRNA. B: m5C sites on tRNA. 3’-UTR, 3’-untranslated region; 5’-UTR, 
5’-untranslated region; CDS: coding sequences. mRNA, messenger RNA; tRNA: transfer RNA. m5C, 5-methylcyto-
sine.

YBX1 specifically regulated the m5C modifica-
tion of HDGF mRNA 3’-UTR [31]. m5C-modified 
sites also exist in tRNA, and the sites at 38,  
47, and 48 are three known m5C sites at 
tRNAAsp (GUC) [47]. Besides, NSUN6 specifically 
methylated tRNAThr (TGT), (AGT), (CGT), tRNAThr 
(ACG), and tRNACys (GCA) sites [46] (Figure 1). 

Abnormal expression and regulation of m5C 
regulators in tumors

Abnormal expression of m5C regulators in 
tumors: The regulators of m5C modification 
show abnormal expression in different tumor 
types. Researchers have found that high ex- 
pression of m5C writers NSUN1 and NSUN2 
were a common carcinogenic event. NSUN1 
was highly expressed in most tumors, such as 
colorectal cancer and ovarian cancer [48, 49]. 
The expression level of NSUN2 was high in 
HPSCC, ESCC, UM cell lines, PCa, OV, CESC, 
UCBs, hepatocellular carcinoma, and breast 
cancer [14, 31, 33-35, 38, 39, 43, 45, 50, 51]. 
NSUN3 was highly expressed in OSCC, HNSCC, 
LUSC datasets and LIHC [52-55], and NSUN4 
was highly expressed in ccRCC, hepatocellular 
carcinoma (HCC) and LUSC [54, 56, 57]. Other 
members of the NSUN family also have abnor-
mal expressions. The mRNA and protein levels 
of NSUN5 were up-regulated in hepatocellular 

carcinoma, but suppressed in glioma. Besides, 
the mRNA level and protein expression of 
NSUN6 significantly decreased in pancreatic 
cancer tissues and cell lines [58, 59]. NSUN7 
seems to play the role of tumor suppressor 
gene [60].

m5C erasers display abnormal expression in 
tumors. TET2 was upregulated in prostate can-
cer and glioma, but downregulated in ccRCC 
[56, 61, 62]. Moreover, TET3 was upregulated 
in HCC and prostate cancer, and TET3 had a 
poor prognosis [23, 63].

YBX1 and ALYREF, as m5C readers, also have 
abnormal expression in tumors. For example, 
YBX1 was highly expressed in tumor tissues 
compared with normal tissues in UCBs [31]. 
The expression of ALYREF was also up-regula-
ted in BCa tissues and urothelial bladder can-urothelial bladder can-
cer [37, 64], suggesting that the change of the 
m5C regulator plays a key role in tumors. 

Abnormality of upstream regulation of m5C in 
tumors: Abnormal upstream regulation of m5C 
modification might be the primary reason for 
triggering changes in m5C modification and 
promoting tumorigenesis. A growing body of 
evidence attests that m5C writers have abnor-
mal upstream regulation, and the upstream 
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molecules regulate the expression of NSUN2 at 
the gene level. For example, E2F1 and oncoge-
ne MYC positively induced NSUN2 expression 
at the gene level [38, 65]. Androgen receptor 
(AR) also bound to the upstream sequence of 
transcriptional initiation of NSUN2 promoter 
and stimulated the expression of NSUN2 in 
PCa [14]. DNMT1 methylated the promoter of 
NSUN2 and inhibited the expression of NSUN2 
in osteosarcoma [66]. Upstream regulators 
regulate the expression of NSUN2 during the 
transcriptional process. The knockout of the 
STAT1 gene inhibits the transcriptional and pro-
tein expression of NSUN2 in KYSE70 cells (AA 
type) and KYSE450 (GA type) in ESCC [50]. The 
regulator of m5C modification is also regulated 
by microRNA. Previous studies demonstrated 
that miR-124 regulates 3’-UTR of NSUN2 mRNA 
in UM, thus inhibiting the expression of NSUN2 
at the protein level [35]. Moreover, upstream 
molecules also regulate the expression of 
NSUN2 during translational and posttranslatio-
nal modification. RPL6 interacted with NSUN2 
and partially regulated the translation process 
of NSUN2, promoting the occurrence of gall-
bladder carcinoma [67]. FOXC2-AS1 (lncRNA) 
induced the expression of NSUN2 in GC [40]. 
SUMO-2/3 bound to the SIM region of NSUN2, 
236-240 aa of NSUN2, and NSUN2 can be 
sumoylated by SUMO-2/3 to further regulate 
the nuclear transport process of NSUN2. The 
decrease of SUMO-2/3 significantly reduced 
the level of NSUN2 in the nucleus, which parti-
ally inhibited the promoting effect of NSUN2 in 
gastric cancer [43]. Furthermore, long nonco-
ding RNA DIAPH2-AS1 interacted with NSUN2 
and inhibited the ubiquitin degradation of 
NSUN2 in gastric cancer [68]. In addition, other 
substances, such as glucose, also bound to 
and activated NSUN2 [69]. The molecules regu-
lating the m5C eraser have not been reported 
in the study of m5C modification in tumors.

m5C readers also have abnormal upstream 
regulation to affect the modification of m5C. 
SIAH1 and YBX1 shared a common location 
and were bound to each other in ovarian can-
cer. SIAH1 not affected YBX1 mRNA, but shor-
ted the half-life of YBX1 protein at the post-
transcriptional level and ubiquitinated YBX1 at 
position K304 of YBX1 through the protease 
pathway, which reduced protein stability and 
negatively regulated protein expression of 
YBX1 [70]. In addition, hypoxia-inducible factor-

1α (HIF-1α) bound to the region of ALYREF pro-
moter through the HRE site (5’-ACGTGC-3’) in 
BCa. Increased HIF-1α induced by hypoxia tran-
sactivated the promoter of ALYREF and fur- 
ther enhanced the transcriptional and protein 
expression of ALYREF [37] (Table 2; Figure 2).

The functions of m5C regulators in tumors

Writers

NSUN1: The regulators of m5C modification 
play a crucial biological role in tumors [71, 72]. 
NSUN1 seems to play an oncogene in a variety 
of tumor types and promotes the progression 
of cancers. For example, NSUN1 was a prog-
nostic marker for breast cancer and promoted 
the NIH/3T3 cells to form tumors in nude mice 
[73]. In high-grade serous ovarian cancer (HG- 
SOC), NSUN1 promoted the proliferation, mig-
ration, and tumor invasion [49]. 

NSUN1 is significantly crucial for the proces-
sing of rRNA. In budding yeast, NSUN1 methyla-
ted 25s rRNA, regulated pre-rRNA processing, 
and promoted the formation of the snoRNP 
complex, thus regulating rRNA processing [73].

NSUN2: NSUN2, functioning as an oncogene, 
affects the process of cell proliferation, migrati-
on, and tumor growth in an m5C modification-
depedent manner [74]. For example, NSUN2 
promoted the proliferation, clone formation, 
migration, and tumor growth in vivo of GC, 
HPSCC, prostate cancer, CC, ESCC and hepato-
cellular carcinoma cells [14, 33, 36, 38, 39, 43, 
45]. 

NSUN2 has an effect on the cell cycle in tumors. 
NSUN2 affected the cell cycle progression of 
gastric cancer cells, and the absence of NSUN2 
affected the level of m5C modification, resul-
ting in the differential expression of genes rela-
ted to the cell cycle in GC. Besides, NSUN2 
reduced the percentage of the G1/G0 phase, 
and knockout of NSUN2 gene induced cell cy- 
cle arrest of G1/G0 phase [33, 43]. In UM cell 
lines, the absence of NSUN2 inhibited the 
arrest of UM cells through the G1/S checkpoint 
[35]. Knockout NSUN2 led to fewer G1 and S 
phase cells, and more G2 and M phase cells in 
hepatocellular carcinoma [39]. 

Meanwhile, NSUN2 impacts the process of cell 
differentiation. NSUN2 promoted angiogenesis 
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Table 2. The abnormal upstream regulators of m5C modification in tumors
Cell types Upstream Regulate Regulators/Role/State Functions Ref
Esophageal squamous-cell carcinoma E2F1 Positive NSUN2/Writer/Up Promote cell proliferation, migration and tumor growth [38]
Gastric cancer E2F1 Positive NSUN2/Writer/Up Promote metastasis [124]
Squamous-cell-carcinoma Myc Positive NSUN2/Writer/Up Promote cell proliferation and growth [65]
Prostate cancer AR Positive NSUN2/Writer/Up Promote cell proliferation, migration and tumor growth [14]
Gallbladder carcinoma RPL6 Positive NSUN2/Writer/Up Promote cell proliferation [67]
Esophageal squamous-cell carcinoma STAT1 Positive NSUN2/Writer/Up Promote tumor proliferation and progression [50]
Gastric cancer FOXC2-AS1 Positive NSUN2/Writer/Up Promote cell proliferation, invasion and migration [40]
Gastric cancer SUMO-2/3 Positive NSUN2/Writer/Up Promote cell proliferation, migration, cell cycle and tumor growth [43]
Gastric cancer DIAPH2-AS1 Positive NSUN2/Writer/Up Promote cell invasion [68]
Osteosarcoma DNMT1 Negative NSUN2/Writer/Up Promote the resistance of cell apoptosis [66]
Uveal melanoma miR-124 Negative NSUN2/Writer/Up Impact on cell cycle [35]
Hep3B/PC3 Glucose Positive NSUN2/Writer/Up Resist anti-PDL1 immunotherapy [69]
Urothelial carcinoma of the bladder ALYREF Positive NSUN2/Writer/Up Promote progression [64]
Ovarian cancer SIAH1 Negative YBX1/Reader/Up Enhance the resisitance of DDP and promote cell proliferation, invasion and migration [70]
Bladder cancer HIF-1α Positive ALYREF/Reader/Up Promote glycolysis and cell proliferation [37]
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Figure 2. Abnormality of upstream regulation of m5C in tumors. A: The abnormal upstream of m5C writers. B: The 
abnormal upstream of m5C readers. m5C, 5-methylcytosine.

and poor differentiation of HCC cells via impac-
ting m5C modification in lncRNA H19 [39]. The 
absence of NSUN2 increased the expression of 
mucin, regulated the cell polarity of tumori- 
genesis, and promoted the differentiation of 
ducts [44].

DNA damage and drug resistance of tumor 
cells are impacted by NSUN2. For example, the 
removal of NSUN2 promoted the process of 
DSBs, thus destroying the integrity of the geno-
me [44]. Similarly, NSUN2 upregulated the m5C 
modification of LRRC8A mRNA, thereby inhibi-
ting cell apoptosis, promoting survival, and pro-
moting cisplatin resistance of cervical cancer 
cells [36]. The highly expressed NSUN2 also led 
to gefitinib resistance and tumor recurrence in 
non-small cell lung cancer [41].

NSUN2 is also necessary in the metabolism 
and tumor microenvironment [75, 76]. Taking 
osteosarcoma (OS) as an example, NSUN2 
engaged in and enhanced the process of fatty 
acid metabolism [76]. Moreover, the high ex- 
pression of NSUN2 in tumors was accompa-
nied by CD4+ immunoosmosis in the microen- 
vironment, which affected the progression of 
tumors [44]. NSUN2 also upregulated the m5C 
modification and protein expression of ATX in 
endothelial cells and promoted the secretion of 
ATX. The ATX further interacted with integrin α4 
on T cells and promoted the occurrence of FAK/

Src-RhoA axis, thus increasing the infiltration of 
T cells, especially CD3+ T cells, and promoting 
the occurrence of abdominal aortic aneurysm 
(AAA) [77].

NSUN3: NSUN3 is mainly located in mitochond-
ria [78]. The m5C modification mediated by 
NSUN3 is closely related to the function of 
mitochondria. NSUN3 can affect the synthesis 
and translation of proteins in mitochondria.  
The deletion of NSUN3 reduced the synthesis 
of mitochondrial protein and oxygen consump- 
tion, which affected mitochondrial oxidative 
phosphorylation and respiratory coupling, thus 
reducing mitochondrial activity [78]. NSUN3 
also regulated the shape and structure of mito-
chondria and influenced the translation of mito-
chondria [52, 79, 80].

NSUN3 affects metastasis by acting on mito-
chondria. The deletion of NSUN3 reduced the 
metastasis of the tumor by reducing the m5C 
modification of mitochondria. Methylation inhi-
bition showed an increase in an upregulation of 
glucose transporter 1 (GLUT1) and glycolysis, 
thus reducing the metastasis [52]. 

NSUN3 is also related to the immune process. 
In head and neck squamous cell carcinoma, 
NSUN3 regulated immune infiltration and pro-
moted tumor growth. The abundance of immu-
ne cells with high expression of NSUN3, such 
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as T cells CD8, and NK cells, is low. The knock-
out of NSUN3 decreased the number of M2 
macrophages but increased the number of M1 
macrophages [53]. And relate to that infiltration 
of immune cells. NSUN3 was closely related to 
CD8+ T cells [54].

NSUN4: NSUN4 methylated Sox9 mRNA 3’UTR 
in a m5C-dependant manner, regulated trans-
lation reprogramming of Sox9, and promoted 
cartilage formation [81]. Moreover, NSUN4 was 
closely related to the infiltration of immune 
cells, especially neutrophils in LUSC [54].

NSUN4 has an important influence on rRNA.  
On the one hand, NSUN4 stabilized 16S rRNA 
together with MTERF4 and formed a complex 
with MTERF4 to promote subunit assembly 
[82]. On the other hand, NSUN4 methylated 
mitochondrial 12S rRNA and promoted the 
rearrangement of rRNA to form a peptidyl trans-
ferase center [83]. 

NSUN5: NSUN5, as a member of the NSUN 
family, can also influence m5C modification in 
RNA. NSUN5 affects the methylation status of 
rRNA and is expressed in a state of inhibition 
due to hypermethylation of CpG island in the 
promoter, to serve as a suppressor in glioma. 
The inhibited NSUN5 promoted the growth of 
glioma cells in vivo [59]. Some researchers pro-
ved that NSUN5 promoted the proliferation of 
hepatocellular carcinoma cells in vivo and in 
vitro [58]. Similarly, NSUN5 had higher expres-
sion in colorectal cancer compared with normal 
tissues and promoted cell growth. Moreover, 
NSUN5 regulated the cell cycle of colorectal 
cancer cells and regulated the expression of 
CDK4 and CCNE1, leading to engaging in tumo-
rigenesis [84]. However, the biological func-
tions of NSUN5 are whether owing to the 
change of m5C modification in hepatocellular 
carcinoma and colorectal cancer are needed to 
further verified. 

NSUN6: NSUN6 seems to act as a tumor sup-
pressor gene in tumors. NSUN6 did not im- 
pact cell apoptosis, but NSUN6 promoted the 
expression of CDK10, thus inhibiting the proli-
feration of pancreatic cancer cells [85]. Simi- 
larly, NSUN6 inhibited the proliferation of HCC 
cells [46].

NSUN6 also plays an important role in the pro-
cess of development. The deletion of NSUN6 

affected the mesoderm to further impact the 
differentiation of embryonic stem cells by redu-
cing the level of targeted mRNAs in a m5C 
modified manner. Besides, NSUN6 influenced 
the development of embryos.

NSUN7: NSUN7 also seems to serve as a tumor 
suppressor gene. NSUN7 had a good prognosis 
in ewing sarcoma (ES) [60]. In liver cancer,  
the hypermethylation of NSUN7 promoted the 
occurrence of liver cancer [86]. In addition, 
NSUN7 was also associated with immune infilt-
rating cells [87].

NSUN7 also impacts metabolism. NSUN7 af- 
fected the stability of eRNA by affecting the 
m5C modification on eRNA, thus regulating 
metabolism in vivo [88]. 

TRDMT1 (DNMT2): TRDMT1, as another writer 
of m5C modification, matters in the tumor. 
TRDMT1 increased the m5C modification on 
mRNA in DNA: RNA complex and enhanced the 
resistance of U2OS cells to IR and breast can-
cer cells to PARPI olaparib. Further studies 
demonstrated that TRDMT1 promoted the re- 
pair of DNA damage of homologous recombina-
tion (HR), which might be the reason for resis-
tance to IR and drugs [89, 90]. 

Erasers

TET1/2/3: The studies about demethyltrans-
ferases of m5C modification are few in tumors, 
and the currently widely recognized erasers are 
mainly the TET family, including TET1, TET2, 
and TET3 [91]. 

The remover of m5C modification plays a key 
role in the process of m5C-mediated tumors. 
For example, dCas13b-TET1/2 with gPEBP1 
removed the m5C modification on PEBP1 
mRNA and shorted the half-life of PEBP1 mRNA, 
further reducing the stability of mRNA and 
decreasing the expression of PEBP1, thus inhi-
biting the malignant biological process of renal 
cell carcinoma [92].

The eraser of m5C modification also plays an 
important role in DNA damage repair. When oxi-
dative damage existed, TET1 was recruited to 
the damage site at the DNA: RNA complex and 
removed the m5C modification on mRNA, thus 
promoting the completion of HR and increasing 
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the radiation resistance of breast cancer cells 
[89].

ALKBH1: As another eraser of m5C modifica-
tion, ALKBH1/ABH1 is mainly located in mito-
chondria, which affects m5C modification on 
tRNA including mtRNA [79, 93]. The RNA ex- 
pression level of ALKBH1 was upregulated in 
OSCC [52]. ALKBH1 affected the translation of 
mitochondria [79]. ALKBH1 oxidized m5C modi-
fication at the 34th position of mtRNA, which 
led to f5C modification, thus affecting mito-
chondrial translation [94]. 

Readers

YBX1: m5C readers are inseparable from the 
role in the biological process of tumor formati-
on [95]. Studies have demonstrated that m5C 
reader YBX1 is related to tumor growth, invasi-
on, and metastasis. Taking UCBs as an examp-
le, knockout YBX1 significantly reduced the 
growth of subcutaneous tumors in a m5C-
dependent manner, inhibited the ability of inva-
sion and metastasis in vivo and in vitro, and 
reduced the formation of lung metastatic nodu-
les in vivo [31]. YBX1 also participated in the 
process of drug resistance of tumor cells. YBX1 
enhanced cisplatin resistance in ovarian can-
cer cells [70]. Moreover, the expression of YBX1 
was also higher in drug-resistant cells treated 
with gefitinib than sensitive cells in non-small 
cell drug-resistant cells [41]. 

ALYREF: ALYREF, as another m5C reader, is sig-
nificant in the biological process of carcinoma. 
For example, knockout ALYREF decreased the 
binding to the m5C sites on PKM2 mRNA and 
reduced cell growth and colony formation in 
vitro, and inhibited the growth of subcutaneous 
tumors in vivo in BCa [37]. The coexpression of 
ALYREF and NSUN2 also reduced the activity  
of caspase3/7 and promoted the increase of 
tumor volume in lung adenocarcinoma [42]. 
Moreover, ALYREF and NSUN2 genes also pro-
moted the drug resistance of lung adenocarci-
noma cells to AZD9291 [42].

In addition, ALYREF is also associated with exo-
some secretion and tumor metabolism. ALYREF 
and NSUN2 promoted the expression of MYCN 
and SOX10 mediated by YAP in H1299 and 
A549 LUAD cells, thus promoting the ability of 
exosome secretion of LUAD cells to promote 
transcription system in a m5C-dependent man-

ner [42]. Meanwhile, ALYREF is involved in the 
metabolic process of tumors. ALYREF promo-
ted glycolysis of tumor cells in BCa. The remo-
val of ALYREF affected the glucose utilization of 
BCa cells, as well as the intracellular ATP level 
and the amount of lactic acid, thus affecting 
the cell glycolysis process [37].

The mechanism of m5C modification in diffe-
rent RNA types

mRNA

m5C modification on mRNA affects the sta- 
bility of transcripts: m5C modification on RNA 
affects the function of RNA. m5C modification 
on mRNA can regulate mRNA and affect the 
effector genes, to participate in the process of 
carcinoma [96-98]. For example, NSUN1 regu-
lated the expression of RAPGEF4 in an m5C-
dependent manner and promoted the progres-
sion of HGSOC [49]. NSUN2 methylated the 
CDS region of SCRIB mRNA in pancreatic can-
cer and TEAD1 mRNA 3’-UTR in HPSCC, in- 
creased m5C modification, and promoted the 
expression, thus regulating cell epithelial diffe-
rentiation and tumorigenesis [44, 45]. In ad- 
dition, NSUN2 regulated the expression of 
downstream target genes PCYT1A and PIK3R1 
in an m5C-dependent manner and promoted 
GC progression through m5C-dependent and 
independent mechanisms [43]. NSUN2 also 
regulated the NTN1 mRNA via increasing m5C 
modification to promote the development of 
neural invasion [68].

m5C modification on mRNA can impact the sta-sta-
bility of mRNA, which might be the reason for 
the influence on mRNA. On the one hand, the 
transcripts of oncogenes become stable via the 
modification of m5C, thus driving tumor deve-
lopment and progression. NSUN2 promoted 
the increase of m5C modification on down- 
stream TREX2 mRNA, promoted the expression 
of TREX2 mRNA and protein, and then inhibited 
the activation of cGAS/STING and promoted 
the occurrence of tumor [69]. FABP5 mRNA can 
be stabilized by NSUN2-mediated modification 
of m5C in OS [76]. YBX1 has been shown to 
regulate the stability of mRNA and promote the 
expression of downstream genes E2F5, YY1, 
and Rcc2, further promoting the progression  
of ovarian cancer [70]. In different types of 
tumors, NSUN2 and YBX1 can stabilize oncoge-
ne transcripts together. m5C methylation of 
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of CCDC9B protein, thus reducing the interac-
tion between CCDC9B protein and IVNS1ABP 
protein, promoting the up-regulation of IVNS1- 
ABP protein, and thus promoting the occur-
rence of liver cancer [86] (Table 3; Figure 3).

m5C modification on mRNA affects translation: 
m5C modification on mRNA can affect transla-
tion and further impact effector genes, resul-
ting in participating in tumorigenesis and deve-
lopment [99]. Researchers proved that specific 
methylation of NSUN6 was associated with 
translation termination, which influenced the 
stop codon bias in the process of mRNA trans-
lation, and the translational termination site 
marked by NSUN6 was CTCCA [46], suggest- 
ing that NSUN6 regulated the target mRNA at 
the translation level. Similarly, the removal of 
NSUN2 did not affect the level of downstream 
target mRNA of CTNNB1 in UM cells, but regula-
ted the protein level of CTNNB1. Further stu-
dies found that NSUN2 acted on the m5C modi-
fication in the CDS region of CTNNB1 mRNA 
and increased the expression of CTNNB1, thus 
mediating the expression of downstream target 
genes c-Myc and CyclinD1 of CTNNB1 and pro-
moting the occurrence of UM [35]. Moreover, 
NSUN2 targeted the downstream gene QSOX1 
and increased the m5C modification on QSOX1 
mRNA CDS. Then, YBX1 recognized the modifi-
cation and enhanced the translation of QS- 
OX1, promoting drug resistance [41]. Similarly, 
NSUN2 regulated the m5C modification site 
C2756 in the 3’-UTR region of ATX mRNA, and 
ALYREF interacted with m5C modification on 
ATX mRNA to promote the nuclear output of ATX 
mRNA, which promoted the expression of ATX 
at the translational level, further promoted the 
expression of LPA and promoted the migration 
of U87 cells [100] (Table 3; Figure 3).

m5C modification at DNA: RNA complex affects 
DNA repair: m5C modification of DNA: RNA 
complex can promote the process of DNA 
repair. In the presence of oxidative damage, 
TRDMT1 methylated the transcribed mRNA at 
the DNA double-strand break, increased the 
m5C modification of mRNA, and triggered the 
repair signal [89, 90]. At the same time, FMRP 
interacted with TRDMT1 through its N-terminal 
domain and K homology (NKH) domain, recrui-
ted and bound to m5C modified mRNA. In addi-
tion, FMRP removed R-loop and worked with 
TET1 to promote TET1 to remove m5C modifica-

HDGF mRNA was catalyzed by NSUN2, and the 
interaction between YBX1 and ELAVL1 can sta-
bilize HDGF mRNA. The increased m5C modifi-
cation further enhanced the mRNA expression 
of some UCB-related oncogenes, leading to the 
malignant biological process of UCBs [31]. The 
stability of FOXC2 mRNA, KRT13 mRNA, LRR- 
C8A mRNA, and TIAM2 mRNA were also affec-
ted by m5C modification which NSUN2 and 
YBX1 increased and combined, which promo-
ted the expression of mRNA and protein. 
LRRC8A further promoted the PI3K-AKT signal 
pathway and enhanced the ability of tumor 
invasion and metastasis [34, 36, 40]. NSUN2 
and ALYREF can also stabilize oncogene tran- 
scripts together. For example, NSUN2 increa-
sed and ALYREF recognized the m5C modi- 
fication on YAP mRNA 3’-UTR in LUAD, which 
inhibited the degradation of YAP mRNA and sta-
bilized YAP mRNA, and further increased the 
transcription and protein expression of YAP. At 
the same time, stable YAP mRNA prevented 
miR-582-3P from binding to YAP mRNA 3’-UTR, 
thus stabilizing YAP mRNA [42]. Similarly, the 
two regulators jointly mediated m5C modifica-
tion in PKM2 mRNA 3’-UTR in BCa and PFAS 
mRNA in retinoblastoma cells, thus stabilizing 
mRNA in a m5C-dependent method and upre-
gulating the protein expression [32, 37]. In 
addition, NSUN2 can work with LIN28B to stabi-
lize transcripts. NSUN2 targeted and increased 
the m5C modification of GRB2 mRNA 3’-UTR. 
Similar to YBX1, LIN28B, had a cold shock 
domain (CSD), acted as a reader of m5C modi-
fication, and recognized and bound m5C sites 
on GRB2 mRNA, as well as stabilized mRNA 
and promoted PI3K/AKT and ERK/MAPK 
pathway, leading to the carcinogenic process of 
ESCC [38].

On the other hand, m5C modification reduces 
the transcriptional stability of tumor suppres-
sor genes and promotes tumor progression. 
NSUN2 targeted the m5C modification of 
p57KIP2 mRNA 3’-UTR in GC and shorted the 
half-life of p57KIP2 transcripts, making p57- 
KIP2 mRNA unstable and inhibiting the expres-
sion of p57KIP2, leading to involvement in the 
carcinogenic process of GC [33] NSUN7 seems 
to act as a tumor suppressor gene. In liver can-
cer, the hypermethylation of NSUN7 promoter 
led to the epigenetic inactivation of NSUN7, 
promoted the hypomethylation of CCDC9B 
mRNA C1322-1324, thus destroying the sta- 
bility of the mRNA and reducing the expression 
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Table 3. The mechanism of m5C modification in tumors

Cell types Regulators/Role/
State

RNA type/Target 
gene Functions Ref

Ovarian cancer NSUN1/Writer/Up mRNA/RAPGEF4 Promote proliferation, migration and invasion [49]

Pancreatic cancer NSUN2/Writer/Up mRNA/SCRIB Inhibit the DSBs, decrease the differentiation, 
and impact on immune infiltration

[44]

Hypopharyngeal squamous cell 
carcinoma

NSUN2/Writer/Up mRNA/TEAD1 Promote proliferation, migration and growth [45]

Gastric cancer NSUN2/Writer/Up mRNA/PCYT1A and 
PIK3R1

Promote proliferation, migration and growth [43]

Gastric cancer NSUN2/Writer/Up mRNA/NTN1 Promote neural invasion [68]

Hep3B/PC3 NSUN2/Writer/Up mRNA/TREX2 Resist anti-PDL1 immunotherapy [69]

Osteosarcoma NSUN2/Writer/Up mRNA/FABP5 Promote fatty acid metabolism [76]

Gastric cancer NSUN2/Writer/Up mRNA/p57KIP2 Impact on cell cycle [33]

Esophageal squamous-cell carcinoma NSUN2/Writer/Up mRNA/GRB2 Promote proliferation, migration and growth [38]

Uveal melanoma NSUN2/Writer/Up mRNA/CTNNB1 Impact on cell cycle [35]

Prostate cancer NSUN2/Writer/Up mRNA/AR Promote proliferation, migration and growth [14]

Cervical cancer NSUN2/Writer/Up mRNA/LRRC8A Resist to DDP, inhibit apoptosis and promote 
proliferation, migration and growth

[36]

Cervical squamous cell carcinoma NSUN2/Writer/Up mRNA/KRT13 Promote invasion and migration [34]

Pancreatic cancer NSUN6/Writer/Down mRNA/CDK10 Inhibit proliferation and growth [85]

Liver cancer NSUN6/Writer/Down mRNA/unkown Inhibit proliferation and affect the develop-
ment of the embryo

[46]

Liver cancer NSUN7/Writer/Down mRNA/CCDC9B Promote progression [86]

Ovarian cancer YBX1/Reader/Up mRNA/E2F5 Enhance the resistance of DDP [70]

Renal cell carcinoma YBX1/Reader/Up mRNA/PEBP1 Promote cell invasion and migration [92]

Urothelial bladder cancer ALYREF/Reader/Up mRNA/RABL6/TK1/
NSUN2

Promote cell proliferation [64]

Bladder cancer NSUN2 and YBX1/
Writer and reader/Up

mRNA/HDGF Promote growth and aggressiveness, and 
reduce the growth of lung nodules

[31]

Gastric cancer NSUN2 and YBX1/
Writer and reader/Up

mRNA/FOXC2 Promote cell proliferation, invasion and 
migration

[40]

Pancreatic cancer NSUN2 and YBX1/
Writer and reader/Up

mRNA/TIAM2 Promote cell proliferation, invasion and 
migration

[129]

Non-small cell lung cancer NSUN2 and YBX1/
Writer and reader/Up

mRNA/QSOX1 Promote drug resistance [41]

Gastric cancer NSUN2 and YBX1/
Writer and reader/Up

mRNA/ORAI2 Promote metastasis [64]

Bladder cancer NSUN2 and ALYREF/
Writer and reader/Up 

mRNA/PKM2 Promote glycolysis and engage in metabolic 
process, and promote proliferation and growth 

[37]

Retinoblastoma NSUN2 and ALYREF/
Writer and reader/Up

mRNA/PFAS Promote purine synthesis [32]

Lung adenocarcinoma NSUN2 and ALYREF/
Writer and reader/Up

mRNA/YAP Enhance the resistance of AZD9291, promote 
secretion of exosome and proliferation and 
growth

[42]

Glioma NSUN2 and ALYREF/
Writer and reader/Up

mRNA/ATX Promote cell migration [100]

Osteosarcoma TRDMT1/Writer DNA: RNA/unkown Promote DNA damage repair of HR [89, 90] 

Osteosarcoma TET1 and TRDMT1/
eraser and writer

DNA: RNA/unkown Promote HR and enhance the resistance to IR [89]

Glioma NSUN5/Writer/Down rRNA/NQO1 Inhibit cell growth [59]

/ NSUN1/Writer rRNA/unkown Promote the process of rRNA [73]

Osteosarcoma NSUN2/Writer tRNA/unkown Not affect mitochondrial activity [109]

Oral squamous cell carcinoma NSUN3/Writer tRNA/unkown Affect the translation process of mitochondrial 
mRNA and regulate mitochondrial activity

[52]

/ NSUN6/Writer tRNA/unkown Affect the translation and synthesis of 
proteins

[46]

/ TRDMT1/Writer tRNA/unkown Regulate the process of protein translation [118]

/ YTHDF2/Reader tRNA/unkown Promote the process and maturation of rRNA [105]

Gastric cancer NSUN2/Writer/Up lncRNA/NR_033928 Promote progression [121]
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Esophageal squamous cell carcinoma NSUN2/Writer/Up lncRNA/lncNMR Promote progression [123]

Cholangiocarcinoma NSUN2 and YBX1/
Writer and reader/Up

lncRNA/lncNKILA Promote distant metastasis of lymph nodes [122]

Hepatocellular carcinoma NSUN2/Writer/Up lncRNA/lncH19 Promote differentiation, angiogenesis, and mi-
gration and growth, and impact on cell cycle 

[39]

/ NSUN7/Writer eRNA/Pfkl, Sirt5, 
Idh3b, and Hmox2 

Regulate metabolism [88]

tion catalyzed by TRDMT1, leading to promot- 
ing the completion of transcription-coupled HR 
and increasing the sensitivity of breast cancer 
cells to radiotherapy and promoting cell survi-
val [89]. Similarly, when the DNA damage 
appeared in U-2 osteosarcoma (U2OS) cells, 
m5C modification in transcript increased by 
TRDMT1 promoted the binding of RAD52 and 
DNA: RNA complex and promoted the process 
of DSB repair [90] (Table 3; Figure 3). 

rRNA 

m5C modification not only has different effects 
on mRNA in tumors, but also plays a key role in 
the function of ribosomal RNA [101]. Previous 
studies have shown that m5C modification was 
located in the cytosine C3761 and C4417 sites 
of 28S rRNA in human pancreatic cancer cells 
[44]. The structural characteristics of NSUN4 
may be related to the m5C modification of rRNA 
in mitochondria [102, 103].

m5C modification on rRNA affects the transla- 
tion process [104]. Methyltransferase NSUN5 
had little effect on the transcript, but NSUN5 
methylated the C3782 of 28S rRNA. On the one 
hand, the deletion of NSUN5 reduced the over-
all translation of glioma cells. On the other 
hand, NSUN5 activated the process of protein 
translation in response to stress, such as pro-
moting the translation of stress-activating pro-
tein NQO1, thus promoting the occurrence of 
glioma [59]. 

The modification of m5C on rRNA also affects 
the processing or maturation of rRNA. Studies 
testified that NSUN1 specifically targeted rRNA 
and increased the m5C modification at position 
4447 of 28s rRNA. NSUN1 also formed a com-
plex with boxC/D snoRNAs to act on the proces-
sing of rRNA [73]. Moreover, NSUN4 methyla-
ted the 911 site of 12S rRNA, increased the 
m5C modification of 12S rRNA, and promoted 
the rearrangement of rRNA [83]. 

In addition, although YTHDF2 acts as the rea-
der of m6A, YTHDF2 can also bind to the m5C 
site and serve as the reader of m5C modifica-
tion. YTHDF2 recognized the m5C locus by  
conserved residue Trp432. On the one hand, 
knockout YTHDF2 reduced the m5C modifica-
tion on mRNA. On the other hand, the deletion 
of YTHDF2 increased the overall m5C modifica-
tion level of cells and increased the m5C modi-
fication sites on 18S rRNA and 28S rRNA, 
which played an important role in the proces-
sing and maturation of rRNA [105] (Table 3; 
Figure 3). 

tRNA

In the posttranscriptional modification of tRNA, 
m5C modification is predominant [47, 106, 
107]. NSUN6 of the NSUN family was used as  
a methyltransferase of tRNA, and NSUN2 also 
methylated the positions 48, 49, and 50 of 
mitochondrial RNA [108-111]. Studies have 
proven that when NSUN2, DNMT2, and NSUN6 
were knocked out at the same time, the level  
of m5C modification on tRNA was significantly 
decreased [46, 108, 112]. m5C modification 
on tRNA can affect the translation and synthe-
sis of proteins. TRDMT1 not only plays a role in 
DNA, but also acts as the methyltransferase of 
tRNA [113-116]. TRDMT1 methylated the posi-
tion in C38 of tRNA (Asp), thus regulating the 
process of protein translation with the Asp 
sequence [117, 118]. In the presence of oxida-
tive damage, TRDMT1 was bound to aminoacyl-
tRNA synthetases, including glycyl-tRNA syn-
thetases [89]. At the same time, the anticancer 
drug azacytidine inhibited m5C modification on 
tRNA, which was dependent on the methylation 
of TRDMT1 [17]. Moreover, NSUN2 affected the 
m5C modification of tRNA, thus affecting prote-
in synthesis [119].

m5C modification on tRNA also affects the 
translation process of mitochondrial RNA, whi- 
ch may affect the activity of mitochondria and 
tumor metabolic reprogramming. The removal 
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Figure 3. The mechanism of m5C modification in different RNA types. A: The mechanism of m5C regulators in mRNA. B: The mechanism of m5C regulators in rRNA. 
C: The mechanism of m5C regulators in tRNA. D: The mechanism of m5C regulators in lncRNA. 3’-UTR, 3’-untranslated region; 5’-UTR, 5’-untranslated region; CDS: 
coding sequences. m5C, 5-methylcytosine.



m5C modification on RNA in cancers

6137 Am J Cancer Res 2023;13(12):6125-6146

of NSUN3 significantly reduced the m5C modifi-
cation of the tRNAMetC34 site in OSCC, which 
reduced the level of protein encoded by mito-
chondrial RNA and the metabolite level of TCA, 
thus regulating the activity of mitochondria. At 
the same time, the decrease of tRNAMet increa-
sed the glycolysis process and inhibited the 
metastasis of tumor cells [52, 78, 80]. More- 
over, NSUN2 was mainly located in the mito-
chondrial matrix and catalyzed the m5C modifi-
cation of tRNA. Knocking out NSUN2 reduced 
the m5C modification in the V-loop region of the 
mtRNA in the U-2 osteosarcoma (U2OS) cell 
line [109] (Table 3; Figure 3). 

Other ncRNA

Except for coding RNA, the regulation of m5C 
modification by non-coding RNA is also extre-
mely important [88, 120]. LncRNA acts on the 
regulators of m5C modification, thus regulating 
the m5C modification of target genes. Studies 
have confirmed that lncRNA FOXC2AS1 was 
directly related to NSUN2 and enhanced the 
combination of FOXC2 and NSUN2, increasing 
in the m5C level of FOXC2 mRNA, thus sta- 
bilizing FOXC2 transcripts [40]. Pseudogene 
PEBP1P2 prolonged the half-life of PEBP1 
mRNA by m5C modification, and stabilized  
m5C modification on PEBP1 mRNA CDS and 
3’-UTR through the participation of YBX1 and 
ELAVL1 proteins, thus promoting the expressi-
on of PEBP1 at transcriptional and translational 
levels, and preventing the invasion and metas-
tasis of ccRCC [92]. Suggesting that lncRNA 
plays an important role in regulating m5C 
modification.

LncRNA itself also has m5C modification sites, 
which can be directly catalyzed by m5C writers, 
and then further participated in tumorigenesis. 
NSUN2 targeted the C986 site of lncRNA H19. 
NSUN2-dependent m5C modification prolon-
ged the half-life of lncRNA H19 and increased 
the stability of H19, which recruited and bound 
to oncoprotein G3BP1, and further promoted 
the enrichment of MYC, resulting in poor diffe-
rentiation and malignant phenotype of hepa- 
tocellular carcinoma [39]. Moreover, NSUN2 
methylated and upregulated NR_033928 
(LncRNA), and NR_033928 interacted with 
IGF2BP3/HUR complex, which promoted the 
expression of GLS and the occurrence of gast-
ric cancer [121]. In addition, NSUN2 interacted 

with long noncoding NKILA which was highly 
expressed in cholangio carcinoma (CCA), and 
increased the m5C modification on NKILA. 
Subsequently, YBX1, as the reader of NKILA 
mRNA, recognized and acted on the m5C sites 
of NKILA. Then, NKILA further targeted YAP1, 
thus promoting the formation of CCA [122]. 
LncRNA NMR methylated by NSUN2 may also 
inhibit the level of m5C modification in PLOD3, 
Col4A5, Lamb1, and HSPG2. At the same time, 
the combination of lncRNA NMR and BPTF acti-
vated the ERK pathway and upregulated the 
expression of MMP10 and MMP3, thus promo-
ting the occurrence of ESCC [123] (Table 3; 
Figure 3).

m5C modifications also exist in eRNA. The 
decrease of NSUN7 reduced the expression of 
Pfkl, Sirt5, Idh3b and Hmox2 mRNA. At the 
same time, NSUN7 correspondingly reduced 
the expression of Pfkl, Sirt5, Idh3b, and Hmox2 
eRNAs. When the expression of NSUN7 increa-
sed, m5C modifications on eRNA also increa-
sed, which indicated that m5C modification on 
eRNAs can affect the stability of eRNAs, thus 
regulating metabolism in vivo [88]. 

The regulation networks of m5C modification 
in tumors

For the regulators of m5C modification, E2F1, 
MYC, RPL6, STAT1, SUMO-2/3, lncRNA FOXC2-
AS1, DIAPH2-AS1, AR and glucose regulated 
and promoted the expression of NSUN2. MiR-
141, DNMT1, and MDV3100 which was an AR 
antagonist inhibited the expression of NSUN2. 
Moreover, SIAH1 regulated the expression of 
m5C reader YBX1, and ALYREF was also  
positively regulated by HIF-1α. Subsequently, 
NSUN1 regulated the expression of RAPGEF4, 
and CCDC9B was regulated by NSUN7. More- 
over, the expression of NSUN2 regulated the 
expression levels of PIK3R1, PCYT1A, CTNNB1, 
p57KIP2, QSOX1, and ATX. NSUN2 also pro- 
moted the expression of SCRIB mRNA, TEAD1 
mRNA, NTN1 mRNA, TREX2 mRNA, FABP5 
mRNA, and GRB2 mRNA, and regulates the 
m5C level of lncRNA NKILA, H19, NR_033928, 
and lncRNA NMR. At the same time, NSUN6 
positively regulated the expression of CDK10. 
In addition, YBX1 promoted the expression of 
E2F5 and regulated the level of PEBP1 mRNA. 
YBX1 also regulated and promoted the expres-
sion of FOXC2 mRNA, AR mRNA, HDGF mRNA, 
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KRT13 mRNA, LRRC8A mRNA, and TIAM2 
mRNA together with NSUN2. ALYREF regulated 
and promoted the expression of YAP mRNA, 
PKM2 mRNA, and PFAS mRNA together with 
NSUN2. The regulated downstream genes were 
then involved in PI3K-AKT signaling pathways, 
cell cycle related pathways, DNA repair, RNA 
metabolism, regulation of cell morphogenesis, 
and immune response pathways [33, 36, 44, 
45, 50], which further promoted biological 
functions such as proliferation, invasion and 
resistance to chemotherapeutic drugs, thus 
participating in the process of tumor forma- 
tion. Meanwhile, TRDMT1 regulated the m5C 
modification of tRNA and the transcripts in 
DNA: RNA complex, and YTHDF2, NSUN1, 
NSUN3, NSUN4 and NSUN5 regulated the m5C 
modification of rRNA. NSUN2, NSUN3, NSUN6 
and TRDMT1 regulatded the m5C methylation 
of tRNA. The change of rRNA modification 
affects its own processing or maturation pro-
cess, and the change of tRNA modification may 
further affect the activity of mitochondria, 
affect metabolism, and further have an influ-
ence on the occurrence and development of 
tumors. 

However, downstream targeting genes also 
regulate the regulators of m5C modification, 
thus forming a feedback loop and participat- 
ing in carcinoma. Taking prostate cancer as an 
example, NSUN2 affected the activity of AR and 
promoted the expression of AR mRNA and pro-
tein. The combination of YBX1 and AR mRNA 
did not affect the nucleocytoplasmic output of 
AR mRNA, but impacted the stability of AR 
mRNA and promoted the expression of AR 
mRNA. In addition, NSUN2 regulated AR at the 
pre-mRNA level and promoted the expression 
of AR splice variant 7 (AR-V7), while AR-V7 in 
turn enhanced the transcription and positi- 
vely regulated the expression of NSUN2, thus 
further affecting the tolerance of C4-2 cells to 
MDV3100 (Enzalutamide) and promoting the 
progression of prostate cancer [14]. The inter-
action between NSUN2 and AR forms a posi- 
tive feedback loop. Similarly, NSUN2 targeted 
the m5C modification of CTNNB1 mRNA in gas-
tric cancer, and promoted the expression of 
CTNB1 and MYC. However, MYC also directly 
targeted the NSUN2 gene and promoted the 
expression of NSUN2. The interaction between 
NSUN2 and MYC also formed a positive feed-
back loop. In addition, ALYREF targeting m5C 
modification promoted the splicing of RABL6 

and TK1 mRNA through its K171 domain, thus 
increasing the stability of the mRNA. At the 
same time, ALYREF also recognized m5C modi-
fication on NSUN2 mRNA, promoted the expres-
sion of NSUN2 in UCB, and promoted the occur-
rence of UCB [64]. NSUN2 increased and YBX1 
recognized m5C modification on ORAI2 mRNA, 
which promoted the expression of ORAI2, thus 
promoting the metastasis of gastric cancer. 
After GC cells ingested fatty acids from omental 
adipocytes, the transcription factor E2F1 was 
upregulated through the AMPK pathway, and 
further promoted the expression of NSUN2 
through cis-element [124], which formed a 
positive loop to promote carcinoma. Studies 
suggest that regulators of m5C modification 
and downstream target genes interact with 
each other to form a positive feedback loop 
and jointly promote the occurrence of tumors 
(Figure 4).

Application and potential value of m5C modi-
fication in tumor diagnosis and treatment

m5C modification is closely connected with 
tumorigenesis. Studies have shown that the 
upregulated expression of NSUN2 that plays 
the role of oncogenes in most tumors was as- 
sociated with poor prognosis in ESCC, PCa, 
pancreatic cancer, UCBs, GC, HPSCC, and OS 
[14, 38, 43-45, 50, 76]. Studies on hepatocel-
lular carcinoma have reported that the upregu-
lation of NSUN1 and NSUN5 were related to the 
poor prognosis of the tumor [55, 58], but the 
prognosis of NSUN5 in glioma is good [59]. 
NSUN6 seems to work as a tumor suppressor 
gene in some tumors [46]. The high expression 
of NSUN6 was related to the good prognosis of 
PC [85]. At the same time, TET3 had a poor pro-
gnosis [23, 63]. Moreover, YBX1 and ALYREF of 
m5C readers are also significantly associated 
with the prognosis of patients. For example, 
YBX1 was related to T, N stage, and tumor 
grade, and was also the cause of poor DFS in 
patients in UCBs [31]. Similarly, the upregula-
ted ALYREF in BCa was also connected with 
lymph node metastasis and poor OS and RFS in 
patients [37]. As a result, the m5C modification 
was related to the prognosis of tumors and the 
change of m5C modification seemed to be the 
trend of tumor occurrence. This change in the 
tumor might be a biomarker in clinic diagnosis. 

Given the important role of m5C modification in 
tumors, finding a therapeutic method targeting 
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Figure 4. The regulation networks of m5C modification in tumors. The regulators of m5C modification form a positive 
loop with target genes, driving the process of tumor. m5C, 5-methylcytosine.

m5C modification is extremely significant. Mo- 
lecular targeted therapy seems to be a good 
treatment for targeting m5C modification. On 
the one hand, directly targeting the acting ele-
ments of m5C modification can change the 
level of m5C modification directly, thereby trea-
ting tumors. For example, the m5C modification 
in YAP mRNA was blocked by the change of 
m5C regulator in LUAD, which helped block the 
malignant phenotype of cells and resistance to 
AZD9291, thus better for the treatment of lung 
adenocarcinoma [42]. On the other hand, by 
targeting the upstream regulators of m5C modi-
fication elements, we can indirectly change the 
level of m5C modification in tumors and inhibit 
the development of tumors. For example, targe-
ting SUMO or FOXC2-AS1 in gastric cancer can 
affect the m5C modification catalyzed by NS- 
UN2, and might be a new therapeutic target  
for GC [40, 43]. In addition, the combination of 
drugs or drugs and molecules provide new 
ideas for the therapy of m5C-mediated tumors 
[125]. Treatment of oral squamous cell carcino-
ma with TIG and DOX effectively inhibited lymph 
node metastasis of tumor cells [52]. In gliomas, 
DNQ and IB-DNQ drugs inhibited NSUN5, which 
was hypermethylation in cells [59]. The combi-
nation of some drugs such as MDV3100 and 

shNSUN2 can better inhibit tumor growth, and 
the same as the combination of shNSUN2 and 
apalutamide [14]. Moreover, the removal of 
NSUN2 and METTL1 enhanced the toxicity of 
5-Fu to Hela cells [126]. In addition, the regula-
tors of m5C modification are closely related to 
immune infiltration and are important in the 
tumor microenvironment. For example, the 
state of CD4 immune infiltration in the tumor 
microenvironment depended on the gene of 
NSUN2 in pancreatic cancer [44]. The m5C 
modification was also associated with immune 
infiltration in GC and so forth. Therefore, immu-
notherapy may also become an effective treat-
ment of tumors mediated by m5C modification 
in clinics [127, 128]. 

Conclusions

m5C modification affects different types of 
RNA, which is very important in regulating the 
stability, translation, and processing maturati-
on of RNA. The abnormal expression patterns 
of m5C modification exist in tumors, and diffe-
rent regulators have different m5C locus on 
RNA. Moreover, the biological functions of m5C 
regulators work distinctly in various tumors and 
the effects of m5C modification depend on the 
type of RNA, and different regulators are regu-
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lated by various transcription factors, non-
coding RNAs, or others, which constructs the 
complicated regulatory network of m5C modifi-
cation in tumors. Altogether, m5C modification 
of posttranscriptional modification is essential 
in tumors, which provides new strategies for 
tumor clinical diagnosis and treatment. 

Acknowledgements

This study was supported by the grants from 
the National Natural Science Foundation of 
China (82172592), the Free Exploration Pro- 
gram of Central South University (grant nos. 
2021zzts0934 and 2023ZZTS0255) and the 
program of Introducing Talents of Discipline to 
Universities (111-2-12).

Disclosure of conflict of interest

None.

Abbreviations

mRNA, messenger RNA; rRNA, ribosomal RNA; 
tRNA, transfer RNA; lncRNA, long non-coding 
RNA; NSUN2, NOP2/Sun RNA Methyltransfera- 
se 2; ALYREF, Aly/REF Export Factor; YBX1, 
Y-Box Binding Protein 1; TRDMT1, tRNA aspar-
tic acid methyltransferase; ALKBH 1, alpha-
ketoglutarate-dependent dioxygenase ABH1; 
UCB, urothelial carcinoma of the bladder; GC, 
gastric cancer; CC, cervical cancer; UM, uveal 
melanoma; BCa, bladder cancer; ESCC, eso-
phageal squamous-cell carcinoma; PCa, pros-
tate cancer; HPSCC, hypopharyngeal squa-
mous cell carcinoma; OV, ovarian cancer;  
CESC, cervical squamous cell carcinoma;  
LUAD, lung adenocarcinoma.

Address correspondence to: Ming Zhou and Hongyu 
Deng, NHC Key Laboratory of Carcinogenesis, 
Hunan Key Laboratory of Oncotarget Gene, Hunan 
Cancer Hospital and The Affiliated Cancer Hospital 
of Xiangya School of Medicine, Central South 
University, Changsha, Hunan, China. Tel: +86-731-
84805443; E-mail: zhouming2013@csu.edu.cn 
(MZ); Tel: +86-731-89762681; E-mail: denghongyu- 
05@163.com (HYD)

References

[1] Hanahan D. Hallmarks of cancer: new dimen-
sions. Cancer Discov 2022; 12: 31-46.

[2] Zheng L, Li M, Wei J, Chen S, Xue C, Zhan Y, 
Duan Y, Deng H, Xiong W, Li G and Zhou M. The 

emerging roles of the interaction between m6A 
modification and c-Myc in driving tumorigene-
sis and development. J Cell Physiol 2022; 237: 
2758-2769.

[3] Ma S, Chen C, Ji X, Liu J, Zhou Q, Wang G, Yuan 
W, Kan Q and Sun Z. The interplay between 
m6A RNA methylation and noncoding RNA in 
cancer. J Hematol Oncol 2019; 12: 121.

[4] Wiener D and Schwartz S. The epitranscrip-
tome beyond m(6)A. Nat Rev Genet 2021; 22: 
119-131.

[5] Cao G, Li HB, Yin Z and Flavell RA. Recent ad-
vances in dynamic m6A RNA modification. 
Open Biol 2016; 6: 160003.

[6] Kong W, Biswas A, Zhou D, Fiches G, Fujinaga 
K, Santoso N and Zhu J. Nucleolar protein 
NOP2/NSUN1 suppresses HIV-1 transcription 
and promotes viral latency by competing with 
Tat for TAR binding and methylation. PLoS Pat-
hog 2020; 16: e1008430.

[7] Courtney DG, Tsai K, Bogerd HP, Kennedy EM, 
Law BA, Emery A, Swanstrom R, Holley CL and 
Cullen BR. Epitranscriptomic addition of m(5)C 
to HIV-1 transcripts regulates viral gene ex-
pression. Cell Host Microbe 2019; 26: 217-
227, e216.

[8] Zhou Y, Kong Y, Fan W, Tao T, Xiao Q, Li N and 
Zhu X. Principles of RNA methylation and their 
implications for biology and medicine. Biomed 
Pharmacother 2020; 131: 110731.

[9] Boccaletto P, Machnicka MA, Purta E, Piat-
kowski P, Baginski B, Wirecki TK, de Crecy-La-
gard V, Ross R, Limbach PA, Kotter A, Helm M 
and Bujnicki JM. MODOMICS: a database of 
RNA modification pathways. 2017 update. Nu-
cleic Acids Res 2018; 46: D303-D307.

[10] Zhao BS, Roundtree IA and He C. Post-tran-
scriptional gene regulation by mRNA modifica-
tions. Nat Rev Mol Cell Biol 2017; 18: 31-42.

[11] Gilbert WV, Bell TA and Schaening C. Messen-
ger RNA modifications: form, distribution, and 
function. Science 2016; 352: 1408-1412.

[12] Garcia-Vilchez R, Sevilla A and Blanco S. Post-
transcriptional regulation by cytosine-5 meth-
ylation of RNA. Biochim Biophys Acta Gene 
Regul Mech 2019; 1862: 240-252.

[13] Boo SH and Kim YK. The emerging role of RNA 
modifications in the regulation of mRNA stabil-
ity. Exp Mol Med 2020; 52: 400-408.

[14] Zhu W, Wan F, Xu W, Liu Z, Wang J, Zhang H, 
Huang S and Ye D. Positive epigenetic regula-
tion loop between AR and NSUN2 promotes 
prostate cancer progression. Clin Transl Med 
2022; 12: e1028.

[15] Li M, Tao Z, Zhao Y, Li L, Zheng J, Li Z and Chen 
X. 5-methylcytosine RNA methyltransferases 
and their potential roles in cancer. J Transl 
Med 2022; 20: 214.

[16] Chellamuthu A and Gray SG. The RNA methyl-
transferase NSUN2 and its potential roles in 
cancer. Cells 2020; 9: 1758.

mailto:zhouming2013@csu.edu.cn
mailto:denghongyu05@163.com
mailto:denghongyu05@163.com


m5C modification on RNA in cancers

6141 Am J Cancer Res 2023;13(12):6125-6146

[17] Xue S, Xu H, Sun Z, Shen H, Chen S, Ouyang J, 
Zhou Q, Hu X and Cui H. Depletion of TRDMT1 
affects 5-methylcytosine modification of mRNA 
and inhibits HEK293 cell proliferation and mi-
gration. Biochem Biophys Res Commun 2019; 
520: 60-66.

[18] Fu L, Guerrero CR, Zhong N, Amato NJ, Liu Y, 
Liu S, Cai Q, Ji D, Jin SG, Niedernhofer LJ, Pfeif-
er GP, Xu GL and Wang Y. Tet-mediated forma-
tion of 5-hydroxymethylcytosine in RNA. J Am 
Chem Soc 2014; 136: 11582-11585.

[19] Zhang Q, Liu F, Chen W, Miao H, Liang H, Liao 
Z, Zhang Z and Zhang B. The role of RNA m(5)
C modification in cancer metastasis. Int J Biol 
Sci 2021; 17: 3369-3380.

[20] Nombela P, Miguel-Lopez B and Blanco S. The 
role of m(6)A, m(5)C and Psi RNA modifica-
tions in cancer: novel therapeutic opportuni-
ties. Mol Cancer 2021; 20: 18.

[21] Huang Z, Pan J, Wang H, Du X, Xu Y, Wang Z 
and Chen D. Prognostic significance and tumor 
immune microenvironment heterogenicity of 
m5C RNA methylation regulators in triple-neg-
ative breast cancer. Front Cell Dev Biol 2021; 
9: 657547.

[22] Li D, Li K, Zhang W, Yang KW, Mu DA, Jiang GJ, 
Shi RS and Ke D. The m6A/m5C/m1A regulat-
ed gene signature predicts the prognosis and 
correlates with the immune status of hepato-
cellular carcinoma. Front Immunol 2022; 13: 
918140.

[23] Yu G, Bao J, Zhan M, Wang J, Li X, Gu X, Song 
S, Yang Q, Liu Y, Wang Z and Xu B. Comprehen-
sive analysis of m5C methylation regulatory 
genes and tumor microenvironment in pros-
tate cancer. Front Immunol 2022; 13: 914577.

[24] Pan J, Huang Z and Xu Y. m5C-related lncRNAs 
predict overall survival of patients and regu-
late the tumor immune microenvironment in 
lung adenocarcinoma. Front Cell Dev Biol 
2021; 9: 671821.

[25] Chen B, Xi Y, Zhao J, Hong Y, Tian S, Zhai X, 
Chen Q, Ren X, Fan L, Xie X and Jiang C. m5C 
regulator-mediated modification patterns and 
tumor microenvironment infiltration character-
ization in colorectal cancer: one step closer to 
precision medicine. Front Immunol 2022; 13: 
1049435.

[26] Zhao K, Li W, Yang Y, Hu X, Dai Y, Huang M, Luo 
J, Zhang K and Zhao N. Comprehensive analy-
sis of m(6)A/m(5)C/m(1)A-related gene ex-
pression, immune infiltration, and sensitivity of 
antineoplastic drugs in glioma. Front Immunol 
2022; 13: 955848.

[27] Song H, Zhang J, Liu B, Xu J, Cai B, Yang H, 
Straube J, Yu X and Ma T. Biological roles of 
RNA m(5)C modification and its implications in 
cancer immunotherapy. Biomark Res 2022; 
10: 15.

[28] Cui L, Ma R, Cai J, Guo C, Chen Z, Yao L, Wang 
Y, Fan R, Wang X and Shi Y. RNA modifications: 
importance in immune cell biology and related 
diseases. Signal Transduct Target Ther 2022; 
7: 334.

[29] Han X, Wang M, Zhao YL, Yang Y and Yang YG. 
RNA methylations in human cancers. Semin 
Cancer Biol 2021; 75: 97-115.

[30] Song P, Tayier S, Cai Z and Jia G. RNA methyla-
tion in mammalian development and cancer. 
Cell Biol Toxicol 2021; 37: 811-831.

[31] Chen X, Li A, Sun BF, Yang Y, Han YN, Yuan X, 
Chen RX, Wei WS, Liu Y, Gao CC, Chen YS, 
Zhang M, Ma XD, Liu ZW, Luo JH, Lyu C, Wang 
HL, Ma J, Zhao YL, Zhou FJ, Huang Y, Xie D and 
Yang YG. 5-methylcytosine promotes patho-
genesis of bladder cancer through stabilizing 
mRNAs. Nat Cell Biol 2019; 21: 978-990.

[32] Zuo S, Li L, Wen X, Gu X, Zhuang A, Li R, Ye F, 
Ge S, Fan X, Fan J, Chai P and Lu L. NSUN2-
mediated m(5) C RNA methylation dictates 
retinoblastoma progression through promoting 
PFAS mRNA stability and expression. Clin 
Transl Med 2023; 13: e1273.

[33] Mei L, Shen C, Miao R, Wang JZ, Cao MD, 
Zhang YS, Shi LH, Zhao GH, Wang MH, Wu LS 
and Wei JF. RNA methyltransferase NSUN2 
promotes gastric cancer cell proliferation by 
repressing p57(Kip2) by an m(5)C-dependent 
manner. Cell Death Dis 2020; 11: 270.

[34] Wang L, Zhang J, Su Y, Maimaitiyiming Y, Yang 
S, Shen Z, Lin S, Shen S, Zhan G, Wang F, Hsu 
CH and Cheng X. Distinct roles of m(5)C RNA 
methyltransferase NSUN2 in major gynecolog-
ic cancers. Front Oncol 2022; 12: 786266.

[35] Luo G, Xu W, Chen X, Wang S, Wang J, Dong F, 
Hu DN, Reinach PS and Yan D. NSUN2-mediat-
ed RNA m(5)C modification modulates uveal 
melanoma cell proliferation and migration. Epi-
genetics 2022; 17: 922-933.

[36] Chen Y, Zuo X, Wei Q, Xu J, Liu X, Liu S, Wang H, 
Luo Q, Wang Y, Yang Y, Zhao H, Xu J, Liu T and 
Yi P. Upregulation of LRRC8A by m(5)C modifi-
cation-mediated mRNA stability suppresses 
apoptosis and facilitates tumorigenesis in cer-
vical cancer. Int J Biol Sci 2023; 19: 691-704.

[37] Wang JZ, Zhu W, Han J, Yang X, Zhou R, Lu HC, 
Yu H, Yuan WB, Li PC, Tao J, Lu Q, Wei JF and 
Yang H. The role of the HIF-1alpha/ALYREF/
PKM2 axis in glycolysis and tumorigenesis of 
bladder cancer. Cancer Commun (Lond) 2021; 
41: 560-575.

[38] Su J, Wu G, Ye Y, Zhang J, Zeng L, Huang X, 
Zheng Y, Bai R, Zhuang L, Li M, Pan L, Deng J, 
Li R, Deng S, Zhang S, Zuo Z, Liu Z, Lin J, Lin D 
and Zheng J. NSUN2-mediated RNA 5-methyl-
cytosine promotes esophageal squamous cell 
carcinoma progression via LIN28B-dependent 



m5C modification on RNA in cancers

6142 Am J Cancer Res 2023;13(12):6125-6146

GRB2 mRNA stabilization. Oncogene 2021; 
40: 5814-5828.

[39] Sun Z, Xue S, Zhang M, Xu H, Hu X, Chen S, Liu 
Y, Guo M and Cui H. Aberrant NSUN2-mediated 
m(5)C modification of H19 lncRNA is associat-
ed with poor differentiation of hepatocellular 
carcinoma. Oncogene 2020; 39: 6906-6919.

[40] Yan J, Liu J, Huang Z, Huang W and Lv J. FOXC2-
AS1 stabilizes FOXC2 mRNA via association 
with NSUN2 in gastric cancer cells. Hum Cell 
2021; 34: 1755-1764.

[41] Wang Y, Wei J, Feng L, Li O, Huang L, Zhou S, 
Xu Y, An K, Zhang Y, Chen R, He L, Wang Q, 
Wang H, Du Y, Liu R, Huang C, Zhang X, Yang 
YG, Kan Q and Tian X. Aberrant m5C hyper-
methylation mediates intrinsic resistance to 
gefitinib through NSUN2/YBX1/QSOX1 axis in 
EGFR-mutant non-small-cell lung cancer. Mol 
Cancer 2023; 22: 81.

[42] Yu W, Zhang C, Wang Y, Tian X, Miao Y, Meng F, 
Ma L, Zhang X and Xia J. YAP 5-methylcytosine 
modification increases its mRNA stability and 
promotes the transcription of exosome secre-
tion-related genes in lung adenocarcinoma. 
Cancer Gene Ther 2023; 30: 149-162.

[43] Hu Y, Chen C, Tong X, Chen S, Hu X, Pan B, Sun 
X, Chen Z, Shi X, Hu Y, Shen X, Xue X and Lu M. 
NSUN2 modified by SUMO-2/3 promotes gas-
tric cancer progression and regulates mRNA 
m5C methylation. Cell Death Dis 2021; 12: 
842.

[44] Chen SY, Chen KL, Ding LY, Yu CH, Wu HY, Chou 
YY, Chang CJ, Chang CH, Wu YN, Wu SR, Hou 
YC, Lee CT, Chen PC, Shan YS and Huang PH. 
RNA bisulfite sequencing reveals NSUN2-medi-
ated suppression of epithelial differentiation in 
pancreatic cancer. Oncogene 2022; 41: 3162-
3176.

[45] Chen L, Ding J, Wang B, Chen X, Ying X, Yu Z 
and Dong P. RNA methyltransferase NSUN2 
promotes hypopharyngeal squamous cell car-
cinoma proliferation and migration by enhanc-
ing TEAD1 expression in an m(5)C-dependent 
manner. Exp Cell Res 2021; 404: 112664.

[46] Selmi T, Hussain S, Dietmann S, Heiss M, Bor-
land K, Flad S, Carter JM, Dennison R, Huang 
YL, Kellner S, Bornelov S and Frye M. Se-
quence- and structure-specific cytosine-5 
mRNA methylation by NSUN6. Nucleic Acids 
Res 2021; 49: 1006-1022.

[47] Yuan F, Bi Y, Siejka-Zielinska P, Zhou YL, Zhang 
XX and Song CX. Bisulfite-free and base-resolu-
tion analysis of 5-methylcytidine and 5-hy-
droxymethylcytidine in RNA with peroxotung-
state. Chem Commun (Camb) 2019; 55: 
2328-2331.

[48] Fang Z, Li P and Li F. Combining Bulk RNA-seq 
and scRNA-seq data to identify RNA m5C 
methyltransferases NSUN1: a rising star as a 

biomarker for cancer diagnosis, prognosis and 
therapy. Transl Cancer Res 2023; 12: 2336-
2350.

[49] Yang S, Zhou D, Zhang C, Xiang J and Xi X. 
Function of m(5)C RNA methyltransferase 
NOP2 in high-grade serous ovarian cancer. 
Cancer Biol Ther 2023; 24: 2263921.

[50] Niu X, Peng L, Liu W, Miao C, Chen X, Chu J, 
Yang X, Tan W, Wu C and Lin D. A cis-eQTL in 
NSUN2 promotes esophageal squamous-cell 
carcinoma progression and radiochemothera-
py resistance by mRNA-m(5)C methylation. Sig-
nal Transduct Target Ther 2022; 7: 267.

[51] Frye M, Dragoni I, Chin SF, Spiteri I, Kurowski A, 
Provenzano E, Green A, Ellis IO, Grimmer D, Te-
schendorff A, Zouboulis CC, Caldas C and Watt 
FM. Genomic gain of 5p15 leads to over-ex-
pression of Misu (NSUN2) in breast cancer. 
Cancer Lett 2010; 289: 71-80.

[52] Delaunay S, Pascual G, Feng B, Klann K, Behm 
M, Hotz-Wagenblatt A, Richter K, Zaoui K, Her-
pel E, Munch C, Dietmann S, Hess J, Benitah 
SA and Frye M. Mitochondrial RNA modifica-
tions shape metabolic plasticity in metastasis. 
Nature 2022; 607: 593-603.

[53] Jin S, Li J, Shen Y, Wu Y, Zhang Z and Ma H. 
RNA 5-Methylcytosine regulator NSUN3 pro-
motes tumor progression through regulating 
immune infiltration in head and neck squa-
mous cell carcinoma. Oral Dis 2022; [Epub 
ahead of print].

[54] Pan J, Huang Z and Xu Y. m5C RNA methylation 
regulators predict prognosis and regulate the 
immune microenvironment in lung squamous 
cell carcinoma. Front Oncol 2021; 11: 657466.

[55] Zhu J, Kuang J, Yang Y, Zhang L, Leng B, She R 
and Zou L. A prognostic model based on 
NSUN3 was established to evaluate the prog-
nosis and response to immunotherapy in liver 
hepatocellular carcinoma. Mediators Inflamm 
2023; 2023: 6645476.

[56] Li H, Jiang H, Huang Z, Chen Z and Chen N. 
Prognostic value of an m(5)C RNA methylation 
regulator-related signature for clear cell renal 
cell carcinoma. Cancer Manag Res 2021; 13: 
6673-6687.

[57] He Y, Yu X, Li J, Zhang Q, Zheng Q and Guo W. 
Role of m(5)C-related regulatory genes in the 
diagnosis and prognosis of hepatocellular car-
cinoma. Am J Transl Res 2020; 12: 912-922.

[58] Zhang XW, Wu LY, Liu HR, Huang Y, Qi Q, Zhong 
R, Zhu L, Gao CF, Zhou L, Yu J and Wu HG. 
NSUN5 promotes progression and predicts 
poor prognosis in hepatocellular carcinoma. 
Oncol Lett 2022; 24: 439.

[59] Janin M, Ortiz-Barahona V, de Moura MC, Mar-
tinez-Cardus A, Llinas-Arias P, Soler M, Nach-
mani D, Pelletier J, Schumann U, Calleja-Cer-
vantes ME, Moran S, Guil S, Bueno-Costa A, 



m5C modification on RNA in cancers

6143 Am J Cancer Res 2023;13(12):6125-6146

Pineyro D, Perez-Salvia M, Rossello-Tortella M, 
Pique L, Bech-Serra JJ, De La Torre C, Vidal A, 
Martinez-Iniesta M, Martin-Tejera JF, Villanue-
va A, Arias A, Cuartas I, Aransay AM, La Madrid 
AM, Carcaboso AM, Santa-Maria V, Mora J, Fer-
nandez AF, Fraga MF, Aldecoa I, Pedrosa L, 
Graus F, Vidal N, Martinez-Soler F, Tortosa A, 
Carrato C, Balana C, Boudreau MW, Hergen-
rother PJ, Kotter P, Entian KD, Hench J, Frank 
S, Mansouri S, Zadeh G, Dans PD, Orozco M, 
Thomas G, Blanco S, Seoane J, Preiss T, Pan-
dolfi PP and Esteller M. Epigenetic loss of  
RNA-methyltransferase NSUN5 in glioma tar-
gets ribosomes to drive a stress adaptive 
translational program. Acta Neuropathol 2019; 
138: 1053-1074.

[60] Chen Y, Su H, Su Y, Zhang Y, Lin Y and Haglund 
F. Identification of an RNA-binding-protein-
based prognostic model for ewing sarcoma. 
Cancers (Basel) 2021; 13: 3736.

[61] Xu Z, Chen S, Zhang Y, Liu R and Chen M. Roles 
of m5C RNA modification patterns in biochem-
ical recurrence and tumor microenvironment 
characterization of prostate adenocarcinoma. 
Front Immunol 2022; 13: 869759.

[62] Li X and Meng Y. Expression and prognostic 
characteristics of m(5) C regulators in low-
grade glioma. J Cell Mol Med 2021; 25: 1383-
1393.

[63] Sun GF and Ding H. NOP2-mediated m5C 
methylation of XPD is associated with hepato-
cellular carcinoma progression. Neoplasma 
2023; 70: 340-349.

[64] Wang N, Chen RX, Deng MH, Wei WS, Zhou ZH, 
Ning K, Li YH, Li XD, Ye YL, Wen JH, Dong B, 
Zhang XP, Liu ZW and Zhou FJ. m(5)C-depen-
dent cross-regulation between nuclear reader 
ALYREF and writer NSUN2 promotes urothelial 
bladder cancer malignancy through facilitating 
RABL6/TK1 mRNAs splicing and stabilization. 
Cell Death Dis 2023; 14: 139.

[65] Frye M and Watt FM. The RNA methyltransfer-
ase Misu (NSun2) mediates Myc-induced pro-
liferation and is upregulated in tumors. Curr 
Biol 2006; 16: 971-981.

[66] Shao D, Liu C, Wang Y, Lin J, Cheng X, Han P, Li 
Z, Jian D, Nie J, Jiang M, Wei Y, Xing J, Guo Z, 
Wang W, Yi X and Tang H. DNMT1 determines 
osteosarcoma cell resistance to apoptosis by 
associatively modulating DNA and mRNA cyto-
sine-5 methylation. FASEB J 2023; 37: e23284.

[67] Gao Y, Wang Z, Zhu Y, Zhu Q, Yang Y, Jin Y, 
Zhang F, Jiang L, Ye Y, Li H, Zhang Y, Liang H, 
Xiang S, Miao H, Liu Y and Hao Y. NOP2/Sun 
RNA methyltransferase 2 promotes tumor pro-
gression via its interacting partner RPL6 in 
gallbladder carcinoma. Cancer Sci 2019; 110: 
3510-3519.

[68] Li Y, Xia Y, Jiang T, Chen Z, Shen Y, Lin J, Xie L, 
Gu C, Lv J, Lu C, Zhang D, Xu H, Yang L, Xu Z 
and Wang L. Long noncoding RNA DIAPH2-AS1 
promotes neural invasion of gastric cancer via 
stabilizing NSUN2 to enhance the m5C modifi-
cation of NTN1. Cell Death Dis 2023; 14: 260.

[69] Chen T, Xu ZG, Luo J, Manne RK, Wang Z, Hsu 
CC, Pan BS, Cai Z, Tsai PJ, Tsai YS, Chen ZZ, Li 
HY and Lin HK. NSUN2 is a glucose sensor 
suppressing cGAS/STING to maintain tumori-
genesis and immunotherapy resistance. Cell 
Metab 2023; 35: 1782-1798, e1788.

[70] Gao W, Chen L, Lin L, Yang M, Li T, Wei H, Sha 
C, Xing J, Zhang M, Zhao S, Chen Q, Xu W, Li Y 
and Zhu X. SIAH1 reverses chemoresistance in 
epithelial ovarian cancer via ubiquitination of 
YBX-1. Oncogenesis 2022; 11: 13.

[71] Liu T, Zhang J, Lin C, Liu G, Xie G, Dai Z, Yu P, 
Wang J and Guo L. Molecular characterization 
clinical and immunotherapeutic characteris-
tics of m5C regulator NOP2 across 33 cancer 
types. Front Cell Dev Biol 2022; 10: 839136.

[72] Tong X, Xiang Y, Hu Y, Hu Y, Li H, Wang H, Zhao 
KN, Xue X and Zhu S. NSUN2 promotes tumor 
progression and regulates immune infiltration 
in nasopharyngeal carcinoma. Front Oncol 
2022; 12: 788801.

[73] Liao H, Gaur A, McConie H, Shekar A, Wang K, 
Chang JT, Breton G and Denicourt C. Human 
NOP2/NSUN1 regulates ribosome biogenesis 
through non-catalytic complex formation with 
box C/D snoRNPs. Nucleic Acids Res 2022; 
50: 10695-10716.

[74] Zheng L, Li M, Wei J, Chen S, Xue C, Duan Y, 
Tang F, Li G, Xiong W, She K, Deng H and Zhou 
M. NOP2/Sun RNA methyltransferase 2 is a 
potential pan-cancer prognostic biomarker 
and is related to immunity. PLoS One 2023; 
18: e0292212.

[75] Yang WL, Qiu W, Zhang T, Xu K, Gu ZJ, Zhou Y, 
Xu HJ, Yang ZZ, Shen B, Zhao YL, Zhou Q, Yang 
Y, Li W, Yang PY and Yang YG. Nsun2 coupling 
with RoRgammat shapes the fate of Th17 cells 
and promotes colitis. Nat Commun 2023; 14: 
863.

[76] Yang M, Wei R, Zhang S, Hu S, Liang X, Yang Z, 
Zhang C, Zhang Y, Cai L and Xie Y. NSUN2 pro-
motes osteosarcoma progression by enhanc-
ing the stability of FABP5 mRNA via m(5)C 
methylation. Cell Death Dis 2023; 14: 125.

[77] Miao Y, Zhao Y, Han L, Ma X, Deng J, Yang J, Lu 
S, Shao F, Kong W, Wang W, Xu Q, Wang X and 
Feng J. NSun2 regulates aneurysm formation 
by promoting autotaxin expression and T cell 
recruitment. Cell Mol Life Sci 2021; 78: 1709-
1727.

[78] Nakano S, Suzuki T, Kawarada L, Iwata H, Asa-
no K and Suzuki T. NSUN3 methylase initiates 
5-formylcytidine biogenesis in human mito-



m5C modification on RNA in cancers

6144 Am J Cancer Res 2023;13(12):6125-6146

chondrial tRNA(Met). Nat Chem Biol 2016; 12: 
546-551.

[79] Haag S, Sloan KE, Ranjan N, Warda AS, 
Kretschmer J, Blessing C, Hubner B, Seikowski 
J, Dennerlein S, Rehling P, Rodnina MV, Ho-
bartner C and Bohnsack MT. NSUN3 and ABH1 
modify the wobble position of mt-tRNAMet to 
expand codon recognition in mitochondrial 
translation. EMBO J 2016; 35: 2104-2119.

[80] Van Haute L, Dietmann S, Kremer L, Hussain 
S, Pearce SF, Powell CA, Rorbach J, Lantaff R, 
Blanco S, Sauer S, Kotzaeridou U, Hoffmann 
GF, Memari Y, Kolb-Kokocinski A, Durbin R, 
Mayr JA, Frye M, Prokisch H and Minczuk M. 
Deficient methylation and formylation of mt-
tRNA(Met) wobble cytosine in a patient carry-
ing mutations in NSUN3. Nat Commun 2016; 
7: 12039.

[81] Yang L, Ren Z, Yan S, Zhao L, Liu J, Zhao L, Li Z, 
Ye S, Liu A, Li X, Guo J, Zhao W, Kuang W, Liu H 
and Chen D. Nsun4 and Mettl3 mediated 
translational reprogramming of Sox9 promotes 
BMSC chondrogenic differentiation. Commun 
Biol 2022; 5: 495.

[82] Metodiev MD, Spahr H, Loguercio Polosa P, 
Meharg C, Becker C, Altmueller J, Habermann 
B, Larsson NG and Ruzzenente B. NSUN4 is a 
dual function mitochondrial protein required 
for both methylation of 12S rRNA and coordi-
nation of mitoribosomal assembly. PLoS Genet 
2014; 10: e1004110.

[83] Li Y, Sundquist K, Zhang N, Wang X, Sundquist 
J and Memon AA. Mitochondrial related ge-
nome-wide Mendelian randomization identi-
fies putatively causal genes for multiple cancer 
types. EBioMedicine 2023; 88: 104432.

[84] Jiang Z, Li S, Han MJ, Hu GM and Cheng P. High 
expression of NSUN5 promotes cell prolifera-
tion via cell cycle regulation in colorectal can-
cer. Am J Transl Res 2020; 12: 3858-3870.

[85] Yang R, Liang X, Wang H, Guo M, Shen H, Shi Y, 
Liu Q, Sun Y, Yang L and Zhan M. The RNA 
methyltransferase NSUN6 suppresses pancre-
atic cancer development by regulating cell pro-
liferation. EBioMedicine 2021; 63: 103195.

[86] Ortiz-Barahona V, Soler M, Davalos V, Garcia-
Prieto CA, Janin M, Setien F, Fernandez-Rebol-
lo I, Bech-Serra JJ, De La Torre C, Guil S, Vil-
lanueva A, Zhang PH, Yang L, Guarnacci M, 
Schumann U, Preiss T, Balaseviciute U, Montal 
R, Llovet JM and Esteller M. Epigenetic inacti-
vation of the 5-methylcytosine RNA methyl-
transferase NSUN7 is associated with clinical 
outcome and therapeutic vulnerability in liver 
cancer. Mol Cancer 2023; 22: 83.

[87] Xiao Z, Li J, Liang C, Liu Y, Zhang Y, Zhang Y, Liu 
Q and Yan X. Identification of M5c regulator-
medicated methylation modification patterns 
for prognosis and immune microenvironment 

in glioma. Aging (Albany NY) 2023; 15: 12275-
12295.

[88] Aguilo F, Li S, Balasubramaniyan N, Sancho A, 
Benko S, Zhang F, Vashisht A, Rengasamy M, 
Andino B, Chen CH, Zhou F, Qian C, Zhou MM, 
Wohlschlegel JA, Zhang W, Suchy FJ and Walsh 
MJ. Deposition of 5-methylcytosine on enhanc-
er RNAs enables the coactivator function of 
PGC-1alpha. Cell Rep 2016; 14: 479-492.

[89] Yang H, Wang Y, Xiang Y, Yadav T, Ouyang J, 
Phoon L, Zhu X, Shi Y, Zou L and Lan L. FMRP 
promotes transcription-coupled homologous 
recombination via facilitating TET1-mediated 
m5C RNA modification demethylation. Proc 
Natl Acad Sci U S A 2022; 119: e2116251119.

[90] Chen H, Yang H, Zhu X, Yadav T, Ouyang J, 
Truesdell SS, Tan J, Wang Y, Duan M, Wei L, 
Zou L, Levine AS, Vasudevan S and Lan L. m(5)
C modification of mRNA serves a DNA damage 
code to promote homologous recombination. 
Nat Commun 2020; 11: 2834.

[91] Yang H, Liu Y, Bai F, Zhang JY, Ma SH, Liu J, Xu 
ZD, Zhu HG, Ling ZQ, Ye D, Guan KL and Xiong 
Y. Tumor development is associated with de-
crease of TET gene expression and 5-methylcy-
tosine hydroxylation. Oncogene 2013; 32: 
663-669.

[92] Yang L, Yin H, Chen Y, Pan C, Hang H, Lu Y, Ma 
W, Li X, Gan W, Guo H and Li D. Low expression 
of PEBP1P2 promotes metastasis of clear cell 
renal cell carcinoma by post-transcriptional 
regulation of PEBP1 and KLF13 mRNA. Exp 
Hematol Oncol 2022; 11: 87.

[93] Arguello AE, Li A, Sun X, Eggert TW, Mairhofer E 
and Kleiner RE. Reactivity-dependent profiling 
of RNA 5-methylcytidine dioxygenases. Nat 
Commun 2022; 13: 4176.

[94] Kawarada L, Suzuki T, Ohira T, Hirata S, Miyau-
chi K and Suzuki T. ALKBH1 is an RNA dioxy-
genase responsible for cytoplasmic and mito-
chondrial tRNA modifications. Nucleic Acids 
Res 2017; 45: 7401-7415.

[95] Xue C, Zhao Y, Li G and Li L. Multi-omic analy-
ses of the m(5)C regulator ALYREF reveal its 
essential roles in hepatocellular carcinoma. 
Front Oncol 2021; 11: 633415.

[96] Cao J, Shu X, Feng XH and Liu J. Mapping mes-
senger RNA methylations at single base reso-
lution. Curr Opin Chem Biol 2021; 63: 28-37.

[97] Sajini AA, Choudhury NR, Wagner RE, Bornelov 
S, Selmi T, Spanos C, Dietmann S, Rappsilber 
J, Michlewski G and Frye M. Loss of 5-methyl-
cytosine alters the biogenesis of vault-derived 
small RNAs to coordinate epidermal differenti-
ation. Nat Commun 2019; 10: 2550.

[98] Hussain S, Sajini AA, Blanco S, Dietmann S, 
Lombard P, Sugimoto Y, Paramor M, Gleeson 
JG, Odom DT, Ule J and Frye M. NSun2-mediat-
ed cytosine-5 methylation of vault noncoding 



m5C modification on RNA in cancers

6145 Am J Cancer Res 2023;13(12):6125-6146

RNA determines its processing into regulatory 
small RNAs. Cell Rep 2013; 4: 255-261.

[99] Blanco S, Bandiera R, Popis M, Hussain S, 
Lombard P, Aleksic J, Sajini A, Tanna H, Cortes-
Garrido R, Gkatza N, Dietmann S and Frye M. 
Stem cell function and stress response are 
controlled by protein synthesis. Nature 2016; 
534: 335-340.

[100] Xu X, Zhang Y, Zhang J and Zhang X. NSun2 
promotes cell migration through methylating 
autotaxin mRNA. J Biol Chem 2020; 295: 
18134-18147.

[101] Trixl L and Lusser A. The dynamic RNA modifi-
cation 5-methylcytosine and its emerging role 
as an epitranscriptomic mark. Wiley Interdiscip 
Rev RNA 2019; 10: e1510.

[102] Spahr H, Habermann B, Gustafsson CM, Lars-
son NG and Hallberg BM. Structure of the hu-
man MTERF4-NSUN4 protein complex that 
regulates mitochondrial ribosome biogenesis. 
Proc Natl Acad Sci U S A 2012; 109: 15253-
15258.

[103] Camara Y, Asin-Cayuela J, Park CB, Metodiev 
MD, Shi Y, Ruzzenente B, Kukat C, Habermann 
B, Wibom R, Hultenby K, Franz T, Erdjument-
Bromage H, Tempst P, Hallberg BM, Gustafs-
son CM and Larsson NG. MTERF4 regulates 
translation by targeting the methyltransferase 
NSUN4 to the mammalian mitochondrial ribo-
some. Cell Metab 2011; 13: 527-539.

[104] Sharma S, Yang J, Watzinger P, Kotter P and 
Entian KD. Yeast Nop2 and Rcm1 methylate 
C2870 and C2278 of the 25S rRNA, respec-
tively. Nucleic Acids Res 2013; 41: 9062-9076.

[105] Dai X, Gonzalez G, Li L, Li J, You C, Miao W, Hu 
J, Fu L, Zhao Y, Li R, Li L, Chen X, Xu Y, Gu W 
and Wang Y. YTHDF2 binds to 5-methylcyto-
sine in RNA and modulates the maturation of 
ribosomal RNA. Anal Chem 2020; 92: 1346-
1354.

[106] Roundtree IA, Evans ME, Pan T and He C. Dy-
namic RNA modifications in gene expression 
regulation. Cell 2017; 169: 1187-1200.

[107] Li J, Li H, Long T, Dong H, Wang ED and Liu RJ. 
Archaeal NSUN6 catalyzes m5C72 modifica-
tion on a wide-range of specific tRNAs. Nucleic 
Acids Res 2019; 47: 2041-2055.

[108] Shinoda S, Kitagawa S, Nakagawa S, Wei FY, 
Tomizawa K, Araki K, Araki M, Suzuki T and Su-
zuki T. Mammalian NSUN2 introduces 5-meth-
ylcytidines into mitochondrial tRNAs. Nucleic 
Acids Res 2019; 47: 8734-8745.

[109] Van Haute L, Lee SY, McCann BJ, Powell CA, 
Bansal D, Vasiliauskaite L, Garone C, Shin S, 
Kim JS, Frye M, Gleeson JG, Miska EA, Rhee 
HW and Minczuk M. NSUN2 introduces 
5-methylcytosines in mammalian mitochondri-
al tRNAs. Nucleic Acids Res 2019; 47: 8720-
8733.

[110] Liu RJ, Long T, Li J, Li H and Wang ED. Struc-
tural basis for substrate binding and catalytic 
mechanism of a human RNA:m5C methyl-
transferase NSun6. Nucleic Acids Res 2017; 
45: 6684-6697.

[111] Long T, Li J, Li H, Zhou M, Zhou XL, Liu RJ and 
Wang ED. Sequence-specific and shape-selec-
tive RNA recognition by the human RNA 
5-methylcytosine methyltransferase NSun6. J 
Biol Chem 2016; 291: 24293-24303.

[112] Tuorto F, Liebers R, Musch T, Schaefer M, Hof-
mann S, Kellner S, Frye M, Helm M, Stoecklin G 
and Lyko F. RNA cytosine methylation by Dnmt2 
and NSun2 promotes tRNA stability and pro-
tein synthesis. Nat Struct Mol Biol 2012; 19: 
900-905.

[113] Jeltsch A, Ehrenhofer-Murray A, Jurkowski TP, 
Lyko F, Reuter G, Ankri S, Nellen W, Schaefer M 
and Helm M. Mechanism and biological role of 
Dnmt2 in nucleic acid methylation. RNA Biol 
2017; 14: 1108-1123.

[114] Goll MG, Kirpekar F, Maggert KA, Yoder JA, 
Hsieh CL, Zhang X, Golic KG, Jacobsen SE and 
Bestor TH. Methylation of tRNAAsp by the DNA 
methyltransferase homolog Dnmt2. Science 
2006; 311: 395-398.

[115] Dong A, Yoder JA, Zhang X, Zhou L, Bestor TH 
and Cheng X. Structure of human DNMT2, an 
enigmatic DNA methyltransferase homolog 
that displays denaturant-resistant binding to 
DNA. Nucleic Acids Res 2001; 29: 439-448.

[116] Raddatz G, Guzzardo PM, Olova N, Fantappie 
MR, Rampp M, Schaefer M, Reik W, Hannon GJ 
and Lyko F. Dnmt2-dependent methylomes 
lack defined DNA methylation patterns. Proc 
Natl Acad Sci U S A 2013; 110: 8627-8631.

[117] Jurkowski TP, Meusburger M, Phalke S, Helm 
M, Nellen W, Reuter G and Jeltsch A. Human 
DNMT2 methylates tRNA(Asp) molecules using 
a DNA methyltransferase-like catalytic mecha-
nism. RNA 2008; 14: 1663-1670.

[118] Shanmugam R, Fierer J, Kaiser S, Helm M, 
Jurkowski TP and Jeltsch A. Cytosine methyla-
tion of tRNA-Asp by DNMT2 has a role in trans-
lation of proteins containing poly-Asp sequenc-
es. Cell Discov 2015; 1: 15010.

[119] Gkatza NA, Castro C, Harvey RF, Heiss M, Popis 
MC, Blanco S, Bornelov S, Sajini AA, Gleeson 
JG, Griffin JL, West JA, Kellner S, Willis AE, Diet-
mann S and Frye M. Cytosine-5 RNA methyla-
tion links protein synthesis to cell metabolism. 
PLoS Biol 2019; 17: e3000297.

[120] Squires JE, Patel HR, Nousch M, Sibbritt T, 
Humphreys DT, Parker BJ, Suter CM and Preiss 
T. Widespread occurrence of 5-methylcytosine 
in human coding and non-coding RNA. Nucleic 
Acids Res 2012; 40: 5023-5033.

[121] Fang L, Huang H, Lv J, Chen Z, Lu C, Jiang T, Xu 
P, Li Y, Wang S, Li B, Li Z, Wang W and Xu Z. 



m5C modification on RNA in cancers

6146 Am J Cancer Res 2023;13(12):6125-6146

m5C-methylated lncRNA NR_033928 pro-
motes gastric cancer proliferation by stabiliz-
ing GLS mRNA to promote glutamine metabo-
lism reprogramming. Cell Death Dis 2023; 14: 
520.

[122] Zheng H, Zhu M, Li W, Zhou Z and Wan X. m(5) 
C and m(6) A modification of long noncoding 
NKILA accelerates cholangiocarcinoma pro-
gression via the miR-582-3p-YAP1 axis. Liver 
Int 2022; 42: 1144-1157.

[123] Li Y, Li J, Luo M, Zhou C, Shi X, Yang W, Lu Z, 
Chen Z, Sun N and He J. Novel long noncoding 
RNA NMR promotes tumor progression via 
NSUN2 and BPTF in esophageal squamous 
cell carcinoma. Cancer Lett 2018; 430: 57-66.

[124] Liu K, Xu P, Lv J, Ge H, Yan Z, Huang S, Li B, Xu 
H, Yang L, Xu Z and Zhang D. Peritoneal high-
fat environment promotes peritoneal metasta-
sis of gastric cancer cells through activation of 
NSUN2-mediated ORAI2 m5C modification. 
Oncogene 2023; 42: 1980-1993.

[125] Cheng JX, Chen L, Li Y, Cloe A, Yue M, Wei J, 
Watanabe KA, Shammo JM, Anastasi J, Shen 
QJ, Larson RA, He C, Le Beau MM and Vard-
iman JW. RNA cytosine methylation and meth-
yltransferases mediate chromatin organiza-
tion and 5-azacytidine response and resistance 
in leukaemia. Nat Commun 2018; 9: 1163.

[126] Okamoto M, Fujiwara M, Hori M, Okada K, 
Yazama F, Konishi H, Xiao Y, Qi G, Shimamoto 
F, Ota T, Temme A and Tatsuka M. tRNA modify-
ing enzymes, NSUN2 and METTL1, determine 
sensitivity to 5-fluorouracil in HeLa cells. PLoS 
Genet 2014; 10: e1004639.

[127] Zhang J, Wang N, Wu J, Gao X, Zhao H, Liu Z, 
Yan X, Dong J, Wang F, Ba Y, Ma S, Jin J, Du J, Ji 
H and Hu S. 5-methylcytosine related LncRNAs 
reveal immune characteristics, predict progno-
sis and oncology treatment outcome in lower-
grade gliomas. Front Immunol 2022; 13: 
844778.

[128] Zhang Q, Sun X, Sun J, Lu J, Gao X, Shen K and 
Qin X. RNA m(5)C regulator-mediated modifica-
tion patterns and the cross-talk between tumor 
microenvironment infiltration in gastric cancer. 
Front Immunol 2022; 13: 905057.

[129] Zhang G, Liu L, Li J, Chen Y, Wang Y, Zhang Y, 
Dong Z, Xue W, Sun R and Cui G. NSUN2 stimu-
lates tumor progression via enhancing TIAM2 
mRNA stability in pancreatic cancer. Cell Death 
Discov 2023; 9: 219.


