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Abstract 

Lung cancer has the highest incidence and mortality rates worldwide and is the primary cause of cancer-related 
death. Despite the rapid development of diagnostic methods and targeted drugs in recent years, many lung 
cancer patients do not benefit from effective therapies. The emergence of drug resistance has led to a reduction 
in the therapeutic effectiveness of targeted drugs, highlighting a crucial need to explore novel therapeutic targets. 
Many studies have found that epigenetic plays an important role in the occurrence of lung cancer. This review 
describes the biological function of epigenetic RNA modifications, such as m6A, m5C, m7G, and m1A, and recent 
advancements in their role in the development, progression, and prognosis of lung cancer. This review aims 
to provide new guidance for the treatment of lung cancer.
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Introduction
Lung cancer, due to its low survival rate and high 
postoperative recurrence rate, is the primary cause 
of cancer-related death [1]. Lung cancer can be 
histologically divided into two groups, small cell lung 
cancer (SCLC) and non-small cell lung cancer (NSCLC) 
[2]. NSCLC is the dominant histopathological subtype 
of lung cancer, accounting for 85% of all lung cancer 
cases, and can be further subdivided into lung squamous 
cell carcinoma (LUSC), lung adenocarcinoma (LUAD), 

or large cell carcinoma (LCC), with LUAD accounting 
for approximately 60% of all NSCLC cases [3]. NSCLC 
has a high mortality rate and poor prognosis due to its 
high malignancy, susceptibility to drug resistance, and 
high invasiveness. Despite the rapid development of 
diagnostic methods and targeted drugs in recent years, 
many lung cancer patients do not benefit from effective 
targeted therapies. The emergence of drug resistance 
in a large proportion of patients has led to a reduction 
in the therapeutic efficacy of targeted drugs [4]. The 
role of epigenetic modifications has only recently been 
implicated in the initiation and progression of various 
tumors. Epigenetic modifications refer to reversible 
changes in gene expression without involving the 
underlying nucleic acid sequence, thereby altering 
information processing. Key modifications include 
histone modification, DNA methylation, and RNA 
modification [5]. Although epigenetic modification 
and links to cancer have been extensively studied, the 
current findings do not fully elucidate the molecular 
mechanisms. The purpose of this review is to discuss 
the biological function and recent advances in the role 
of RNA modifications in lung cancer development, 
progression, and metastasis.
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RNA modifications
There is growing evidence that different post-
transcriptional RNA modifications exist across almost all 
organisms [6]. RNA modification has been identified as 
one of the important components of epigenetic regulation 
and pathological processes, particularly cancer, by 
modulating the behavior and biological function of 
RNA at the post-transcriptional level. At present, more 
than 170 different chemical modifications have been 
reported in RNA, including acetylation, phosphorylation, 
adenylylation, and methylation. Methylation is the 
most common modification, which includes N6-
methyladenosine (m6A), 5-methylcytidine (m5C), N7-
methylguanosine (m7G), and N1-methyladenosine 
(m1A). While drugs targeting histone modification and 
DNA modification have entered the clinical application 
stage, research on therapeutic strategies targeting RNA 
epigenetic modification remains in the early stages.

m6A RNA methylation
m6A is the most abundant and widely studied post-tran-
scriptional RNA modification and refers to methylation 
at the sixth position of the adenylate nucleotide [7]. As 
early as the 1970s, m6A was recognized as a major modi-
fication in eukaryotic cell messenger RNA (mRNA) and 
other non-coding RNA. m6A has demonstrated regula-
tory roles in protein production by influencing mRNA 
stability, translation, splicing, and processing, as well as 
embryonic development and cell differentiation [8, 9]. 
The insertion of m6A is a dynamically reversible pro-
cess, and relies on three types of methylation regulators: 
writers (methyltransferases), erasers (demethylases), 
and readers (binding proteins), collectively termed the 
writing-erasing-reading (WER) system (summarized in 
Table  1). Writers catalyze the installation of m6A and 
consist of methyltransferase-like protein 3 (METTL3), 
METTL14, and their accessory proteins RNA-binding 
motif protein 15 (RBM15), zinc finger CCCH-type con-
taining 13 (ZC3H13), Wilms Tumor 1 associated protein 
(WTAP), and KIAA1429. Erasers remove the m6A modi-
fications by demethylation and include AlkB homolog 
5 (ALKBH5) and FTO-alpha-ketoglutarate-dependent 
dioxygenase (FTO) [10, 11]. Readers recognize m6A 
modifications on RNA and include insulin-like growth 
factor 2 mRNA binding proteins (IGF2BP), heterogene-
ous nuclear ribonucleoprotein (hnRNP), and members 
of the YTH family [12, 13]. The IGF2BP family consists 
of four distinct C-terminal KH domains, responsible for 
identifying m6A modifications, and two N-terminal RNA 
recognition motifs (RRMs) [14], that together promote 
the stability and translation of mRNA downstream tar-
get genes [15]. IGF2BP3, a member of the IGF2BP family, 

functions as a transcriptional regulator with implications 
for proliferation, invasion, and chemotherapy resistance 
of tumor cells [16, 17]. Elevated expression of IGF2BP3 
has been consistently associated with poorer prognosis in 
lung cancer patients [18]. At present, evidence suggests 
that m6A modification regulates a series of malignant 
biological behaviors, and targeting m6A and associated 
regulatory proteins may be a promising method to pre-
vent tumor progression [19]. However, more studies are 
needed to fully elucidate the complex mechanism of m6A 
modification in the regulation of the initiation and devel-
opment of cancer.

m5C RNA methylation
m5C is another common RNA modification that involves 
the addition of a methyl group to the carbon-5 position 

Table 1  Regulatory proteins of RNA modification

Modification Structure Writer Eraser Reader

m6A RBM15
ZC3H13
METTL3,14
WTAP
KIAA1429

ALKBH5
FTO

IGF2BP
hnRNP
YTHDF1-3
YTHDC1-2

m5C DNMT2
NSUN1-7

TET2 ALYREF
YBX1

m7G METTL1
WDR4

– –

m1A TRMT6
TRMT61A
TRMT61B
TRMT10C
NML

FTO
ALKBH1
ALKBH3
ALKBH7

YTHDF1
YTHDF2
YTHDF3
YTHDC1

ac4C NAT10 – –
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of the cytosine base in RNA. m5c modifications can 
exist on mRNA, transfer RNA (tRNA), ribosomal RNA 
(rRNA), and long non-coding RNA (lncRNA), and are 
widely distributed across archaea, prokaryotes, and 
eukaryotes [20]. m5C participates in multiple stages 
of RNA metabolism, including splicing, stabilization, 
translation, maturation, and decay [21]. m5C expression 
relies on writers, such as NOP2/Sun domain (NSUN) 
RNA methyltransferase and DNA methyltransferase 2 
(DNMT2), to catalyze m5C methylation [22, 23], while 
erasers, including tet methylcytosine dioxygenase 2 
(TET2), demethylates m5C [24]. RNA binding protein 
ALY/REF export factor (ALYREF) recognizes m5C 
modifications on mRNA to promote mRNA nuclear 
output [22], while Y-box binding protein 1 (YBX1) 
binds directly to m5C modifications to stabilize mRNA 
[25]. In recent years, abnormal m5C modification and 
dysregulation of writers, erasers, and readers have played 
significant roles in the development and progression of 
various cancers, such as bladder, stomach, hepatocellular 
carcinoma (HCC), colorectal, prostate, breast, and lung 
cancer [23, 26]. However, further research is needed to 
identify the specific target genes and signal pathways that 
regulate m5C.

m7G RNA methylation
m7G is a highly conserved and prevalent post-
transcriptional modification that plays a crucial role in 
regulating gene expression. In mRNA, m7G is primarily 
catalyzed by METTL1, a common methyltransferase, 
and forms a complex with WD repeat domain 4 
(WDR4) [27]. In eukaryotes and a few archaea, m7G 
methylation at the mRNA 5ʹ cap is mediated by RNMT 
and RNMT-activating miniprotein (RAM) enzyme 
complex, that stabilize and protect the modified 
mRNA against exonuclization [28]. m7G influences 
various stages of mRNA processing and metabolism, 
including transcriptional stabilization, nuclear export, 
pre-mRNA splicing, translation, and polyadenylation 
[29, 30]. Additionally, m7G modifications have been 
shown to regulate the function of other RNA species, 
including rRNA and tRNA. The BUD23/TRMT112 
methyltransferase complex catalyzes the formation of 
m7G at the G1639 site of 18s rRNA and induces 18s 
rRNA precursor biogenesis [31]. Dysregulation of m7G 
regulation can lead to aberrant m7G modification, 
promoting the development and progression of cancer.

m1A RNA methylation
In 1961, it was discovered that m1A modified the first 
nitrogen atom of RNA adenosine in mRNA, tRNA, 
rRNA, and lncRNA [32]. Although m1A modification 
is less common than m6A, both types of modifications 

share similar enzymes. It was found that nitrogen 
atoms could be transferred from m1A to m6A after 
Dimroth rearrangement in alkaline environments [33]. 
This suggests that RNA regulation may be dynamically 
alternating between m1A and m6A under certain 
conditions. m1A is controlled by methyltransferases 
(tRNA methyltransferase 6 (TRMT6), TRMT10C, 
TRMT61A, TRMT61B, and NML), demethylases 
(ALKBH1, ALKBH3, ALKBH7 and FTO), and readers 
(YTH N6-methyladenosine RNA binding protein 1–3 
(YTHDF1-3) and YTHDC1). m1A regulates RNA 
stability and the initiation and extension of translation 
by modifying mRNA, tRNA, and rRNA [34]. Under 
physiological conditions, the methyl group in m1A 
carries a positive electrostatic charge which disrupts 
the base pairing with uracil [35]. Abnormal expression 
of m1A modifications may impact the biological 
function of RNAs and their potential interaction with 
partner proteins. Studies have found that aberrant 
m1A expression can contribute to a variety of diseases, 
including cardiovascular disease, lung disease, and 
Alzheimer’s disease, as well as upregulate tumor cell 
proliferation, invasion, metabolism, and apoptosis 
[36–38].

ac4C RNA acetylation
N4-acetylcytidine (ac4C) is a highly conserved RNA 
acetylation modification found in eukaryotic and 
prokaryotic tRNAs, rRNAs, and mRNAs [39]. It plays a 
dominant role in the expression of genetic information 
and has been associated with a variety of conditions [40]. 
Previous studies have suggested that ac4C increases gene 
expression by regulating mRNA stability and translation 
efficiency, ensuring the accurate reading of codons and 
maintaining stability in tRNA [41]. Findings indicate 
that the location of the ac4c modification influences the 
function of RNA molecules. Insertion at helix 34 and 
45 in rRNA was shown to promote self-biosynthesis 
and ribosome 40S subunit assembly and improve 
translation accuracy by enhancing mRNA stability [42, 
43]. Conversely, ac4C expressed in the coding sequence 
(CDS) promoted translation extension, while insertion 
in the 5ʹ-untranslated region (5ʹ-UTR) inhibited the 
initiation of translation [44]. There is increasing evidence 
to suggest that ac4C plays an important role in the 
development, progression, and metastasis of cancer. 
The acetyltransferase NAT10, in conjunction with the 
adaptor protein THUMPD1 or attachment box C/D 
snoRNAs, is the only known protein that catalyzes the 
formation of ac4C [45]. Elevated NAT10 expression has 
been identified in various cancers across multiple organ 
systems, such as hepatocellular carcinoma, gastric, colon, 
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pancreatic, cervical, bladder, esophageal, and lung cancer, 
with high levels significantly associated with increased 
malignant and aggressive characteristics of tumors [39].

RNA modifications in NSCLC
Lung cancer is the primary cause of cancer-related 
death worldwide [1, 46]. NSCLC is the dominant 
histopathological subtype of lung cancer [47], accounting 
for approximately 85% of lung cancers [48]. RNAs have 
been implicated in ineffective treatment strategies 
and the emergence of drug resistance, two major 
factors contributing to NSCLC tumor progression 
and poor prognosis. Therefore, in-depth research into 
the underlying mechanisms of NSCLC development 
and progression is critical to identify potential novel 
therapeutic targets.

m6A modification in NSCLC
m6A‑dependent glycolysis in LUAD progression
Glycolysis is the primary pathway by which cells obtain 
energy in a low-oxygen environment. However, cancer 
cells exploit this process by reprogramming their metab-
olism to adapt to a hypoxic tumor microenvironment, 

a hallmark of malignancy [49, 50]. This metabolic shift 
increases glucose uptake, glycolysis, and lactic acid pro-
duction, providing a continuous source of energy that 
fuels cancer cell proliferation, invasion, and migration 
[51]. Previous studies have linked m6A-dependent gly-
colysis to the progression of gastric, colorectal, and lung 
cancer [52, 53]. Ma et  al. [54] recently reported signifi-
cantly higher m6A levels in LUAD tumor tissue com-
pared to adjacent healthy tissue. Further studies showed 
that m6A levels in LUAD tumor tissues were modulated 
by an upregulation of METTL3 and a downregulation 
of ALKBH5. LUAD mouse models demonstrated that 
the combination of increased METTL3 and decreased 
ALKBH5 had a strong tumor-promoting effect. Simi-
larly, patients exhibiting simultaneous upregulation of 
METTL3 and downregulation of ALKBH5 had shorter 
survival times compared to patients expressing either 
molecule alone. The m6A modification reader YTHDF1 
also plays a vital role in this process. High METTL3 and 
low ALKBH5 levels enhanced m6A methylation at posi-
tion 359 A, facilitating the binding of ENO1 to YTHDF1 
and enhancing ENO1 translation. ENO1 is a key enzyme 
involved in the catalyzation of 2-phosphoglycerate to 

Fig. 1  Molecular mechanism of m6A modification involved in progression of NSCLC. A HNRNPA2B1 is increased in NSCLC and regulates lncRNA 
MEG3 through recognition of m6A, contributing to NSCLC tumorigenesis. B The m6A reader IGF2BP3 recognizes the m6A modification on MCM5 
mRNA and increases MCM5 expression, thereby promoting the metastasis of LUAD cells. C Upregulation of the m6A writer METTL3, downregulation 
of m6A eraser ALKBH5, and upregulation of m6A reader YTHDF1 promote ENO1 mRNA translation by mediating m6A modification, thereby 
increasing cytoplasmic glycolysis and LUAD progression. D The IGF2BP3-COX6B2 axis mediates TKI resistance in NSCLC by promoting OXPHOS
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produce phosphoenolpyruvate, promoting cytoplasmic 
glycolysis and promotion of LUAD progression (Fig. 1C). 
Therefore, targeting the m6A-dependant glycolytic path-
way, particularly the ENO1-YTHDF1 complex, may be an 
effective therapeutic strategy for LUAD management.

TKI resistance in NSCLC
Metabolic reprogramming drives the growth, 
proliferation, and metastasis of cancer cells. This 
metabolic adaptation also represents a primary 
cause of treatment resistance in lung cancer [55]. Lin 
et  al. [56] identified a novel mechanism underlying 
acquired resistance against epidermal growth factor 
receptor (EGFR) tyrosine kinase inhibitors (TKIs). This 
mechanism was mediated by IGF2BP3, which regulated 
epigenetic modification and metabolic reprogramming 
by targeting downstream mRNA Cytochrome c oxidase 
subunit 6B polypeptide 2 (COX6B2). Research suggested 
that upregulation of IGF2BP3 expression reduced the 
sensitivity of TKI-resistant NSCLC to TKI therapy, 
consequently increasing drug resistance. This process of 
drug resistance is initiated by the binding of IGF2BP3 to 
the 3’-UTR of COX6B2 in an m6A-dependent manner, 

increasing the stability of COX6B2 and promoting 
oxidative phosphorylation (OXPHOS) (Fig.  1D). The 
IGF2BP3-COX6B2 axis also modulates niacinamide 
metabolism, thereby altering OXPHOS and driving 
EGFR-TKI-acquired drug resistance. In addition, 
inhibition of OXPHOS was found to enhance the efficacy 
of EGFR-TKIs, highlighting the role of OXPHOS in TKI-
resistance. These results suggest that targeting IGF2BP3 
may be an effective treatment strategy to improve the 
efficacy of EGFR-TKI therapies in NSCLC.

Angiogenesis in NSCLC
Angiogenesis is the formation of new blood vessels 
driven by vascular endothelial growth factor (VEGF) 
and is an essential component for tumor growth and 
metastasis [57]. Zhang et  al. [58] recently revealed that 
m6A modification, mediated by high METTL3 expres-
sion or low ALKBH5 expression, accelerated lung cancer 
angiogenesis by promoting the translation of VEGF-A 
(Fig.  2B). Further research found that m6A-mediated 
VEGF-A translation was initiated by methylation of 
the internal ribosome entry site (IRES) at the VEGF-
A mRNA 5ʹ-UTR site, leading to the recruitment of the 

Fig. 2  m6A regulatory protein affects lung cancer angiogenesis by regulating the expression of related proteins. A High expression of m6A 
writer METTL3 and reader IGF2BP2 influence lung cancer angiogenesis and metastasis by modulating TRPM7 expression. B High expression 
of METTL3 or low expression of ALKBH5 accelerates the angiogenesis of lung cancer by increasing the expression of VEGF-A. C The expression 
of IGF2BP2 increases in LUAD tumor cells and modulates the expression of FLT4 by mediating m6A modification. This promotes the angiogenesis 
and metastasis of lung adenocarcinoma by activating the PI3K–AKT pathway
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YTHDC2/eIF4GI complex. In addition, TRPM7, regu-
lated by METTL3 and IGF2BP2, has been associated 
with the proliferation, migration, and angiogenesis of 
NSCLC. Another molecular factor that is also regulated 
by METTL3 and IGF2BP2 and contributes to angiogene-
sis and metastasis is lncRNA deoxyguanosine kinase anti-
sense RNA 1 (DGUOK-AS1). Feng et al. [59] showed that 
DGUOK-AS1 silencing reduced the stability of TRPM7 
by modulating METTL3/IGF2BP2-mediated m6A modi-
fication, inhibiting proliferation, migration, and angio-
genesis of NSCLC cells (Fig. 2A). This was the first time 
an association between DGUOK-AS1 and TRPM7 was 
found. Fang et  al. [60] also reported that IGF2BP2 was 
highly expressed in LUAD tumor cells and was responsi-
ble for upregulating FLT4 expression by mediating m6A 
modification of FLT4 mRNA. Elevated FLT4 expression 
promoted angiogenesis and metastasis of LUAD by acti-
vating the PI3K–AKT pathway (Fig.  2C). Therefore, the 
IGF2BP2–FLT4–PI3K–AKT signaling pathway may play 
a key role in lung cancer progression and function as a 
prognostic marker, potentially highlighting an alternative 
research direction for NSCLC targeting drugs.

m6A modification mediates ferroptosis in NSCLC
Ferroptosis is an iron-dependent mode of regulated cell 
death that inhibits cancer growth, characterized by an 
increase in internal reactive oxygen species (ROS) and 
lipid peroxidation [61]. Ferroptosis is regulated primar-
ily by glutathione peroxidase 4 (GPX4), as well as m6A 
regulatory proteins, such as METTL3, IGF2BP3, FTO, 
and YTHDF2 [62–65]. Recent studies have shown that 
exosomal miR-4443 regulated the expression of anti-
ferroptosis factor 1 (FSP1) in an m6A-dependent man-
ner via METTL3 [62]. High expression of miR-4443 has 
been shown to negatively regulate METTL3, resulting in 
increased FSP1 levels, which in turn inhibited cisplatin-
induced ferroptosis and promoted cisplatin resistance in 
NSCLC (Fig.  3B). In addition, Xu et  al. [63] also found 
that high expression of IGF2BP3 in LUAD enhanced 
mRNA stability and expression level of various anti-
ferroptosis factors, such as GPX4, SLC3A2, ACSL3, and 
FTH1, which inhibited ferroptosis and promoted LUAD 
progression (Fig. 3A). These findings highlight the role of 
m6A and associated regulatory proteins in modulating 
ferroptosis in NSCLC. Targeting proteins like METTL3 

Fig. 3  Mechanisms of ferroptosis mediated by m6A and m5C modifications in NSCLC. A High expression of IGF2BP3 in LUAD enhances the mRNA 
stability and expression level of anti-ferroptosis factor through m6A modification, inhibiting iron ferroptosis and promoting LUAD progression. B 
Exosome miR-4443 negatively regulates METTL3, promoting the expression of FSP1 and regulating iron death by regulating m6A modification. 
C m5C writer NSUN2 is highly expressed in NSCLC tumor cells, and m5C modification is mediated in the NRF2 mRNA 5ʹUTR region recognized 
by m5C reader YBX1. The stability of NRF2 mRNA is enhanced, leading to the upregulation of NRF2 expression and inhibiting ferroptosis
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or IGF2BP3 may serve as a new therapeutic strategy for 
LUAD.

m6A RNA modification mediated by lncRNAs in NSCLC
Long non-coding RNAs (lncRNAs), previously thought 
to be non-functional genomic regions, have recently been 
found to play an important regulatory role in epigenetic 
modification, significantly influencing cellular processes 
[66]. LncRNAs are widely involved in the regulation of 
various cellular processes and can be affected by RNA 
methylation modification. Various RNA methylation, 
including m6A, m5C and m1A, can affect the folding, 
stability and interaction of lncRNA. Recent studies have 
shown that dysmethylation of lncRNA may lead to lung 
cancer and may be a potential biomarker or therapeutic 
target. Increased expression of IGF2BP2 was detected 
in post-operative NSCLC samples, and further studies 
identified lncRNA MALAT1 as its downstream target 
molecule. Mechanically, IGF2BP2 promotes the stabil-
ity of lncRNA MALAT1 in an m6A-dependent manner, 
thereby promoting the expression of its downstream tar-
get ATG12 and proliferation of NSCLC [67]. LCAT1, a 
newly discovered lncRNA, promotes the growth of lung 
cancer cells both in  vivo and in  vitro. Further studies 
showed that LCAT1 prevented the autolysis of IGF2BP2 
by interacting with IGF2BP2, thus making IGF2BP2 sta-
ble expression. The LCAT1/IGF2BP2 complex increases 
mRNA stability in an m6A-dependent manner, which in 
turn increases CDC6 levels [68]. CDC6 is a key cell cycle 
regulator. CDC6 levels were elevated in lung cancer tis-
sues and correlated with patient survival. Therefore, the 
LCAT1-IGF2BP2-CDC6 axis may play an important 
regulatory role in the growth and migration of lung can-
cer cells and can be used as a potential therapeutic target 
for lung cancer. In addition, lncRNA LCAT3 expression 
was up-regulated in LUAD and correlated with poor 
prognosis in patients. METTL3-mediated m6A modifi-
cation increased the stability of LCAT3 and up-regulated 
its expression. Highly expressed LCAT3 activates MYC 
transcription through recruitment of upstream element 
binding protein 1(FUBP1), thereby promoting the prolif-
eration, invasion and metastasis of lung cancer cells [69]. 
LCAT3 has shown strong carcinogenic activity, so target-
ing the LCAT3-FUBP1-C-MYC axis may be a promising 
therapeutic strategy for LUAD.

Other m6A modifications in NSCLC
m6A modification is one of the most common 
mammalian methylation modifications and is involved 
in the progression of many cancers, including NSCLC. 
HNRNPA2B1, an m6A reader, has been shown to display 
increased expression in NSCLC tumor tissues compared 

to healthy tissues, and inhibition of HNRNPA2B1 
decreased the m6A level in lncRNA MEG3. lncRNA 
MEG3 has exhibited protective anti-cancer functions, 
as its knockdown resulted in the promotion of cell 
proliferation and invasion (Fig.  1A). Therefore, 
HNRNPA2B1 may be an NSCLC-specific oncogene 
through m6A-dependent modification of lncRNA MEG3 
[70].

Another m6A reader is IGF2BP3, a member of the 
IGF2BP family. Yang et  al. [71] found that IGF2BP3 
was highly expressed in LUAD tumor tissues, where 
it recognized mRNA m6A modifications of the 
minichromosome maintenance protein 5 (MCM5) and 
enhanced mRNA stability. MCM5, an evolutionarily 
conserved member of the MCM family, plays a key 
role in loading DNA onto the replication starting point 
[72]. Increased MCM5 levels have been shown to 
competitively inhibit SIRT1-mediated deacetylation 
of the Notch1 intracellular domain (NICD1), resulting 
in NICD1 protein stabilization. This activation of the 
IGF2BP3/MCM5/NICD1 axis promoted m6A-dependent 
IGF2BP3-mediated tumor cell plasticity, facilitating 
LUAD tumor cell metastasis (Fig. 1B). METTL3, a writer 
of m6A, has been found to promote the angiogenesis of 
lung cancer cells by targeting VEGF-A [58] and has also 
been implicated in LUAD tumorigenesis by specifically 
targeting ENO1 to regulate glycolysis within the tumor 
microenvironment [54].

m5C modification in NSCLC
Development of EGFR‑TKIs drug resistance in patients 
with EGFR mutant NSCLC
EGFR-targeted therapy is the latest first-line treatment 
for patients with advanced NSCLC who have developed 
EGFR-activated mutations [73]. However, due to the 
inherent resistance to EGFR-TKIs, approximately 30% of 
patients have poor treatment response and poor recovery 
[74]. The development of the EGFR-mutant genotype is 
a significant challenge in the treatment of NSCLC, lead-
ing to poor prognosis and reduced treatment efficacy 
[75, 76]. Currently, known risk factors for EGFR-TKIs 
acquired resistance are secondary T790M mutation, 
MET amplification, HER2 amplification, and transforma-
tion into SCLC. However, little has been reported regard-
ing the role and mechanism of RNA m5C modifications. 
Wang et al. [77] has suggested that RNA m5C methyla-
tion modification in NSCLC tumor drug resistance was 
mediated by the NSUN2-YBX1-QSOX1 axis (Fig.  4C). 
NSUN2 expression levels were elevated in NSCLC, and 
overexpression of NSUN2 modulated QSOX1 protein 
levels in an MFC-YBX1-dependent manner. The expres-
sion of QSOX1 was correlated with endogenous gefitinib 
resistance. Therefore, the NSUN2-YBX1-QSOX1 axis 
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may act as a potential candidate biomarker for prognosis 
and therapeutic target in NSCLC patients with intrinsic 
resistance to EGFR-TKIs.

m5C RNA modification mediated by lncRNAs in NSCLC
lncRNAs, which control gene expression through 
various mechanisms, are considered key regulators 
in human health and disease [78]. There is increasing 
evidence to suggest that lncRNAs regulate gene 
expression and post-transcriptional regulation. Yang 
et  al. [79] discovered a novel lncRNA, LINC02159, that 
was significantly upregulated in NSCLC tumor tissues 
compared to healthy tissues. Further evaluation showed 
that LINC02159 promoted the development of non-
small cell tumors by binding to ALYREF which enhanced 
m5C modification of YAP1 mRNA, and subsequently 
increased YAP1 mRNA expression (Fig.  4D). YAP1 
upregulation activated downstream Hippo and β-catenin 
pathways which have been closely associated with cancer 
cell growth and metastasis. Therefore, the LINC02159-
ALYREF-YAP1 axis may serve as a potential biomarker 
and therapeutic target for NSCLC patients.

Ferroptosis resistance in NSCLC
Ferroptosis is a mechanism that can be utilized as a 
novel anticancer treatment. Excess-free iron (Fe2+) 
stimulates the production of ROS through a Fenton 
reaction, inducing cell death [80]. NF-E2-related factor 
2 (NRF2) is a core component that inhibits ferroptosis 
under oxidative stress conditions by enhancing the 
transcription of antioxidants, such as FTH1 and GPX4 
[81, 82]. However, Chen et  al. [83] found that NSCLC 
patients exhibited dysregulated NRF2 expression levels, 
with higher expression correlated with poorer prognosis. 
As previously mentioned, NSUN2 is also highly 
expressed in NSCLC tumor cells, and m5C modification 
in the NRF2 mRNA 5ʹUTR region, recognized by YBX1, 
can lead to increased stability and upregulation of NRF2 
mRNA, subsequently inhibiting ferroptosis (Fig.  3C). 
Therefore, targeting NSUN2 and the ferroptosis pathway 
may provide a promising therapeutic strategy for NSCLC 
patients.

Other m5C modifications in NSCLC
mRNA nuclear export is a key step in gene expression 
as it enables the transport of mature mRNAs, mediated 

Fig. 4  Molecular mechanisms of m5C modification involved in the progression of NSCLC. A YBX1 recognizes m5C methylation in PFKFB4 mRNA 
and induces an increase in PFKFB4 expression, thus promoting the progression of LUSC. B NSUN2 enhances the stability of downstream target 
PIK3R2 mRNA by regulating m5C modification, thereby activating the PI3K–AKT signal and promoting the malignant progression of LUAD. C The 
NSUN2-YBX1-QSOX1 axis mediates TKI resistance in NSCLC patients. D LINC02159 binds to ALYREF and activates downstream Hippo and Wnt/
β-catenin pathways by mediating m5C to upregulate YAP1 expression, contributing to carcinogenesis
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by the transcription–export (TREX) complex, from the 
nucleus to the cytoplasm where they can be translated 
into proteins. This is a tightly regulated process that 
can significantly impact the growth of eukaryotic cells 
by regulating the expression of key genes responsible 
for proliferation, differentiation, and survival. The THO 
complex (THOC), a component of the TREX complex, is 
comprised of six subunits: THOC1-3 and THOC5-7 [84], 
and influences the splicing, extension, and nuclear export 
of nascent RNA. Recent studies have shown that THOC3 
is highly expressed in LUSC, with implications for cancer 
cell growth, migration, and glycolysis. Several other 
molecules are involved in driving LUSC carcinogenesis, 
such as PFKFB4. PFKFB4 is a protein associated with 
cancer cell survival by regulating glycolysis and pentose 
phosphate production, and its inhibition leads to cell 
cycle arrest and glycolytic inhibition [85]. Further studies 
sought to elucidate the interaction between PFKFB4 and 
THOC3. Researchers found that when PFKFB4 mRNA 
exited the nucleus, THOC3 recruited YBX1 which 
recognizes m5C methylation of PFKFB4 and synergically 
induced PFKFB4 expression, promoting the progression 
of LUSC [86] (Fig.  4A). Potential therapeutic targets 
include the RNA methyltransferase, NSUN2, which has 
potential roles in cellular proliferation and senescence. 
Du et al. [87] found that NSUN2 enhanced the stability 
of phosphoinositide-3-kinase regulatory subunit 2 
(PIK3R2) mRNA by promoting m5C methylation, 
thereby advancing malignant characteristics of lung 
adenocarcinoma via PI3K–AKT signaling pathway 
activation (Fig. 4B). These findings suggest that targeting 
THOC3 and NSUN2 may be novel biomarkers and 
promising therapeutic targets for patients with LUAD.

m7G modification in lung cancer
It has been reported that m7G regulatory proteins are 
upregulated and promote tumor progression in several 
cancers, including prostate cancer, bladder cancer, 
liver cancer, and lung cancer. However, the association 
between m7G regulatory proteins and tumor progression 
in LUAD patients has not been fully elucidated. Research 
has shown that a methyltransferase complex consisting 
of WDR4 and METTL1 catalyzes eukaryotic tRNA m7G 
modification, promoting the translation of cell cycle-
related mRNAs and the growth and invasion of lung 
cancer [88]. In vitro analysis corroborated the association 
between the complex and cancer development, finding 
that knockdown of the WDR4-METTL1 complex slowed 
the progression of lung cancer cells. In addition, the 
m7G-related gene, NUDT4, promoted the proliferation 
of cancer cells in lung adenocarcinoma. While the 
specific mechanism underlying the anti-proliferative 
effects is not fully understood, NUDT4 may act as a novel 

target to inhibit the proliferation of tumor cells [89]. In 
addition, an m7G-Riskscore of LUAD was generated 
that incorporated m7G genetic alterations in the tumor 
microenvironment, such as CAND1, RRM2, and 
SLC2A1, to predict the overall survival (OS) of patients 
[90]. Analysis revealed that patients exhibiting a higher 
m7G-Riskscore had shorter OS, and m7G-Riskscore 
was highly correlated with clinical characteristics and 
prognosis of tumors, potentially highlighting its utility 
as an independent prognostic factor. Other studies have 
found that METTL1 promoted the formation of m7G 
methylation on VEGF-A mRNA, leading to an increase 
in VEGF-A translation, which in turn promoted tumor 
angiogenesis [91]. These findings highlight the role of 
m7G and associated regulatory proteins in the formation 
and progression of cancer and possible targets for 
therapy. However, the mechanisms underlying LUAD 
progression require further investigation.

m1A modification and lung cancer
ALKBH3, a member of the AlkB family and a 
demethylase targeting m1A, has been found to be 
involved in lung cancer tumorigenesis. Tasaki et  al. 
[92] found that ALKBH3 is highly expressed in lung 
adenocarcinoma cells, with a significant negative 
correlation between expression profile and relapse-free 
survival (RFS). Further studies showed that ALKBH3 
promoted the growth of lung adenocarcinoma cells by 
accelerating the G1/S transition and driving cellular 
proliferation. ALKBH3 gene silencing using siRNA 
transfection effectively elicited cellular senescence 
and inhibition of lung adenocarcinoma cell growth by 
inducing expression of p21/p27, highlighting the specific 
role of ALKBH3 in lung cancer and its therapeutic 
potential [92]. In addition, Zhou et  al. [93] developed a 
comprehensive scoring system, termed Writer-Score, 
that integrated four different types of RNA modifications 
to evaluate the effect of neoadjuvant immunotherapy in 
patients with NSCLC. Subsequent research discovered 
a strong correlation between Writer-Score and the 
expression level of PD-L1. Primarily used to predict the 
prognosis of NSCLC patients who receive neoadjuvant 
PD-L1 inhibitors, the Writer-Score demonstrated 
high prognostic efficacy in NSCLC patients receiving 
neoadjuvant immunotherapy [93]. These findings 
highlight the potential utility of targeting m1A-associated 
regulatory proteins to mitigate the progression of lung 
cancer.

ac4C modification and lung cancer
NAT10 is the only known RNA acetylase that catalyzes 
the formation of ac4C modification on RNA. Studies 
have found that NAT10 expression was upregulated in 
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various cancers, such as colon cancer, liver cancer, and 
lung cancer [39, 94, 95]. Recent evidence has suggested 
that ac4C mRNA expression was significantly higher 
in LUAD tumor tissues compared to healthy adjacent 
tissues. Notably, ac4c modifications were predominantly 
concentrated within the coding sequence, suggesting that 
ac4c may play a role in a wide range of cellular functions 
in LUAD [96]. In addition, researchers previously 
identified an increase in ac4c expression of transcription 
factor AP-2 alpha (TFAP2A) mRNA in LUAD [97]. 
Similarly, Shang et  al. [96] associated TFAP2A with the 
progression of cancer through the activation of pro-
metastatic pathways. Therefore, increased expression 
of TFAP2A may serve as a reliable predictor of poor 
prognosis in lung cancer patients. However, the precise 
mechanisms of TFAP2A remain to be elucidated.

MicroRNAs (miRNAs) are single-stranded RNA 
sequences approximately 21 nucleotides in length that 
play key roles in almost every biological process. Biogen-
esis of miRNA relies on primary miRNAs (pri-miRNA) 
and a range of protein interactions. Modification to an 
miRNA sequence, such as ac4C, can influence subse-
quent processing, stability, and gene silencing efficiency. 
NAT10 and THUMPD1 are molecules that influence 
miRNA production by regulating pri-miRNA ac4C 
expression, which plays a crucial role in the occurrence 
and development of tumors [98]. Overexpression of 
NAT10 has been shown to increase the level of ac4C of 

pri-miRNA, thereby enhancing interaction with DGCR8, 
a protein involved in miRNA biogenesis, promoting the 
processing of pri-miRNA into precursor miRNA (pre-
miRNA) by microprocessor DROSHA/DGCR8. Accu-
mulation of pre-miRNA subsequently increases the level 
of mature miRNA, contributing to the development of 
cancer. In addition, Ruhul Amin et  al. [99] found that 
NAT10 promoted metastasis of breast tumor cells to 
the lung. Further research highlighted that overexpres-
sion of NAT10 in tumor cells promoted the transcription 
of metastasis-related genes, including chemokines and 
cytokines, in a P300-dependent manner. This produc-
tion of pro-metastatic molecules promoted the recruit-
ment of neutrophils and monocytes, exacerbating tumor 
cell metastasis. The loss of NAT10 was found to trigger 
the misalignment of p300 and the destruction of associ-
ated enhancers, suppressing the transcription of genes 
required for tumor cell metastasis. This highlights the 
potential role of ac4C modification and NAT10 as novel 
molecular markers and therapeutic targets for lung can-
cer. However, the molecular mechanism of ac4C modi-
fication involved in lung cancer progression remains 
unclear, and further studies are needed.

RNA modification and SCLC
SCLC is a highly malignant neuroendocrine tumor that 
accounts for approximately 10–15% of lung cancers 
[100]. SCLC has a severely poor prognosis, with a median 

Fig. 5  METTL3 induces m6A methylation of DCP2, degrading DCP2 and promoting mitochondrial autophagy through the Pink1–Parkin pathway, 
leading to chemotherapy resistance in SCLC
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OS for standard chemotherapy regimens less than 1 year 
due to the high incidence of primary or secondary radio-
chemotherapy insensitivity [101, 102]. Therefore, explo-
ration into the molecular mechanisms that contribute 
to tumor drug resistance can provide novel therapeutic 
options for SCLC and improve the clinical prognosis.

Epigenetics has been implicated in the progression of 
SCLC, playing a vital role in tumor metastasis and insen-
sitivity to chemoradiotherapy [103, 104]. Epigenetic 
alterations located in the promoter region of human tel-
omerase reverse transcriptase (hTERT) have been widely 
reported as common non-coding genomic modifications 
in a variety of cancers [105, 106], including lung cancer. 
Upregulation of hTERT can promote the growth, prolif-
eration, and migration of cancer cells. In addition, high 

levels of radiation-induced methylation of the hTERT 
promoter region can lead to radiotherapy resistance in 
SCLC through upregulation of its downstream target 
EZH2. To clarify the role of the m6A regulatory factor in 
SCLC, Zhang et  al. [107] constructed a stratified prog-
nostic risk score (m6A score). The m6A score was shown 
to accurately predict OS, RFS, chemotherapy efficacy, and 
immunotherapy response of SCLC patients, highlighting 
its potential utility as a prognostic tool. However, the role 
of m6A regulators in SCLC is still not fully known, and 
further studies are needed. Recent studies have found 
that m6A writer METTL3 was highly expressed in SCLC, 
and its expression was associated with chemotherapy 
resistance in SCLC [108]. Further studies also found that 
METTL3 promoted chemotherapy resistance in SCLC 

Table 2  Functions of modified oncogenes in lung cancers

Modification the type of RNA modification in lung cancer; Regulatory protein protein which can regulate RNA modification, actually is writer, reader or eraser of RNA 
modification; Target targets of regulatory protein; Functions the role of regulatory protein and its target in lung cancer; NSCLC non-small cell lung cancer; SCLC small 
cell lung cancer; m6A N6-methyladenosine; m5C 5-methylcytidine; m7G N7-methylguanosine; m1A N1-methyladenosine; ac4C N4-acetylcytidine

Tumor Modification Regulatory protein Target Functions References

NSCLC m6A HNRNPA2B1 lncRNA MEG3 Facilitate NSCLC tumorigenesis and metastasis [70]

IGF2BP3 MCM5 Promote LUAD metastasis [71]

METTL3 VEGFA Promote lung cancer cell angiogenesis [58]

METTL3
ALKBH5
YTHDF1

ENO1 Promote LUAD glycolysis and tumorigenesis [54]

IGF2BP3 COX6B2 Promote acquired EGFR-TKI resistance [56]

METTL3 IGF2BP2 TRPM7 Involved in proliferation, migration, and angiogenesis of NSCLC cells [59]

IGF2BP2 FLT4 Promote LUAD angiogenesis and metastasis [60]

IGF2BP2 lncRNA MALAT1 Promote NSCLC proliferation [67]

IGF2BP2 lncRNA LCAT1 Promote tumor growth and migration [68]

METTL3 lncRNA LCAT3 Promote the proliferation, invasion and metastasis of LUAD [69]

IGF2BP3 GPX4
SLC3A2
ACSL3
FTH1

Inhibit ferroptosis of LUAD tumor cells [63]

m5C YBX1 PFKFB4 Facilitate proliferation, migration, and glycolysis of LUSC [86]

NSUN2 PIK3R2 Promote tumor growth and aggressiveness [87]

NSUN2/YBX1 QSOX1 Involved in gefitinib resistance and tumor recurrence [77]

ALYREF YAP1 Promote NSCLC progression [79]

NSUN2/YBX1 NRF2 Promote lung cancer ferroptosis tolerance, proliferation, and migration [83]

m7G METTL1
WDR4

tRNA Promote lung cancer growth and invasion [88]

METTL1 VEGFA Promote lung cancer angiogenesis [91]

– NUDT4 Promote lung cancer cell proliferation [89]

m1A ALKBH3 – Promote LUAD cell growth [92]

ac4C – TFAP2A Promote lung cancer cell proliferation [97]

NAT10
THUMPD1

pri-miRNA Modulate tumor progression [98]

NAT10 – Promote lung metastasis of breast tumor cells [99]

SCLC m6A METTL3 DCP2 Induce mitochondrial autophagy and promotes chemotherapy 
resistance

[108]
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by inducing mitochondrial autophagy, a type of selective 
autophagy required for controlling mitochondrial qual-
ity. Under stimulation conditions, mitochondria partici-
pate in various biological processes by sensing a variety 
of factors, including extracellular signals and depolariza-
tion of membrane potential [109, 110]. Other research 
has demonstrated that METTL3 promoted mitochon-
drial autophagy by inducing m6A methylation on DCP2 
mRNA, an important 5ʹ-decapping enzyme. This resulted 
in decreased expression of DCP2 protein, activating the 
downstream Pink1–Parkin pathway that initiated mito-
chondrial autophagy and subsequently induced chemo-
therapy resistance in SCLC (Fig.  5). In addition, other 
studies found that SCLC patients with low expression 
of m6A reading protein YTHDF2 have longer survival 
times, potentially related to YTHDF2 negative regulation 
of immune infiltration [111]. This suggests that immu-
notherapy may be suitable for SCLC patients with low 
YTHDF2 expression. Therefore, m6A-associated mole-
cules, such as YTHDF2, METTL3, and DCP2, may serve 
as potential biomarkers for SCLC tumor detection, treat-
ment, prognosis, and chemotherapy resistance.

Conclusion and future prospects
Epigenetic modifications, specifically RNA modifications 
such as m6A, m5C, m7G, m1A, and ac4C in mRNA, 
tRNA, and rRNA, have been widely implicated as major 
factors contributing to lung cancer. These modifications 
are catalyzed by regulatory proteins, especially “writer” 
molecules, which modulate the expression of downstream 
genes and influence the biological function of tumor cells 
(summarized in Table  2). Various RNA modifications 
have been shown to impact tumor progression and drug 
resistance by regulating key cellular processes, such as 
glycolysis, ferroptosis, and mitochondrial autophagy. 
Regulatory proteins regulate RNA modification, 
affect the stability or expression of mRNA, enhance 
the expression of cancer-promoting transcripts, and 
reduce the expression of cancer-inhibiting transcripts, 
thus promoting the occurrence and progression of 
lung cancer. Therefore, regulatory proteins have great 
potential to be used as new biomarkers and therapeutic 
targets for the diagnosis and treatment of lung cancer, 
for the early diagnosis and targeted therapy of lung 
cancer, to improve the prognosis of lung cancer patients 
and improve the survival rate. For patients with drug-
resistant lung cancer, the study showed an even more 
significant effect. The research on regulatory proteins 
and their target molecules is expected to provide new 
targeted therapeutic drugs for drug-resistant patients. 
This review summarized the current understanding 
of molecular mechanisms of RNA modifications in 
lung cancer development, progression, metastasis, 

and resistance to targeted therapies, highlighting their 
potential as novel therapeutic targets. While m6A 
modification has been extensively studied, research on 
other modifications remains in the preliminary stage due 
to limitations in detection methods and the complexity 
of underlying mechanisms. Further research is required 
to fully elucidate the role of RNA modifications in lung 
cancer and explore the potential clinical implications.
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