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(m5C), 5-hydroxymethylcytosine (hm5C) and N6-meth-
yladenosine (m6A) [2]. Among all these modifications, 
m6A methylation is considered as the most common, 
abundant, and conserved internal transcript modifica-
tion. In 1974, Ronald Desrosiers et al. first identified m6A 
methylation in mRNAs from Novikoff hepatoma cells 
[3]. After this landmark, lots of proteins that regulate 
m6A methylation were gradually identified, which have 
established a thorough m6A methylation system (Fig. 1). 
Most recently, P. Cody He et al. identified exon junction 
complexes (EJCs) as m6A suppressors that prevented the 
m6A methylation of exon junction-proximal RNA within 
coding sequences, which significantly supplemented the 
current understanding of m6A methylation progression 
[4]. With the deepening of the research on the role of 
m6A methylation, studies have shown a close relationship 
between m6A methylation and multiple diseases includ-
ing cancer, major depressive disorder, autism spectrum 

Introduction
Methylation modification is an essential component of 
epigenetic modification in eukaryotic cells [1]. To date, 
accumulating evidence has shown numerous methyla-
tion modifications that regulate RNA behaviors, includ-
ing N1-methyladenosine (m1A), 5-methylcytosine 
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Abstract
N6-methyladenosine (m6A) is considered as the most common and important internal transcript modification in 
several diseases like type 2 diabetes, schizophrenia and especially cancer. As a main target of m6A methylation, 
long non-coding RNAs (lncRNAs) have been proved to regulate cellular processes at various levels, including 
epigenetic modification, transcriptional, post-transcriptional, translational and post-translational regulation. 
Recently, accumulating evidence suggests that m6A-modified lncRNAs greatly participate in the tumorigenesis of 
cancers. In this review, we systematically summarized the biogenesis of m6A-modified lncRNAs and the identified 
m6A-lncRNAs in a variety of cancers, as well as their potential diagnostic and therapeutic applications as biomarkers 
and therapeutic targets, hoping to shed light on the novel strategies for cancer treatment.
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disorder, schizophrenia, Alzheimer’s disease and type 2 
diabetes [5]. However, the detailed mechanisms of how 
m6A methylation explicitly mediates these diseases is still 
under intensive investigation.

Long non-coding RNAs (lncRNAs) are generally 
defined as transcripts longer than 200 nucleotides 
(nt) in length without protein coding ability, includ-
ing enhancer RNAs (eRNAs), intergenic transcripts and 
sense or antisense transcripts overlapping other genes 
[6, 7]. However, there are also researches demonstrated 
that some annotated lncRNAs encoded for micropro-
teins in practice [7]. Further studies revealed that these 
microproteins were coded by small open reading frames 
(smORFs) in lncRNAs and these smORFs-derived micro-
proteins acted key roles in the physiological and patho-
logical activities of muscles [8]. For example, a smORF 
of 138 nt was identified in lncRNA long intergenic non-
protein coding RNA 00948 (LINC00948), which encoded 
a conserved micropeptide named myoregulin (MLN). 
MLN could directly interact with sarcoplasmic reticulum 
Ca2+-ATPase (SERCA) to obstruct Ca2+ uptake into the 
sarcoplasmic reticulum (SR), which played an important 
role in skeletal muscle physiology [9]. It is now widely 
confirmed that lncRNAs exert significant functions in 
transcriptional regulation, nuclear domains organiza-
tion and regulation of proteins and RNAs [10] [11]. 
With the deepening of the research, lncRNAs have been 
found to share an important role in cancer progression. 
A multitude of lowly expressed and often nonconserved 
lncRNAs were pervasively identified in transcripts of 
human cancer genome [12] [13] [14] [15]. Lots of studies 
further proved that lncRNAs were recurrently deregu-
lated in cancers and functioned as tumor suppressors or 
oncogenes through sponging miRNAs [16, 17]. More-
over, mechanism researches revealed that lncRNAs acted 
an essential role in numerous pathways including p53 
[18], STAT3 [19] and mTOR [20] cascades. Due to their 
prominent functions in tumorigenesis and progression, 
lncRNAs have attracted great attention in recent years.

With the development of MeRIP-m6A-seq technology, 
m6A methylations were widely identified in lncRNAs 
and their interaction aroused wide attention in clini-
cal research and medical development, especially in 
the oncology field. Nevertheless, the potential role of 
m6A-modified lncRNAs as biomarkers for cancer detec-
tion keeps undefined. In this review, we summarized all 
the identified m6A-modified lncRNAs that participate in 
the cancer progression and the corresponding biologi-
cal functions, aiming to provide a novel insight in cancer 
diagnosis and treatment.

Process of m6A methylation
m6A modifies RNA via the dynamic interaction between 
numerous proteins. Generally, m6A is installed by meth-
yltransferases (writers), recognized by m6A-binding pro-
teins (readers) and removed by demethylases (erasers) 
(Fig. 2) [21].

m6A writers
Thus far, researchers have found two main m6A writers: 
methyltransferase complex (MTC) and methyltransfer-
ase-like 16 (METTL16). MTC is a protein complex with 
molecular weight of ~ 1MDa [22], which consists of six 
core subunits: METTL3, METTL14, WT1 associated 
protein (WTAP), vir like m6A methyltransferase asso-
ciated (VIRMA), RNA-binding motif protein 15/15B 
(RBM15/15B), zinc finger CCCH-type containing 13 
(ZC3H13) and Cbl proto-oncogene like 1 (CBLL1) [23].

METTL3 was first found in 1997 and is now regarded 
as the most important catalytic subunit of MTC [24]. 
In 2014, METTL3-METTL14 complex was proved to 
the key mediator of m6A methylation, while WTAP was 
identified as a regulatory subunit of the m6A methyl-
transferase [25, 26]. Previous studies have indicated that 
silencing of METTL3 directly causes a decrease of m6A 
level in mammalian embryonic stem cells (ESCs), HeLa 
cells and HepG2 cells [27]. Meanwhile, METTL3 has 
been found to directly mediate the progression of some 

Fig. 1  Timeline of m6A methylation. This figure briefly shows the important studies and time nodes during the exploration of m6A methylation. Red: the 
earlies and the latest research about m6A methylation; Purple: research about m6A writers; Blue: research about m6A erasers; Green: research about m6A 
readers; Yellow: research about m6A-modified lncRNAs.
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diseases, such as leukemia, as suppression of METTL3 
results in a selective decrease of m6a levels on leukemo-
genic mRNAs [28]. These facts indicate that METTL3 
acts a significant role in m6A methylation.

METTL14 is a homolog of METTL3, which acts 
together with METLL3 to form m6A methylation [29]. 
During m6A methylation process, METTL14 can shape a 
stable heterodimer core complex with METTL3 and syn-
ergistically increase METTL3 activities [30].

WTAP is a pivotal cofactor of METTL3-METTL14 
heterodimer, as it can recruit METTL3 and METTL14 to 
be localized in nuclear speckles and catalyze m6A meth-
ylation [31].

VIRMA, which was previously known as KIAA1429, is 
also an important component of MTC. In 2014, Schraga 
Schwartz et al. reported that VIRMA was another impor-
tant component of the methyltransferase complex [32]. It 
can interact with WTAP and install m6A to the 3’ UTR 
of aimed mRNA and mediate selective polyadenylation in 
HeLa cells [33, 34].

RBM15 and RBM15B are two paralogous RNA-bind-
ing proteins. In 2016, Deepak P. Patil et al. proved that 
RBM15/RBM15B mediate the formation of m6A in X 
inactive specific transcript (XIST) and mRNAs, which 
promotes XIST-mediated gene repression [35]. Func-
tionally, they can interact with METTL3-METTL14 
heterodimer through a WTAP-dependent pathway and 
recruit the methyltransferase complex to U-rich regions 
of targeted RNA [35].

ZC3H13, which is a zinc finger protein, plays an imper-
ative role in the WTAP localization and m6A deposition. 
In 2018, Philip Knuckles et al. identified ZC3H13 as a 
novel interactor of the m6A methyltransferase complex, 
which is conserved in drosophila and mice [36]. Further 
studies showed that knockdown of ZC3H13 in mouse 
embryonic stem cell significantly decreased nuclear con-
tent of WTAP and m6A level on mRNA [37]. CBLL1, 
also known as HAKAI, is an E3 ubiquitin ligase that is a 

conserved component of the methyltransferase complex 
in drosophila and human cells.

In 2017, Kamil Ruzicka et al. first revealed an impor-
tant role of CBLL1 as a functionally required interactor 
of mRNA m6A methylation in the identification of a con-
served set of proteins forming the m6A writer complex in 
Arabidopsis [38]. Its ubiquitination domain is required 
for stabilization of MTC components and intact m6A 
deposition [39].

In addition to MTC, METTL16 is also an indepen-
dent RNA methyltransferase responsible for the depo-
sition of m6A in some transcripts including U6 snRNA, 
ncRNAs and pre-mRNAs [40, 41]. In 2017, Kathryn E. 
Pendleton et al. showed that METTL16 is the conserved 
U6 snRNA methyltransferase, which regulates SAM syn-
thetase intron retention and is required for normal m6A 
methylation profiles [40]. It has been shown that > 90% 
of the METTL16-specific m6A targets are different with 
the targets of MTC [42]. Meanwhile, analyses suggested 
that METTL16 is the most essential gene for the survival 
of the vast majority of cancer cells among all the METTL 
family members, which indicates a potential role in can-
cer treatment [42].

m6A readers
m6A readers are a group of binding proteins that can spe-
cifically bind to m6A marked RNAs and mediate their 
activity. For different downstream biological functions, 
there are varies of m6A readers that participate in the 
m6A recognition. One of the most important classes of 
m6A readers belongs to the YT521-B homology (YTH) 
domain family, including YTH domain family protein 1 
(YTHDF1), YTHDF2, YTHDF3, YTH domain containing 
1(YTHDC1) and YTHDC2 [43].

The identification of all these m6A readers came 
after the continuous effort of lots of scientists. In 2012, 
Dan Dominissini et al. first reported that YTHDF2 
and YTHDF3 can exclusively bind to the methylated 

Fig. 2  Composition of m6A writers, readers, erasers. This figure concisely shows the composition of well-known m6A writers (METTL3, METTL14, WTAP, 
VIRMA, RBM15/15B, ZC3H13, CBLL1 and METTL16), erasers (FTO and ALKBH5) and readers (YTHDF1, YTHDF2, YTHDF3 YTHDC1, YTHDC2, eIF3, hnRNPC, 
hnRNPG, hnRNPA2B1 and IGF2BP1/2/3). M6A is installed by writers, removed by erasers and recognized by readers
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bait, and YTHDC1 was found to participate in specify-
ing transcripts for nuclear degradation [44]. In 2014, 
C Xu et al. further revealed the specific mode of 
m6A-YTH binding and explained the recognition of the 
GG(m6A)C sequences by YTHDC1 [45]. In 2015, Xiao 
Wang et al. ulteriorly found that YTHDF1 could recog-
nize m6A on RNA transcripts inside cells and mediate 
translation promotion to increase translation efficiency 
via a m6A-dependent manner, while YTHDF2 could 
mediate degradation of m6A-modified RNA transcripts 
to control their lifetime [46]. In 2017, Phillip J Hsu et al. 
confirmed YTHDC2 was a m6A reader in mammalian 
spermatogenesis [47].

Functionally, [43]YTHDF1 was confirmed to increase 
the translation efficiency of m6A methylated mRNAs. It 
can directly bind to exact GRAC sites around stop codons 
in mRNAs and then recruit mRNAs to ribosomes [46]. 
Meanwhile, YTHDF1 can also interact with initiation 
factors including eukaryotic translation initiation factor 3 
(eIF3), eukaryotic translation initiation factor 4G (eIF4G) 
and G3BP stress granule assembly factor 1 (G3BP1) [46]. 
Collectively, YTHDF1 increases translation efficiency and 
ensures effective protein production from mRNAs that 
are marked by m6A. In contrast to YTHDF1, YTHDF2 
was considered to destabilizes m6A-containing RNA. 
The carboxyterminal domain of YTHDF2 is respon-
sible for the recognition of m6A-modified RNA, while 
the amino-terminal domain regulates the localization of 
the YTHDF2-RNA complex to cellular RNA decay sites 
[43]. Further studies showed that YTHDF2 could rec-
ognize m6A modifications in both the coding and non-
coding regions of RNA via its carboxyterminal-terminal 
YTH domain, and then recruit CCR4-NOT complex to 
m6A methylated RNA via the interaction between the 
YTHDF2 amino-terminal region and the SH domain of 
CCR4-NOT transcription complex subunit 1 (CNOT1) 
subunit, thus to accelerate the deadenylation and degra-
dation of m6A-methylated RNA [48]. YTHDF3 has been 
considered to act a synergistic role, which can cooperate 
with both YTHDF1 and YTHDF2 to promote the transla-
tion or degradation of targeted mRNAs [49, 50].

YTHDC1 was confirmed to modulate mRNA splice 
site selection in a concentration-dependent manner. It 
can recruit pre-mRNA splicing factor serine and arginine 
rich splicing factor 3 (SRSF3) and obstruct serine and 
arginine rich splicing factor 10 (SRSF10) mRNA bind-
ing to promote exon inclusion and regulate mRNA splic-
ing [51]. In addition, YTHDC2 was first confirmed to 
be a m6A reader in mammalian spermatogenesis. It was 
showed to enhance the translation efficiency of its targets 
and also decreases their mRNA abundance, which plays 
a critical role during spermatogenesis [47]. Further study 
indicated that YTHDC2 is recruited to m6A marks within 

the coding regions of mRNAs to resolve mRNA second-
ary structures and positively regulate translation [52].

Along with the YTH family, there are also other pro-
teins that act as m6A readers. EIF3 is a large multiprotein 
complex comprising 13 subunits. Earlier in this article 
we discussed that eIF3 can interact with YTHDF1 and 
increases translation efficiency. In 2015, Kate D. Meyer 
et al. first reported indicated that eIF3 can also directly 
binds to m6A in the 5′ UTR region of cellular mRNAs 
and recruit the 43  S ribosomal preinitiation complex to 
form 48 S initiation complexes and promote translation 
[53]. In addition, members of the heterogeneous nuclear 
ribonucleoprotein (hnRNP) family including hnRNPC, 
hnRNPG and hnRNPA2B1 were also found to act as m6A 
readers.

In 2015, N Liu et al. identified 39,060 m6A-switches in 
hnRNPC-binding sites. [54]. And in 2017, the same group 
further reported that hnRNPG can bind to m6A-modified 
RNAs via its C-terminal low-complexity region, which 
further functions in the regulation of gene expression 
and alternative splicing [55]. Functionally, hnRNPC and 
hnRNPG were found to be recruited to m6A modified 
mRNAs and lncRNAs to affect the absence and alterna-
tive splicing of target transcripts in a mechanism called 
“m6A-switch”, which means m6A affects RNA-protein 
interaction for biological regulation via controlling the 
RNA-structure-dependent accessibility of RNA bind-
ing motifs [54, 55]. Additionally, hnRNPG was proved to 
interact with m6A-modified nascent pre-mRNA and the 
phosphorylated C-terminal domain of RNA polymerase 
II via its RRM and Arg-Gly-Gly (RGG) motifs in the low-
complexity region, which can regulate the alternative 
splicing of targeted RNAs [56].

In 2015, Claudio R. Alarcón et al. reported that hnRN-
PA2B1 can significantly bind to m6A marks primary-
miRNA transcripts and promote primary-miRNA 
processing via interacting with the microRNA Micropro-
cessor complex protein DGCR8 microprocessor complex 
subunit (DGCR8) [57]. There are also researches sug-
gest that hnRNPA2B1 may also work through the “m6A 
switch” mechanism [58]. Moreover, proteins in insulin-
like growth factor 2 mRNA-binding proteins (IGF2BPs) 
family, including IGF2BP1/2/3, are another important 
group of m6A readers that act in post-transcriptional 
gene regulation and tumorigenesis. In 2018, HL Huang 
et al. reported that IGF2BP1/2/3 can act as a novel m6A 
reader family that target mRNA transcripts via recogniz-
ing the consensus GG(m6A)C sequence [59]. The recog-
nition of RNA m6A methylation by IGF2BPs can stabilize 
the structure of targeted mRNA and enhance translation, 
which acts a significant role in post-transcriptional gene 
regulation [59].
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m6A erasers
M6A methylation has been proved to be a reversible pro-
cess, and this process mainly depends on the interac-
tion between m6A writers and erasers. M6A erasers are 
a group of demethylases that can specifically remove 
m6A in targeted RNAs. FTO alpha-ketoglutarate depen-
dent dioxygenase (FTO) was discovered as the first m6A 
eraser which has efficient oxidative demethylation activ-
ity targeting the abundant m6A residues in RNA in vitro 
in 2011 [60]. It can mediate demethylation in an Fe (II) 
and α-ketoglutaric acid-dependent manner. During m6A 
regulation, FTO can oxidize m6A into two additional 
modifications, N6-hydroxymethyladenosine (hm6A) 
and N6-formyladenosine (f6A), which are hard to be 
recognized by m6A readers. Finally, these two interme-
diates will be converted to adenosine (A), finishing the 
demethylation process [61]. In addition, alkB homolog 5 
(ALKBH5) is the secondly identified m6A eraser. In 2013, 
GQ Zheng et al. presented ALKBH5 as a mammalian 
RNA demethylase that catalyzes the removal of the m6A 
modification on mRNA both in vitro and in vivo [62]. 
For the mechanism, ALKBH5 may also act in the iron 
center-catalyzed oxidative demethylation way, but the 
detailed mechanism still needs a further investigation in 
the future [62].

Biogenesis and biological functions of lncRNAs
As mentioned before, lncRNAs can be generally defined 
as a class of non-coding RNAs more than 200 nt in length 
with or without protein coding ability [6, 7]. Before we 
discuss the interaction between m6A methylation and 
lncRNAs, some basic information about the biogenesis 
and functions of lncRNAs can be necessary.

Biogenesis
Basically, lncRNAs can be divided into five categories, 
including intronic lncRNAs, intergenic lncRNAs sense 
lncRNAs and antisense lncRNAs. Intronic lncRNAs and 
intergenic lncRNAs are respectively transcribed from 
intron sequences in genes and protein-coding intergenic 
sequences [63, 64]. Sense lncRNAs are transcribed from 
minor promoter in protein-coding sequences, while the 
transcription of antisense lncRNAs is initiated by the sin-
gle-stranded DNA (ssDNA) of R-loop [63–65]. As widely 
known, transcription of the eukaryotic genome is car-
ried out by three main RNA polymerases, including RNA 
polymerase I (Pol I), Pol II and Pol III, most lncRNAs are 
transcribed by Pol II [63]. The transcription of lncRNA is 
similar with mRNA, which needs the cooperation of Pol 
II and general transcription factors (TF) TFIIA, TFIIB, 
TFIID, TFIIE, TFIIF and TFIIH to form the pre-initiation 
complex (PIC) [66]. For initiation, the TATA-binding 
protein (TBP) in TFIID first recognizes and binds to the 
TATA box in promoter sequences with the help of sev-
eral TBP-associated factors (TAFs). Meanwhile, TFIIF 
and Pol II will form a stable Pol II–TFIIF complex. Then, 
TFIIB will bind to TBP and form a TFIIB–TBP–DNA 
promoter complex. TFIIA can help to stabilize the struc-
ture of this complex during this process. Afterwards, the 
Pol II–TFIIF complex and TFIIB–TBP–DNA promoter 
complex will link together, resulting in the formation of 
the core PIC. Finally, TFIIF and TFIIH will be recruited 
to this complex to form the closed PIC. TFIIH has heli-
case activity, which enables the cleavage of DNA double 
helix near the transcription start sites, leading to the for-
mation of the opened PIC and a transcription bubble, 
and LncRNA or mRNA will be transcribed later [67, 68].

Biological functions
LncRNA can act by regulating cellular processes at vari-
ous levels. Basically, the biological functions of lncRNAs 
can be divided into five parts, including epigenetic modi-
fication, transcriptional regulation, post-transcriptional 
regulation, translational regulation and post-translational 
regulation [69]. (Table 1)

Epigenetic modification
LncRNAs can recruit chromatin modification factors and 
direct them to their target gene sites, leading to epigen-
etic modifications of DNA or histone. For this part, one 

Table 1  Brief biological functions of lncRNA. What should be 
noticed is that some of these lncRNAs have multiple functions 
and mechanisms, this table just listed the functions and 
mechanisms mentioned in our review
LncRNAs Functions Mechanisms References
XIST Epigenetic 

modification
Recruit chromatin 
modification factors

[70, 71]

HOTAIR Epigenetic 
modification

Recruit chromatin 
modification factors

[72]

LncPRESS1 Epigenetic 
modification

Interdict the recruit-
ment of some chroma-
tin modifiers

[73]

XIST Transcriptional 
regulation

Modulate RNA 
polymerases

[74]

SLERT Transcriptional 
regulation

Modulate RNA 
polymerases

[75]

Khps1 Transcriptional 
regulation

Form R-loops [77]

1/2-sbsRNAs Post-transcrip-
tional regulation

Recruit degradation 
proteins

[78]

LncIRS1 Post-transcrip-
tional regulation

Compete for microRNA 
binding

[79]

SINEUP- GFP, 
SINEUP-ΔAlu

Translational 
regulation

Modulate translational 
initiation complexes

[82]

CCAT2 Translational 
regulation

Interact with ribosomes 
and initiation factors

[83]

DILA1 Post-translation-
al regulation

Inhibit the phosphory-
lation of proteins and 
block its subsequent 
degradation

[84]
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of the best-studied lncRNAs is XIST, which acts a sig-
nificant role in transcriptional silencing of one X-chro-
mosome during development in female mammals [70]. 
XIST accumulates on the X-chromosome in cis and can 
directly recruit polycomb repressive complex 2 (PRC2), 
leading to accumulation of histone H3 lysine 27 trimeth-
ylation (H3K27me3) and X-chromosome inactivation 
(XCI) [71]. Another example, homeobox (HOX) tran-
script antisense RNA (HOTAIR), can coordinate histone 
modifications by binding to multiple histone modifica-
tion enzymes. The 5′ domain of HOTAIR binds PRC2 
while the 3′ domain of HOTAIR binds lysine specific 
demethylase 1 (LSD1), resulting in coordinated targeting 
of PRC2 and LSD1 to chromatin for combined histone 
H3 lysine 27 methylation and lysine 4 demethylation [72].

In addition to recruit chromatin modification factors, 
lncRNAs can also interdict the recruitment of some 
chromatin modifiers. For example, lncRNA p53 regulated 
and ESC associated 1 (lncPRESS1) can interact with sir-
tuin 6 (SIRT6) and interdict its chromatin localization. 
As SIRT acts as a deacetylase, which can reduce the acet-
ylation levels of Hst3 histone H3 K56 (H3K56) and H3K9, 
the interaction between lncPRESS1 and SIRT6 maintains 
high acetylation levels of histone H3K56 and H3K9 at 
promoters of pluripotency genes, activating transcrip-
tion [73]. Interestingly, lncPRESS1 is also a p53-regulated 
transcript, which indicates a new function mechanism of 
p53 pathway [73].

Transcriptional regulation
LncRNAs can regulate gene transcription by modulat-
ing RNA polymerases. For instance, XIST can directly 
interact with silencing mediator for retinoid and thy-
roid hormone receptor (SMART)/histone deacetylase 1 
(HDAC1)-associated repressor protein (SHARP). This 
interaction can recruit SMART, activate HDAC1 and 
deacetylate histones to exclude Pol II across the X-chro-
mosome, leading to transcriptional silencing [74]. In 
addition to Pol II, lncRNAs can also modulate Pol I. YH 
Xing et al. reported a box H/ACA small nucleolar RNA 
(snoRNA)-ended lncRNA that enhances pre-rRNA tran-
scription (SLERT). SLERT can interact with DEAD-box 
helicase 21 (DDX21) and evict DDX21 suppression on 
Pol I machinery, resulting in enhanced pre-rRNA tran-
scription [75].

Additionally, lncRNAs can modulate gene transcription 
via forming R-loops. R-loops are triple-stranded nucleic 
acid structures with RNA hybridized to duplex DNA [76]. 
LncRNAs can participate in the formation of R-loops and 
then recruit transcription cofactors to transcription initi-
ation regions. For example, lncRNA Khps1 is transcribed 
in antisense orientation to the proto-oncogene sphingo-
sine kinase 1 (SPHK1). Then Khps1 can interact with a 
homopurine stretch upstream of the transcription start 

site of SPHK1 to form a DNA-RNA triplex or R-loop. 
This R-loop formed with Khps1 and SPHK1 can anchor 
associated effector proteins to the transcription initiation 
regions, leading to augmented transcription [77].

Post-transcriptional regulation
LncRNA can influence the structure and stability of mes-
sage RNAs (mRNAs) in several ways. First, lncRNAs can 
recruit proteins that are associated with mRNA degrada-
tion to regulate mRNA stability. For instance, CG Gong 
et al. reported a group of lncRNAs named half-STAU1-
binding site RNAs (1/2-sbsRNAs), which can interact 
with target mRNAs to form double-stranded RNAs 
(dsRNAs). This structure will be identified by staufen 1 
(STAU1), leading to a STAU1-mediated mRNA degra-
dation [78]. Second, some lncRNAs are also known as 
competitive endogenous RNAs (ceRNAs), which can 
regulate mRNA expression via competing for microRNA 
(miRNA) binding. For example, lncRNA insulin recep-
tor substrate 1 (lncIRS1) acts a ceRNA of miR-15a, 
miR-15b-5p and miR-15c-5p to upregulate insulin recep-
tor substrate 1 (IRS1) expression [79]. Moreover, the 
lncRNA-miRNA-mRNA axis has been found in the pro-
gression of several cancers, like osteosarcoma and gas-
tric cancer [80, 81], indicating a significant role in cancer 
detection and treatment.

Translational regulation
LncRNA can modulate the formation of translational 
initiation complexes to mediate translational regula-
tion. For example, SINEUPs are lncRNAs with a SINE 
element, which can up-regulate the translation of target 
mRNA. Naoko Toki et al. reported that SINEUP- GFP 
and SINEUP-ΔAlu co-localized with mRNA EGFP in 
the cytoplasm and recruit polypyrimidine tract binding 
protein 1 (PTBP1) and hnRNPK, which contributed to 
assembly of translational initiation complexes, resulting 
in enhanced EGFP mRNA translation [82]. Moreover, 
lncRNAs are also known to interact with ribosomes and 
initiation factors to regulate translation. For instance, 
lncRNA colon cancer associated transcript 2 (CCAT2) 
could straightly stabilize BOP1 ribosomal biogenesis 
factor (BOP1), which increased the expression of genes 
involved in ribosome biogenesis, and further led to 
increased active form of aurora kinase B (AURKB) [83].

Post-translational regulation
For the last part, lncRNA can influence the stability of 
proteins to form post-translational regulation in cells. 
For example, Cyclin D1 is one of the most important 
oncoproteins that acts an important role in breast cancer 
cell proliferation and tamoxifen resistance. QF Shi et al. 
reported a lncRNA DILA1 which can inhibit the phos-
phorylation of Cyclin D1 at Thr286 by directly interacting 
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with Thr286 and blocking its subsequent degradation. 
This interaction resulted in overexpression of Cyclin D1, 
leading to lower tamoxifen sensitivity in breast cancer 
cells [84].

Mechanisms of m6A-lncRNAs mediated cancer 
regulation
With the development of MeRIP-m6A-seq technology, 
lots of m6A-modified lncRNAs were identified and their 
unique biological functions were gradually clarified, 
which has aroused wide attention in clinical research and 
medical development, especially in the oncology field. 
Till now, growing evidence suggests that m6A-modified 
lncRNAs affect cancer progression via several mecha-
nisms, including regulating metastasis, cell proliferation, 
angiogenesis, glycolysis and drug resistance (Fig. 3).

Metastasis
Metastasis is a common characteristic of malignant 
tumors, which often occurs very early but takes years to 
develop overt clinical manifestations [85].

Growing facts revealed that m6A-modified lncRNAs 
acted a significant role in regulating cancer metastasis. 
Prostate cancer is a common malignancy among males, 
accounting for the second leading cause of cancer-related 

mortality [86]. For these patients, metastasis is the main 
cause of death, and bone is the most common distant 
metastatic organ [87]. M6A-modified lncRNAs have been 
proved to participate in the prostate cancer bone metas-
tasis. For instance, SM Wen et al. reported an upregu-
lated lncRNA nuclear-enriched abundant transcript 1 
(NEAT1-1) in prostate cancer tissues, of which m6A 
modification level was significantly elevated. M6A RIP-
seq and data analysis showed that there were four cred-
ible m6A sites on NEAT1-1 (labeled as #1 to #4 from 5′ 
to 3′ of NEAT1-1, #1: UUGGACUUUUC, #2: AGAA-
CAUU, #3: AAUAACUUG, #4: AAUGACUUGG), 
high m6A level of NEAT1-1 was a powerful predictor 
of bone metastasis and eventual death. Further mecha-
nism research revealed that NEAT1-1 could interact 
with cyclin L1 (CCNL1) through its #4 m6A and acted as 
a bridge between CCNL1 and cyclin dependent kinase 
19 (CDK19) to form a stable complex, which may be 
specific in in bone metastatic prostate cancer. After-
wards, via the m6A site #3, NEAT1-1 could recruit this 
CCNL1/CDK19/NEAT1-1 complex to RUNX family 
transcription factor 2 (RUNX2) promoter, which further 
activated RNA Polymerase II (RNPII) serine2 phosphory-
lation and promoted RUNX2 expression. As RUNX2 is a 
widely known vital marker and driver in bone metastatic 

Fig. 3  Mechanisms of m6A-lncRNAs mediated cancer regulation. M6A-midified lncRNAs can regulate cancer progression in several mechanisms, includ-
ing regulating metastasis, cell proliferation, angiogenesis, glycolysis and drug resistance
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prostate cancer, this CCNL1/CDK19/NEAT1-1 complex 
can significantly induce the bone metastasis of prostate 
cancer [88].

Additionally, lncRNA prostate cancer associated 
transcript 6 (PCAT6) was also found to promote bone 
metastasis in prostate cancer. PCAT6 is upregulated in 
cancer tissues with bone metastasis, increased PCAT6 
expression predicates poor prognosis in prostate cancer 
patients. In terms of mechanism, m6A methylation was 
proved to be the cause of PCAT6 upregulation. METTL3 
mediates m6A modification on PCAT6 and IGF2BP2 
then identifies these modifications and promotes PCAT6 
expression. In addition, overexpressed PCAT6 can 
then form an RNA-protein three-dimensional complex 
together with IGF2BP2 and insulin like growth factor 1 
receptor (IGF1R) mRNA, which enhances IGF1R mRNA 
stability and contributed to IGF1R upregulation. Then 
IGF1R could participate in the activation of PI3K/AKT 
and NF-κB signaling, leading to induced bone metastasis 
[89].

Moreover, Xinyu Wang et al. reported another lncRNA 
metastasis-associated lung adenocarcinoma transcript 
1 (MALAT1) that was proved to enhance the metasta-
sis ability of esophageal cancer (ESCC). MALAT1 was 
found to specifically localize in nuclear speckles (NSs). 
M6A writer RBM15 could embed into NSs to form stable 
interactions with MALAT1 and further mediated con-
tinuously depositing m6A methylation onto MALAT1. 
Then m6A reader YTHDC1 recognized m6A-modified 
MALAT1 and this recognition enriched majority of the 
reduced proteins (37 out of 39) in NSs, which regulated 
the homeostasis of NSs and further engendered tran-
scriptome reprogram, restoring migration ability [90].

Cell proliferation
As a basic feature of cancer cells, uncontrollable cell pro-
liferation is one of the leading causes of malignant bio-
logical behaviors of cancers. LncRNAs have been proved 
to be critical for cancer cell survival and proliferation, like 
lncRNA brain cytoplasmic RNA 1 (BCYRN1 or BC200) 
was found to be dramatically upregulated in cultured 
tumor cells than normal cells, and knockdown of BC200 
significantly inhibit the viability of cancer cells via arrest-
ing cell cycle and inducing apoptosis [91].

With the synergistic effect of m6A methylation, 
m6A-modified lncRNAs serve more importantly in cell 
proliferation. For instance, m6A-mediated upregulation 
of lncRNA LINC01320 was found to promote the prolif-
eration, migration, and invasion of gastric cancer. M6A 
methylation mediated by m6A writer METTL14 signifi-
cantly induces the enrichment of LINC01320. Enriched 
LINC01320 then directly targets miR-495-5P, resulting in 
downregulation of miR-495-5p. Further, the downregula-
tion of miR-395-5P removes the silencing of gen RAB19, 

member RAS oncogene family, leading RAB19 overex-
pression in GC tissues, which promotes the cell prolifera-
tion, migration, and invasion of GC cells [92].

In addition, m6A regulated lncRNA FOXF1 adjacent 
non-coding developmental regulatory RNA (FENDDR) 
was also found to regulate the cell proliferation of cancer 
cells, which is downregulated in endometrioid endome-
trial carcinoma (EEC) tissues. FENDDR is a well-known 
tumor-suppressor gene, overexpressed FENDDR can 
inhibit the expression of SRY-related HMG box tran-
scription factor 4 (SOX4) to suppress cell proliferation 
and facilitate cell apoptosis of EEC cells. As the m6A 
methylation levels of FENDRR is increased in cancer-
ous tissues of EEC patients, researches proved that the 
expression level of LncRNA FENDRR was negatively 
regulated by m6A modification. M6A modifications on 
FENDRR recruit m6A reader YTHDF2, which promotes 
FRNDRR degradation, and YTHDF2 knockdown sig-
nificantly suppresses the cell proliferation of EEC cells by 
reducing m6A-mediated FENDRR degradation [93].

Angiogenesis
An abnormal vascular network is essential for tumorigen-
esis. During cancer progression, cancer cells keep secret-
ing high levels of angiogenic factors to induce a special 
vascular system consists of disorganized, immature and 
permeable blood vessels, which helps to form a hypoxic 
microenvironment around cancer tissues [94]. Cancer-
testis (CT) genes are a class of gene that participates in 
the initiation and progression of cancer. Normally, CT 
genes only express in the testes, but during tumorigene-
sis, CT genes are reactivated and turn into a high expres-
sion pattern [95].

Recently, a conserved CT-lncRNA named lnc-CTHCC 
was first discovered, which was highly expressed in the 
hepatocellular carcinoma (HCC) and was proved to 
promote angiogenesis in HCC progression [96]. A lnc-
CTHCC-knockout mouse model showed that the loss of 
lnc-CTHCC inhibits the development of HCC, and both 
in vitro and in vivo assays confirmed that overexpressed 
lnc-CTHCC induces HCC angiogenesis. In terms of 
mechanism, m6A methylation leads to lnc-CTHCC 
upregulation. METTL3 mediates m6A methylation on 
lnc-CTHCC and IGF2BP1/IGF2BP3 then recognizes the 
m6A modification, which maintains lnc-CTHCC stability 
and increases its expression in HCC. Upregulated lnc-
CTHCC then contacts and tethers hnRNPK to the Yes1 
associated transcriptional regulator (YAP1) promoter 
for its activation and activated YAP1 is essential in the 
malignant phenotype of HCC cells. In conclusion, this 
METTL3–IGF2BP1/IGF2BP3–lnc-CTHCC–hnRNPK–
YAP axis significantly promotes hepatocellular carcino-
genesis and progression via inducing angiogenesis [96].
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Glycolysis
It has been widely known that tumor cells often use a 
special energy metabolism way that is significantly differ-
ent from that of normal cells. Most cancer cells produce 
energy not through the usual citric acid and oxidative 
phosphorylation, but predominantly through a less effi-
cient process of aerobic glycolysis. This observation was 
first found by Otto Heinrich Warburg and so was called 
as Warburg effect [97].

LncRNA activating regulator of DKK1 (LNCAROD), 
also known as LINC01468 or lnc-MBL2-4, was signifi-
cantly upregulated and was found to enhance glycoly-
sis in HCC patients. In HCC progression, METTL3/
IGF2BP1-mediated m6A modification is pivotal in the 
upregulation of LNCAROD. METTL3 mediates m6A 
methylation on LNCAROD and IGF2BP1 then recog-
nize the modification on LICAROD to maintain its sta-
bility [98]. Overexpressed LNCAROD then upregulates 
the level of pyruvate kinase M2 (PKM2) by interacting 
with serine-and arginine-rich SRSF3, which is a splicer of 
PKM that induces PKM switching from PKM1 to PKM2. 
Meanwhile, LNCAROD can also maintain PKM2 levels 
in HCC by acting as a ceRNA against miR-145-5p, which 
sponging activity inhibits PKM2 activity. Upregulated 
PKM2 then leads to enhanced glycolysis, resulting in 
HCC malignancy [98].

Moreover, another lncRNA called antisense RNA1 
of DICER1 (DICER1-AS1), which is downregulated 
in pancreatic cancer (PC) tissues and overexpression 
of DICER1-AS1 inhibits glycolysis, proliferation and 
metastasis of PC cells both in vitro and in vivo. Mecha-
nistic assays showed that m6A methylation leads to the 
downregulation of DICER1-AS1. M6A reader YTHDF3 
decreases DICER1-AS1 stability in a m6A dependent 
manner. Additionally, in PC cells, DICER1-AS1 can 
recruit transcription factor YIN‑YANG‑1 (YY1) to the 
DICER1 promoter, which results in promoted transcrip-
tion of DICER1. DICER1 then promotes the maturation 
of miR-5586-5p, which regulates glycolysis by inducing 
mRNA degradation of glycolytic genes, including lactate 
dehydrogenase A (LDHA), hexokinase 2 (HK2), phos-
phoglycerate kinase 1 (PGK1) and solute carrier family 
2 member 1 (SLC2A1). Taken together, this YTHDF3/
DICER1-AS1/DICER1/miR-5586-5p axis acts a pivotal 
role in glycolysis and tumorigenesis of PC [99].

Drug resistance
Due to the rapid multiplication rate, it is easy for cancer 
cells to form drug resistance to therapy, which severely 
weakens the efficacy of treatment. Clarifying the mech-
anism of how cancer cells form drug resistance can be 
urgent and valuable for cancer treatment [100].

Recently, m6A-modified lncRNAs have been found to 
be associated with the construction of drug resistance. 

For example, lncRNAs in adipocytes-secreted exosomes 
of multiple myeloma (MM) patients were found to pro-
tect MM cells from the apoptosis induced by chemother-
apy and raised LncRNA levels in MM cells were positively 
correlated to poor prognosis in MM patients. Further 
studies found that two lncRNAs, coronin 1  A pseudo-
gene LOC606724 and small nucleolar RNA host gene 1 
(SNHG1), are significantly upregulated in MM cells after 
being secreted into adipocyte exosomes. Mechanistically, 
MM cells promote enhancer of zeste 2 polycomb repres-
sive complex 2 subunit (EZH2)-mediated METTL7A 
protein methylation and enhance METTL7A activity in 
adipocytes. METTL7A then mediates m6A methylation 
on LOC606724, SNHG1 and other lncRNAs, which pro-
motes lncRNAs package into adipocyte exosomes and 
indices MM drug resistance [101].

m6A modified lncRNAs in cancers
Thus far, lots of studies have shown that m6A methyla-
tion can significantly regulate the progression of vari-
ous cancers. This regulation often starts with the m6A 
modifications catalyzed by m6A writers in the mRNAs of 
oncogenes or tumor suppressors, and then these marks 
can be recognized by m6A readers and result in upreg-
ulation or downregulation of these genes. Meanwhile, 
m6A can be removed by m6A erasers from the mRNAs of 
oncogenes or tumor suppressors, thus averting the acting 
of m6A readers, leading to upregulation or downregula-
tion of these genes [102]. Except mRNAs, lots of evidence 
have shown that lncRNAs also cooperate with m6A 
methylation and regulate cancer progression. Next, we 
briefly reviewed the m6A modified lncRNAs in human 
cancers by system (Table 2).

Gastrointestinal cancers
Gastrointestinal cancer refers to a malignant condition of 
the gastrointestinal tract and accessory organs of diges-
tion, including the esophagus, stomach, biliary system, 
pancreas, small intestine, large intestine, rectum and 
anus [103]. Thus far, a number of studies have indicated 
the experience of m6A modified lncRNAs in colorectal 
cancer (CRC), gastric cancer, esophageal squamous cell 
carcinoma (ESCC), HCC, and PC.

Colorectal cancer
CRC is the most common gastrointestinal cancer, which 
ranked third in the global top 10 cancers in 2015 and 
caused 832 000 deaths worldwide [104]. Till now, colo-
noscopy is still the method of choice for CRC diagnos-
ing. However, early CRCs often appear as subtle mucosal 
lesions, which may be blurry in colonoscopy [105]. To 
ensure detection, more laboratory detections are essen-
tial, and m6A-modified lncRNAs may serve as effective 
biomarkers. For example, lncRNA XIST has been shown 
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Table 2  The multifaceted roles of M6A-modified lncRNAs in human cancers
Cancers M6A-modified lncRNAs Expression level Functions References
Colorectal cancer XIST Upregulated Promote cell proliferation and metastasis [107]

GAS5 Downregulated Inhibit cancer progression [108]

RP11 Upregulated Promote metastasis [110]

Gastric cancer LINC01320 Upregulated Promote cell proliferation [92]

THAP7-AS1 Upregulated Promote metastasis and cell proliferation [113]

Esophageal squamous cell carcinoma LINC00022 Upregulated Promote cell proliferation [116]

MALAT1 / Promote metastasis [90]

Hepatocellular carcinoma lnc-CTHCC Upregulated Promote angiogenesis [96]

LNCAROD Upregulated Promote glycolysis [98]

LINC00958 Upregulated Facilitate lipogenesis [118]

Pancreatic cancer DICER1-AS1 Downregulated Inhibit glycolysis [99]

WTAPP1 Upregulated Promote cell proliferation [122]

KCNK15-AS1 Downregulated Inhibit cell proliferation [123]

Nasopharyngeal carcinoma ZFAS1 Upregulated Regulate autophagy level [127]

FAM225A Upregulated Promote cell proliferation [128]

Lung cancer MALAT1 Upregulated Promote drug resistance and metastasis [135]

ABHD11-AS1 Upregulated Promote glycolysis [136]

AC138035.1 et al. / / [138]

SVIL-AS1 Downregulated Inhibit cell proliferation [142]

Prostate cancer NEAT1-1 Upregulated Promote metastasis [88]

PCAT6 Upregulated Promote metastasis [89]

Cervical cancer KCNMB2-AS1 Upregulated Facilitate cancer progression [144]

FOXD2-AS1 Upregulated Facilitate cancer progression [145]

Endometrial carcinoma FENDDR Downregulated Inhibit cell proliferation [93]

AL645568.1 et al. / / [148]

Ovarian cancer AC010894.3 et al. / / [150]

AC008669.1 et al. / / [151]

RHPN1-AS1 Upregulated Promote cell proliferation and metastasis [152]

Bladder cancer AC020911.1 et al. / / [155]

ZNRD1-AS1 et al. / / [156]

Renal cell carcinoma NEAT1 Downregulated Inhibit cell proliferation [158]

Lnc-LSG1 Downregulated Inhibit metastasis [159]

Thyroid cancer HAGLR Upregulated Promote cell proliferation [162]

MALAT1 Upregulated Promote cell proliferation [164, 165]

PSMG3-AS1 et al. / / [167]

AC139795.2 et al. / / [168]

Breast cancer MIR210HG Upregulated Promote cell proliferation [172]

LINC00958 Upregulated Promote cell proliferation [173]

Multiple myeloma LOC606724 Upregulated Promote drug resistance [101]

SNHG1 Upregulated Promote drug resistance [101]

Lymphoma TRERNA1 Upregulated Promote cell proliferation [177]

Leukemia NEAT1 Downregulated Promote apoptosis [180]

AC025430.1 et al. / / [182]

Osteosarcoma ZBTB32 et al. / / [186]

AP003119.2 et al. / / [187]

FOXD2-AS1 Upregulated Promote cell proliferation and metastasis [188, 189]

PVT1 Upregulated Promote cell proliferation [190–193]

Skin cutaneous melanoma RP11-775D22.3 et al. / / [195]

Glioma C6orf3 et al. / / [198]

Glioblastoma CASC9 Upregulated Promote glycolysis [200]

Head and neck squamous cell carcinoma GRHL3-AS1 et al. / / [203]

LNCAROD Upregulated Promote cell proliferation [204]

Oral squamous cell carcinoma AC079684.2 et al. / / [206]

MALAT1 Upregulated Promote cell proliferation [207]

Laryngeal squamous cell carcinoma KCNQ1OT1 Upregulated Promote cell proliferation [209]
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to act a significant role in the proliferation and metasta-
sis of CRC [106]. Meanwhile, m6A mapping studies have 
indicated that XIST was highly methylated with at least 
78 m6A residues [35]. Recent evidence proved that m6A 
writer METTL14 and m6A reader YTHDF2 directly par-
ticipated in the m6A methylation and regulation of XIST 
in CRC. METTL14 mediated m6A methylation in XIST 
and TYHDF2 further recognized m6A-methylated XIST 
to mediate XIST degradation. In a word, XIST expres-
sion negatively correlates with METTL14 and YTHDF2 
in CRC [107].

LncRNA growth arrest-specific 5 (GAS5) was also 
proved to cooperate with m6A methylation to regulate 
CRC progression by mediating post-translational regu-
lation of YAP [108]. GAS5 functions in the Hippo/Yes-
associated protein (YAP) pathway, which is required to 
drive tumor initiation and progression [109]. In CRC, 
GAS5 was localized in both the cytoplasm and the 
nucleus while YAP was localized in in the nucleus. GAS5 
could directly interact with the WW domain of YAP to 
mediate translocation of YAP from the nucleus to the 
cytoplasm. Afterwards, GAS5 stimulated YAP phos-
phorylation to facilitate its ubiquitination and degra-
dation to inhibit colorectal cancer progression. In this 
process, m6A reader YTHDF3 can selectively bind to 
m6A-modifed GAS5 and mediate GAS5 degradation in a 
methylation dependent manner, which leads to dysregu-
lation of GAS5 and YAP accumulation in CRC progres-
sion [108].

Another lncRNA that is highly expressed in CRC tissues 
is RP11-138 J23.1 (RP11), whose expression increased 
with CRC stage in patients. In CRC, m6A-modified RP11 
functioned through forming a complex with m6A reader 
hnRNPA2B1 and mRNA. This RP11/hnRNPA2B1/
mRNA complex significantly induced the mRNA degra-
dation of two E3 ligases, siah E3 ubiquitin protein ligase 
1 (Siah1) and F-box protein 45 (Fbxo45), which further 
inhibited the degradation of zinc finger E-box binding 
homeobox 1 (Zeb1), leading to enhanced CRC metasta-
sis. Moreover, the m6A methylation also involved in the 
upregulation of RP11 via promoting its nuclear accumu-
lation. This m6A/RP11/Zeb1 axis significantly triggered 
the progression of CRC in vivo [110].

Gastric cancer
Gastric cancer is the sixth most commonly diagnosed 
cancer and the third leading cause of cancer death world-
wide, with 1,033,701 new cases and 782,685 deaths in 
2018 [111]. H pylori infection is the most leading risk 
factor for non-cardia GC, and older age, smoking, alco-
hol ingesting, family disease history and previous gastric 
surgery are also cofactors [112]. In recent years, liquid 
biopsies have raised lots of attentions in GC pathology, 
and results from circulating tumor DNA (ctDNA) have 

been most promising in GC patients [112]. As another 
potential biomarkers of liquid biopsies, m6A-modified 
lncRNAs may also provide a novel insight in GC diag-
nosing. For instance, lncRNA THAP7 antisense RNA 1 
(THAP7-AS1) was proved to be considerably upregu-
lated in gastric cancer tissues compared with healthy 
stomach tissues. In gastric cancer cells, THAP7-AS1 
specifically interacted with importin α1 and the nuclear 
localization signal region of cullin 4B (CUL4B) and medi-
ated the entry of THAP7-AS1/CUL4B complex into the 
nucleus. The nuclear localization of THAP7/CUL4B 
complex then transcriptionally repressed EZH2-medi-
ated expression of miR-22-3p/miR-320a and further initi-
ated phosphatidylinositol 3-kinase/AKT serine/threonine 
kinase (PI3K/AKT) signaling pathway via promoting the 
expression of phosphatidylinositol-4,5-bisphosphate 
3-kinase catalytic subunit alpha (PIK3CA), phosphati-
dylinositol-4,5-bisphosphate 3-kinase catalytic subunit 
delta (PIK3CD) and AKT3, leading to enhanced cell 
proliferation and metastasis. During the biosynthesis 
of THAP7-AS1, Sp1 transcription factor (SP1) bound 
directly to the THAP7-AS1 promoter region to activate 
its transcription, and m6A methylation mediated by m6A 
writer METTL3 induced THAP7-AS1 expression via a 
IGF2BP1-dependent way, which donates in the metasta-
sis of gastric cancer [113]. (Fig. 4)

Esophageal squamous cell carcinoma
ESCC is a subtype of esophageal cancer (ESCA), which 
is one of the most fatal malignancies around the world. 
In China, ESCC accounts for more than 90% of all ESCA 
patients [114]. Though the global incidence of ESCA 
gradually declined along with the medical advances, the 
annual global mortality rate of ESCA still ranks sixth in 
cancer induced death, with 544,076 new deaths in 2020 
[115]. M6A eraser FTO was found to overexpressed 
in ESCC tissue and associated with tumor growth. 
MeRIP-m6A-seq analysis combined with bioinformatics 
analysis indicated that lncRNA LINC00022 is the down-
stream target of FTO. In ESCC cells, FTO mediated the 
m6A demethylation of LINC00022 and further promoted 
LINC00022 expression in an YTHDF2-dependent man-
ner. Upregulated LINC00022 then induced the ubiquiti-
nation of p21 protein and negatively regulated the protein 
level of p21 through the ubiquitin-proteasome pathway, 
leading to promoted cell proliferation and tumor growth 
of ESCC [116].

Hepatocellular carcinoma
With 905,677 new cases and 830,180 new deaths in 
2020, HCC ranks the seventh most commonly diagnosed 
malignancy and the third leading cause of tumor death 
worldwide [115]. For HCC diagnosing, the preferred test 
is ultrasonography, but its diagnostic accuracy can be 
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unsatisfactory due to unskilled operators. Serum tumor 
markers, most commonly α-fetoprotein, are an attrac-
tive alternative for HCC surveillance and early diag-
nosis, but false-positive suspicions are still high [117]. 
Therefore, identifying another biomarker is valuable, 
and m6A-modified lncRNAs may have a great poten-
tial. Recently, lncRNA LINC00958 has been found to 
be upregulated in HCC. LINC00958 was essential for 
malignant behaviors in HCC cells and high LINC00958 
level significantly indicated poor survival rate. Mecha-
nistic studies showed that LINC00958 targeted miR-
3619-5p to utilize its tumor promoting effects in HCC, 
and hepatoma-derived growth factor (HDGF), a direct 
target of miR-3619-5p, was also vital for the function of 
LINC00958. In HCC cells, overexpressed LINC00958 
sponged miR-3619-5P to upregulate HDGF, which fur-
ther facilitates HCC lipogenesis and progression [118]. 
HDGF is a widely-known cancerogenic protein in HCC, 
HDGF-related protein-3 (HRP-3) has been proved to 
promote the phosphorylation of mitogen activated 
kinase-like protein (MAPK) and extracellular regulated 
MAP kinase (ERK), leading to activated MAPK/ERK 

signaling pathway and facilitated HCC progression [119]. 
Moreover, in this LINC00958/miR-3619-5p/HDGF axis, 
m6A methylation was also found to act an important role 
in LINC00958 upregulation. M6A methylation mediated 
by METTL3 stabilized RNA transcript of LINC00958, 
resulting in LINC00958 upregulation [118]. (Fig. 5) As 
m6A-modified LINC00958 plays an essential role in HCC 
progress, XL Zu et al. developed a novel PLGA-based 
nanoplatform encapsulating si-LINC00958 for HCC sys-
temic administration. This novel system showed satisfac-
tory antitumor efficacy in HCC PDX models, indicating 
its great value as a nanotherapeutic candidate in HCC 
[118].

Pancreatic cancer
Pancreatic cancer (PC) is a malignant digestive system 
cancer with a distinct microenvironment and high mor-
tality rate. With 495,773 new cases and 466,003 new 
deaths in 2020, PC keeps being a leading cause of can-
cer death worldwide, which lobal burden has more than 
doubled over the past 25 years [115, 120]. Until then, Tri-
phasic pancreatic-protocol CT is the best preliminary 

Fig. 4  M6A-modified lncRNAs in gastric cancer. LINC01320 promotes GC cell proliferation via METTL14/LINC01320/miR-495-5p/RAB19 axis; THAP7-AS1 is 
modified by METTL3, stabilized by IGF2BP1 and mediates CUL4B nucleus transportation, which further inhibits the expression of miR-320a and miR-22-3P, 
leading to promoted GC cell proliferation and metastasis
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diagnostic test for PC. High-quality pancreatic-protocol 
CT scans can effectively detect locally advanced and 
metastatic disease [121]. Although imaging examination 
can strongly reveal PC, laboratory diagnosis is still rec-
ommended to rule out some benign disorders and PC 
molecular markers still need further evaluation. Lately, 
lncRNA Wilms tumor 1 associated protein pseudogene 1 
(WTAPP1) was identified to be significantly elevated in 
pancreatic ductal adenocarcinoma (PDAC), one of the 
most common subtypes of PC, and was associated with 
poor prognosis. Overexpression of WTAPP1 significantly 
induced PDAC proliferation and invasiveness by medi-
ating translational regulation of WTAP. Studies proved 
that CCHC-type zinc finger nucleic-acid binding protein 
(CNBP) recognized METTL3-mediated m6A modifica-
tion of WTAPP1 and recruited RNA stabilizers ELAV 
like RNA binding protein 1 (Elavl1 or HuR), leading to 
promoted WTAPP1 stability. Excessive WTAPP1 then 

recruited translation initiation factor eukaryotic trans-
lation initiation factor 3 (EIF3) complex to its protein-
coding counterpart WT1-associated protein (WTAP) 
mRNA, which induced WTAP translation and activates 
Wnt signaling pathway in a WTAP-initiated manner. 
More importantly, inhibition of WTAPP1 significantly 
reduced PDAC growth rates in mouse xenograft tumors 
models, suggesting a potential therapeutic target for 
PDAC treatment [122].

Potassium two pore domain channel subfamily K mem-
ber 15 and WISP2 antisense RNA 1 (KCNK15-AS1) 
is another lncRNA found to be down-regulated in PC 
cells and tissues, which has been confirmed to inhibit 
the migration and invasion of PC cells. Overexpres-
sion of KCNK15-AS1 could inhibit cell proliferation, 
migration and epithelial mesenchymal transformation 
(EMT) while facilitate cell apoptosis in PC. In terms of 
mechanism, m6A methylation was proved to mediate 

Fig. 5  M6A-modified lncRNAs in HCC. LINC00958 promotes HCC lipogenesis via METTL3/LINC00958/miR-3619-5P/HDGF/HRP-3/MEK1/2/ERK axis; MET-
TL3-mediated m6A-modified Lnc-CTHCC functions by locating hnRNPK to the promoter of YAP1 gene, leading to promoted HCC angiogenesis; LINAROD 
is modified by METTL3 and stabilized by IGF2BP1, which functions by both inducing SRSF3 and inhibiting miR-145-5P to induce PKM2, leading to pro-
moted HCC glycolysis
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KCNK15-AS1 downregulation, and m6A eraser ALKBH5 
could induce m6A demethylation of KCNK15-AS1 
to mediate KCNK15-AS1 up-regulation. In PC cells, 
KCNK15-AS1 directly bound to KCNK15 5′UTR and 
mediated translational regulation to inhibit the expres-
sion of KCNK15 to restrain PC cells malignant behaviors. 
Moreover, KCNK15 also recruited MDM2 proto-onco-
gene (MDM2) to facilitate RE1 silencing transcription 
factor (REST) ubiquitination, which further upregulated 
PTEN to inactivate PTEN/AKT signaling pathway. Taken 
together, these findings suggest that KCNK15-AS1 may 
serve as a potential biomarker and therapy target of PC 
[123].

Respiratory tract cancers
As is known to all, common cancers of the respiratory 
system include nasopharyngeal and lung cancer [124]. 
Thus far, emerging studies have indicated the experience 
of m6A-modified lncRNAs in nasopharyngeal carcinoma, 
non-small-cell lung cancer, lung adenocarcinoma, lung 
squamous cell carcinoma and so on.

Nasopharyngeal carcinoma
Nasopharyngeal carcinoma (NPC) is an epithelial carci-
noma originating from the nasopharyngeal mucosal lin-
ing that is often observed at the pharyngeal recess. NPC 
can be divided into three pathological subtypes, including 
keratinising squamous, non-keratinising, and basaloid 
squamous. Among them the non-keratinising subtype 
accounts most cases in endemic areas (> 95%), which is 
greatly associated with Epstein-Barr virus (EBV) infec-
tion [125]. Recent investigations have shown that m6A 
writer METTL3 displayed an apparent increase while 
m6A writer METTL14 just slightly increased in NPC cell 
lines [126]. And it was reported that lncRNA ZNFX1 
antisense RNA 1 (ZFAS1) could regulate the autoph-
agy level of NPC cells through the miR-100/autophagy 
related 10 (ATG10) axis and the PI3K/AKT/mTOR path-
way to affect tumor progression [127]. Moreover, m6A 
writer METTL3 directly mediated the m6A modification 
of ZFAS1 to reduce the rate of ZFAS1 degradation [127]. 
Thus, the m6A-modified ZFAS1 has significant carcino-
genic effects in the occurrence and development of NPC.

Additionally, it was shown that family with sequence 
similarity 225 member A (FAM225A) was an oncogenic 
lncRNA that promotes NPC cell proliferation, migration, 
and invasion via the FAM225A-miR-590-3p/miR-1275/
integrin subunit beta 3 (ITGB3)/focal adhesion kinase 
(FAK)/PI3K/AKT signaling pathway. In terms of mech-
anism, FAM225A acted as a ceRNA to mediate post-
transcriptional regulation and competitively absorbed 
miR-590-3p and miR-1275 to upregulate ITGB3 expres-
sion, which was the target gene of miR-590-3p and miR-
1275 [128]. Further, ITGB3 could activate the FAK/PI3K/

AKT pathway, which is greatly related to autophagy [129, 
130]. In addition, there were 2 RRACU m6A sequence 
motifs in the last exon (at position 2,808 and 5,460) in 
FAM225A and it was found that m6A writer METTL3 
directly participate in the m6A modification of FAM225A 
to induce the expression of FAM225A [128]. Taken 
together, m6A-midified FAM225A significantly facilitated 
NPC progression, indicating a potential biomarker and 
therapy target of NPC.

Lung cancer
With an approximated 2.2  million new cases and 
1.79  million new deaths every year, lung cancer is one 
of the most universally diagnosed cancers and the lead-
ing cause of cancer death worldwide [131]. It can be 
further classified into two broad histological subtypes: 
non-small-cell lung cancer (NSCLC) and small-cell lung 
cancer (SCLC). NSCLC is further classified into three 
subtypes, namely the squamous cell carcinoma, adeno-
carcinoma, and large-cell carcinoma cancer [132, 133]. 
For early lung cancer detection, spiral CT is still the 
method of choice, while liquid biopsies are still under 
exploration. Till then, using PCR or next-generation 
sequencing to detect EGFR mutations with ctDNA are 
the solitary FDA approved plasma tests [131, 134]. There-
fore, identifying new biomarkers can be valuable for lung 
cancer diagnosing.

NSCLC accounts for 85% of all lung cancer cases [132]. 
It was reported that METTL3/YTHDF3 complex directly 
induced NSCLC drug resistance and metastasis by regu-
lating the MALAT1-miR-1914-3p-YAP axis. LncRNA 
MALAT1 functioned as a ceRNA and mediate post-
transcriptional regulation that sponged miR-1914-3p 
to induce NSCLC drug resistance of DDP and metasta-
sis through upregulating YAP, a target of miR-1914-3p. 
Furthermore, studies identified the RRACH sequence in 
MALAT1 as the m6A modification site and proved that 
the stability of m6A-modified MALAT1 was increased 
by METTL3/YTHDF3 complex [135]. Additionally, 
it was shown that lncRNA ABHD11 antisense RNA 1 
(ABHD11-AS1) could recruit EZH2 to the promoter 
region of KLF transcription factor 4 (KLF4) gene, thereby 
repressing the transcription of KLF4, which might func-
tion as a cancer inhibitor to inhibit the NSCLC’s Warburg 
effect. Moreover, during the transcription of ABHD11‐
AS1, METTL3 could enhance ABHD11‐AS1 transcript 
stability to increase its expression via a m6A-dependent 
way [136]. Taken together, these m6A-modified lncRNAs 
may serve as novel biomarkers for NSCLC detection.

Lung squamous cell carcinoma (LUSC) is the sec-
ond most prevalent subtype of lung cancer, accounting 
for around 30% of NSCLC [137]. Further studies have 
reported that m6A- modified lncRNAs might affect 
patients with LUSC by regulating TME but the precise 
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mechanism remains unclear. Recently, four m6A-related 
lncRNAs, including AC138035.1, AC243919.2, HOR-
MAD2-AS1 and AL122125.1 were identified to be 
closely related to the prognosis of LUSC based on bio-
informatics analysis. In addition, HORMAD2-AS1 was 
highly expressed, whereas the expression of AC138035.1, 
AC243919.2, and AL122125.1 was downregulated in 
the high-risk LUSC compared with the low-risk LUSC 
[138]. Moreover, it was shown that the expression level 
of AL122125.1 was correlated with ion channel regulator 
activity, protein tyrosine kinase binding, histone acetyl-
transferase binding and ATP transmembrane transporter 
activity. Additionally, multivariate Cox regression analy-
sis shows that AL122125.1 demonstrated a great prog-
nostic value [139]. To be brief, these lncRNAs are closely 
related to LUSC and may be novel detection biomarkers 
and targets for the treatment of LUSC.

Lung adenocarcinoma (LUAD) is the most common 
histologic subtype of lung cancer, which accounts for 
over 40% of NSCLC [140]. It was widely proved that the 
transcription factor E2F transcription factor 1 (E2F1) 
was a central factor that involved in LUAD cell cycle pro-
gression, DNA-damage response, and apoptosis [141]. 
Recently, lncRNA SVIL antisense RNA 1 (SVIL-AS1), 
which was located on chromosome 10q13, has been 
found to be downregulated in LUAD and act as a tumor 
suppressor in LUAD tumorigenesis in a E2F1-dependent 
manner. SVIL-AS1 could mediate post-translational 
regulation on E2F1 by regulating E2F1 protein degrada-
tion via controlling E2F1 ubiquitination, which further 
retarded LUAD progression. It is worth noting that SVIL-
AS1 seemly regulated E2F1 at both RNA and protein 
level rather than the transcriptional level. Additionally, it 
was reported that m6A writer METTL3 directly partici-
pated in installing the SVIL-AS1 m6A modification and 
maintaining its stability. In summary, the tumor-sup-
pressive role of the lncRNA SVIL-AS1 was mediated and 
stabilized by m6A writer METTL3 in LUAD [142]. Alto-
gether, these m6A-modified lncRNAs may as novel diag-
nostic biomarkers for LUAD and provide new therapy 
targets for LUAD.

Urogenital neoplasms
Urogenital neoplasm is a severe lesion in urogenital sys-
tem. More than 90% of urogenital neoplasms are malig-
nant, and every urinary and male reproductive organ is 
likely to develop tumors. In urogenital neoplasms, can-
cers of the female genital organs including cervical can-
cer, endometrial cancer, ovarian cancer, uterine cancer, 
vaginal cancer and vulvar cancer. Cancers of the male 
genital organs including penile cancer, prostate cancer 
and testicular cancer. And cancers of the urinary organs 
including bladder cancer and renal cell carcinoma. Exist-
ing evidence has proved the existence of m6A-modified 

lncRNAs in cervical cancer, endometrial cancer, ovarian 
cancer, bladder cancer, and clear cell renal cell carcinoma.

Cervical cancer
Cervical cancer keeps being the fourth most common 
female malignancy worldwide, which has become a 
huge health challenge and economic burden, especially 
in some developing countries [115, 143]. Human papil-
lomavirus (HPV) is the leading cause of cervical cancer, 
high risk HPV subtypes can cause virtually all cervical 
cancers and screening and vaccination targeting HPV are 
efficient disease prevention strategies [143]. For the clini-
cal staging of cervical cancer, PET showed great sensitiv-
ity and specificity for detecting involved nodes, but such 
imaging modalities may be unavailable in some develop-
ing countries [143]. Therefore, identifying new biomark-
ers for cervical cancer detection can be constructive. Up 
to now, researchers have identified several m6A-modified 
lncRNAs in cervical cancer progression. Y Zhang et 
al. reported a cervical cancer-related lncRNA called 
KCNMB2 antisense RNA 1 (KCNMB2-AS1), which was 
significantly overexpressed in cervical cancer and related 
to poor outcomes. Inhibition of KCNMB2-AS1 could 
evidently delay cervical cancer growth in vivo xenograft 
models. In terms of mechanism, KCNMB2-AS1 could 
mediate post-transcriptional regulation on miR-130b-5p 
and miR-4294 by functioning as a ceRNA to abundantly 
sponge miR-130b-5p and miR-4294, leading to the over-
expression of a well-known oncogene IGF2BP3. Mean-
while, IGF2BP3 could also act as a m6A reader and bind 
to KCNMB2-AS1 via recognizing three m6A modifica-
tion domains on KCNMB2-AS1, which prevented the 
degradation of KCNMB2-AS1. This positive regulatory 
circuit formed by KCNMB2-AS1 and IGFBP3 signifi-
cantly induced cervical cancer progression and targeting 
KCNMB2-AS1 and its related molecules may be a poten-
tial detective and therapeutic way for cervical cancer 
patients [144].

Another m6A-modidfied lncRNA FOXD2 adjacent 
opposite strand RNA 1 (FOXD2-AS1) was also found to 
be upregulated in cervical cancer tissues and cells, which 
closely related to the poor prognosis. Functionally, assays 
showed that FOXD2-AS1 induced the migration and pro-
liferation of cervical cancer cells and silencing of FOXD2-
AS1 significantly inhibited cervical cancer growth in 
vivo. Further studies reported a remarkable m6A site in 
the 3’ UTR of FOXD2-AS1, and METTL3 overexpression 
upregulated the m6A modification level and FOXD2-AS1 
stability in cervical cancer cells. Indicating that FOXD2-
AS1 was positively regulated by METTL3, METTL3 
maintained FOXD2-AS1 overexpression in cervical can-
cer. Upregulated FOXD2-AS1 then mediated transcrip-
tional regulation on p21 by recruiting a transcriptional 
silence factor lysine-specific demethylase 1 (LSD1) to 
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p21 promoter and inhibited its transcription, which 
relieved the tumor suppression mediated by p21, lead-
ing to expedited cervical cancer progression. In conclu-
sion, METTL3/FOXD2-AS1 accelerates cervical cancer 
progression in a m6A-dependent manner, suggesting a 
potential therapeutic target for cervical cancer [145].

Endometrial cancer
Endometrial cancer (EC) is one of the most common 
gynecological malignant diseases, which raised 417,367 
new cases and 97,370 new deaths in 2020 [115]. Tradi-
tionally, EC can be divided into two types based on clini-
cal, metabolic, and endocrine characteristics. Type1 ECs 
are estrogen dependent and associated with endometrial 
hyperplasia, while type2 ECs are estrogen independent 
and associated with endometrial atrophy [146]. A one-
stop clinic with sequential transvaginal ultrasound, endo-
metrial sampling and hysteroscopy can be effective and 
efficient for EC diagnosing. However, sequential trans-
vaginal ultrasound may be less specific since endometrial 
thickness fluctuates regularly in healthy reproductive-
aged women. Endometrial sampling will be limited by 
cervical stenosis. Hysteroscopy may raise widely ranged 
discomfort, from mildly unpleasant to severely painful 
[147]. Therefore, it’s worthy to explore an efficient and 
comfortable detection strategy, in which liquid biopsy 
based m6A-modified lncRNAs may have a great poten-
tial. Uterine corpus endometrial carcinoma (UCEC) is a 
common kind of EC. L Shan et al. explored the expres-
sion profiles of m6A-related lncRNAs of patients with 
UCEC and identified five m6A-modified lncRNAs that 
might act as novel prognostic markers for UCEC. Via 
coexpression analysis and pipelining into univariate Cox 
regression models and risk score models, they screened 
out five major lncRNAs associated with m6A, includ-
ing AL645568.1, NNT-AS1, RAB11B-AS1, LINC01936 
and HM13-IT1. Further researches showed that the risk 
risk-based model constructed from the five lncRNAs was 
associated with immune cell infiltration level, which may 
be a potential accurate prognosticator for UCEC [148].

Ovarian cancer
Ovarian cancer is one of the main causes of gynecologi-
cal cancer-related death worldwide. As the lack of effec-
tive detection methods and clinical manifestations in the 
early stage, 70% of patients are diagnosed in the middle or 
late stages, which brings more trouble for the treatment 
[149]. Till now, several risk models have been constructed 
to independently predict the overall survival and thera-
peutic value of ovarian cancer based on m6A-mdiated 
lncRNAs. For example, JF Zheng et al. identified ten 
significant prognostic m6A-mediated lncRNAs in OC 
through univariate Cox regression analysis. According 
to the least absolute shrinkage and selection operator 

(LASSO) Cox regression analysis of these ten lncRNAs, 
they then conducted a prognostic signature containing 
four m6A-mediated lncRNAs (AC010894.3, ACAP2-
IT1, CACNA1G-AS1 and UBA6-AS1), which shows 
great predictive value in ovarian cancer detection [150]. 
Additionally, Y Song et al. established a nomogram based 
on the expression level of seven m6A-related lncRNAs 
(AC008669.1, AC010336.1, AC097376.3, AC130710.1, 
ACAP2-IT1, AL138820.1 and CACNA1G-AS1) to pre-
dict survival rate of patients with ovarian cancer, reveal-
ing that m6A-related lncRNAs may act an important role 
in ovarian cancer treatment [151].

Epithelial ovarian cancer (EOC) is a common sub-
type of ovarian cancer. LncRNA RHPN1 antisense RNA 
1 (RHPN1-AS1) has been found to be upregulated in 
EOC tissues and high expression of RHPN1-AS1 is 
closely associated with poor prognosis in EOC patients. 
In EOC cells, m6A methylation was proved to be part 
of the cause of RHPN1-AS1 upregulation. M6A writer 
METTL3 mediates m6A modification on RHPN1-AS1, 
which enhances its transcriptional stability, leading to 
RHPN1-AS1 upregulation. Overexpressed RHPN1-AS1 
then acts as a ceRNA and mediates post-transcriptional 
regulation to sponge miR-596, which increases leucine 
zipper and EF-hand containing transmembrane protein 
1 (LETM1) expression, elevates the levels of p-FAK and 
p-Akt and further activates the FAK/PI3K/Akt signal-
ing pathway. Taken together, overexpressed RHPN1-AS1 
promotes EOC cell proliferation and metastasis through 
a METTL3/RHPN1-AS1/miR-596/LETM1/FAK/PI3K/
Akt axis, indicating that RHPN1-AS1 may provide a 
promising drug target for EOC treatment [152].

Bladder cancer
Bladder cancer (BLCA) is the most common malig-
nancy of the urinary system, accounting for an esti-
mated 500,000 new cases and 200,000 deaths worldwide 
[153]. For BLCA diagnosing, CT urography and cys-
toscopy are the most common and effective methods. 
Two new technologies called blue-light cystoscopy 
and narrow-band imaging were recently developed to 
improve the detection of malignant BLCA [154]. As an 
important sample source for liquid biopsy, urine-based 
tumor markers may have huge potential in BLCA detec-
tion, however, no existing molecular markers have a 
validated sensitivity high enough to replace cystoscopy 
[154]. To perfect the cytological or molecular analysis 
of BLCA, m6A-modified lncRNAs may give a new idea. 
Till now, several m6A-related lncRNAs prognostic signa-
tures (m6A-RLPS) for predicting the prognosis of BLCA 
patients have been reported. For example, TM Ma et 
al. identified 745 m6A-related lncRNAs by Pearson cor-
relation analysis, in which 51 prognostic m6A-related 
lncRNAs were screened using univariate Cox regression 
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analysis. Finally, they determined nine m6A-related prog-
nostic lncRNAs (AC020911.1, KCNQ1OT1, AC104532.2, 
AC006160.1, EHMT2-AS1, AC097359.2, AP001469.1, 
AC007686.3 and AL022322.1) to conduct the m6A-RLPS, 
which was proved to be an independent predictor of 
BLCA prognosis [155]. Additionally, another study 
showed a 12 m6A-related lncRNAs prognostic score 
(m6A-LRS), including ZNRD1-AS1, SNHG16, SBF2-
AS1, RNF217-AS1, RASAL2-AS1, PSMB8-AS1, PINK1-
AS, GUSBP11, FAM13A-AS1, C17orf82, C140rf132 and 
BDNF-AS. High m6A-LRS was proved to be associated 
with tumor-associated biological processes, oncogenic 
signaling, and tumor hallmarks in BLCA progression. 
Moreover, an m6A-LRS-based nomogram was also con-
ducted, which demonstrates a strong ability to predict 
overall survival in BLCA patients [156]. In conclusion, 
these studies provide new approaches for diagnose and 
treatment response prediction in BLCA.

Renal cell carcinoma
Renal cell carcinoma (RCC) is a prevalent malignant 
tumor of the urinary system with a high mortality and 
steadily rising morbidity worldwide [115]. Clinically, 
advanced and metastatic diseases chiefly account for the 
mortality rates in RCC patients, surgically extirpating all 
small renal masses might not improve patient outcomes 
[157]. Therefore, reducing RCC invasiveness is impor-
tant in clinical treatment. Recently, targeted m6A meth-
ylation of lncRNAs has been proved to regulate RCC cell 
proliferation and metastasis, indicating a great potential 
in RCC treatment. For instance, lncRNA nuclear para-
speckle assembly transcript 1 (NEAT1) expression and 
m6A methylation level is downregulated in RCC tis-
sues, and low NEAT1 expression is associated with poor 
prognosis for RCC patients. Further assays showed that 
CRIPSR/dCas13b-METTL3 transfection significantly 
increases m6A methylation level in RCC cells, which 
increases NEAT1 expression. Meanwhile, hypermethyl-
ation of NEAT1 can further inhibit the proliferation and 
migration of RCC cells, indicating a new target for treat-
ment of RCC [158].

Clear-cell renal cell carcinoma (ccRCC) is the 
most common subtype of RCC, which contributes to 
more than 70% of cases [157]. In ccRCC tissues, m6A 
writer METTL14 was downregulated and low level of 
METTL14 was negatively associated with the progno-
sis, stage, and ccRCC tumor grade. LncRNA large 60  S 
subunit nuclear export GTPase 1 (Lnc-LSG1) was iden-
tified as a downstream target of METTL14. In ccRCC 
cells, Lnc-LSG1 could mediate post-translational regula-
tion by directly binding to epithelial splicing regulatory 
protein 2 (ESRP2) and inhibit its expression through the 
ubiquitin-proteasome pathway, which further promoted 
ccRCC metastasis. In this axis, METTL14-mediated m6A 

methylation on Lnc-LSG1 could inhibit the interaction 
between ESRP2 and Lnc-LSG1 via a YTHDC1-depen-
dent manner. YTHDC1 directly binds to the m6A sites on 
Lnc-LSG1, which competitively inhibits Lnc-LSG1 bind-
ing to ESRP2. Taken together, m6A-modified Lnc-LSG1 
can significantly inhibit ccRCC progression, indicating a 
novel therapeutic target [159].

Endocrine tumors
Endocrine tumors consist of malignancies that origi-
nated in the endocrine system, such as thyroid, breast, 
adrenal, and pituitary gland [160]. Thus far, a growing 
body of studies have demonstrated the involvement of 
m6A-modified lncRNAs in thyroid cancer, and breast 
cancer. The details were descripted as follows.

Thyroid Cancer
Thyroid cancer (TC) is the eighth most frequently diag-
nosed cancer worldwide with a rising incidence in the 
past 20 years [161]. With a high negative predictive 
value and low false negative rate, fine-needle aspiration 
is widely used cytological diagnosis of TC. However, 
thyroid nodule fine-needle aspiration cytology may be 
confounded in diagnostic categories 3 and 4 (indetermi-
nate results), which provides a novel stage to molecular 
diagnostics. Fairly recently, researchers reported that 
IGF2BP2/ lncRNA HOXD antisense growth-associated 
long non-coding RNA (HAGLR) axis was closely related 
to TC [162]. It was proved that reducing the expression of 
HAGLR would inhibit papillary thyroid cancer cell prolif-
eration, migration, and invasion, and promoted cell-cycle 
arrest [163]. Moreover, there was a partial overlapping 
between a high-confidence m6A-modified region and one 
of the putative binding sites of m6A reader IGF2BP2 and 
HAGLR (chr2: 177,037,923–177,037,952(-)). Thus, it was 
indicated that this m6A site is involved in mediating the 
regulatory effect of IGF2BP2 on HAGLR. Furthermore, 
m6A reader IGF2BP2 could significantly improve the 
stability of HAGLR transcripts to upregulate the level of 
HAGLR by recognizing the m6A modification of HAGLR 
in TC [162]. Taken together, the interaction of HAGLR 
and m6A reader IGF2BP2 is closely related to TC pro-
gression, which suggests the potential values of HAGLR 
in the diagnosis and treatment of TC.

Additionally, both lncRNA MALAT1 and m6A reader 
IGF2BP2 were found to be upregulated in TC tissues. 
Mechanistically, MALAT1 functioned through a miR-
204/IGF2BP2/myelocytomatosis (MYC) axis to confer 
a stimulatory effect on cell proliferation, migration, and 
invasion. In this axis, miR-204 could target and inhibit 
the expression of IGF2BP2, while MALAT1 could medi-
ate post-transcriptional regulation by competitively 
binding to miR-204 to upregulate IGF2BP2. Upregu-
lated IGFBP2 then recognizes the m6A modifications of 
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MYC in TC cells, which induced the expression of MYC 
and further promotes cell proliferation, migration, and 
invasion of TC cells [164]. Moreover, researchers also 
found that METTL3 could form m6A modifications on 
MALAT1, which acted an important role in the sub-
nuclear localization of MALAT1 [165]. Altogether, the 
m6A-modified MALAT1 can be considered as a novel, 
promising biomarker for TC detection and treatment.

Papillary thyroid carcinoma (PTC) is the most com-
mon subtype of TC [166]. It was reported that three 
m6A-related lncRNAs, PSMG3-AS1, BHLHE40-AS1, 
and AC016747.3, could be used as prognostic markers for 
patients with PTC based on bioinformatics analysis. The 
overall survival rate was significantly different with the 
increasing PSMG3-AS1 and BHLHE40-AS1 expression 
levels while the disease-free survival rate is significantly 
different with the increasing expressions of AC016747.3 
in PTC. In addition, PSMG3-AS1 and BHLHE40-AS1 
were found to correspond to sensitivity of various chemo-
therapy drugs in PTC and paly an oncogenic role in vari-
ous cancers [167]. Furthermore, it was proved that based 
on bioinformatics analysis, 8 m6A-lncRNAs, includ-
ing AC139795.2, TRAM2.AS1, POLR2J4, AC018653.3, 
DOCK9.DT, GABPB1.AS1, NORAD, and AL022328.2, 
exhibited a strong prognostic value in PTC treatment 
[168]. However, the specific mechanism remains to be 
investigated. In short, these lncRNAs may be considered 
as new, promising prognostic biomarkers and treatment 
targets, to a certain degree.

Breast cancer
Breast cancer (BC) is still the most common cancer 
worldwide, which accounts for about 30% of female 
cancers and has a mortality-to-incidence ratio of 15% 
[169]. The incidence of breast cancer continues to rise, 
and it remains the leading cancer-related cause of dis-
ease burden for women [170]. Because the extensive 
characterizing of BC molecular hallmarks, several 
kinds of biomarkers have been clinically used, includ-
ing immunohistochemical markers, proliferation 
marker protein, genomic markers and immunomark-
ers, which have shown great prospects in BC detection 
and treatment [171]. As a widely studied regulating fac-
tor, m6A-modified lncRNAs have shown great correla-
tion with BC cell proliferation, which may serve a lot 
in future diagnosing and therapy. For instance, it was 
reported that MIR210 host gene (MIR210HG) was over-
expressed in breast cancer tissues and functioned as an 
oncogenic lncRNA to promote cell proliferation of BC 
cells. Mechanistically, the functions of MIR210HG were 
mediated by its encoded miR-210, inhibition of miR-
210 significantly prohibited BC invasion ability induced 
by MIR210HG. Moreover, four potential m6A modifica-
tion sites (chr11:565778, chr11:567257, chr11:567410, 

chr11:567484) were found in MIR210HG, IGF2BP1 and 
its co-factor Elavl1 (also known as HuR) mediated rec-
ognition of these m6A sites could enhance the stability 
of MIR210HG. Interestingly, IGF2BP1 was also directly 
activated by MYCN proto-oncogene, bHLH transcrip-
tion factor (MYCN), which may explain the oncogenic 
role of MYCN. Taken together, the MYCN/ IGF2BP1/
MIR210HG/miR-210 axis may serve as an alternative 
molecular mechanism of BC progression [172].

Moreover, lncRNA long intergenic non-protein coding 
RNA 958 (LINC00958) was also reported to be upregu-
lated in BC tissues and could promote breast cancer 
tumorigenesis via the miR-378a-3p/YY1 axis. Mechanis-
tically, m6A writer METTL3-mediated m6A modifica-
tion promoted the upregulation of lncRNA LINC00958 
through improving its stability. Upregulated LINC00958 
then mediated post-transcriptional regulation by serv-
ing as a ceRNA for miR-378a-3p to positively regulate 
YY1 [173]. Furthermore, it has been proved that YY1 
could promote cell proliferation via the LINC00673/
miR-515-5p/microtubule affinity regulating kinase 4 
(MARK4)/Hippo signaling pathway [174]. Yes-associ-
ated protein 1 (YAP) and transcriptional coactivator 
with PDZ-binding motif (TAZ) are two major effectors 
of Hippo pathway. YAP/TAZ cooperate with transcrip-
tional enhanced associate domains (TEADs) to enhance 
the transcription of growth promoting factors including 
MYC, cyclin D, which further promotes cell proliferation. 
Phosphorylation of YAP/TAZ will inhibit the promoting 
effect, while MARK4 could remove this inhibition [174]. 
Taken together, m6A-modified LINC00958 significantly 
promotes BC cell proliferation via the miR-378a-3p/YY1 
axis, which indicates a potential target for breast cancer 
detection and treatment [173]. (Fig. 6)

Hematological malignancies
Hematological malignancy are usually malignant dis-
eases of the blood system. Common blood tumors mainly 
include various types of leukemia, multiple myeloma, and 
malignant lymphoma [175]. Thus far, emerging investiga-
tions have explored the role of m6A modified lncRNAs 
in diffuse large B cell lymphoma, leukemia and chronic 
myelocytic leukemia.

Diffuse large B cell lymphoma
Diffuse large B cell lymphoma (DLBCL) is a subtype of 
lymphoma, which accounts for about 30% of all cases 
of non-Hodgkin’s lymphoma with an estimated 150,000 
new cases annually worldwide [176]. Recent studies 
have demonstrated that lncRNA translation regulatory 
long non-coding RNA 1 (TRERNA1) was upregulated in 
DLBCL tissues and was closely associated with the poor 
prognosis of DLBCL patients [177]. In terms of mecha-
nism, m6A eraser ALKBH5-mediated demethylation 
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on TRERNA1 significantly increased the stability and 
regulation of TRERNA1. Upregulated TRERNA1 then 
interacted with EZH2, a core subunit of PRC2, and 
upregulated its expression, which further catalyzed the 
trimethylation of H3K27me3 to epigenetically silenced 
the expression of the cyclin-dependent kinases inhibi-
tor p21, leading to enhanced cell proliferation of DLBCL 
cells [177]. Taken together, TRERNA1 may provide a 
novel target for the diagnosis and treatment of DLBCL.

Leukemia
Leukemia, also known as blood cancer, is a malignant 
tumor of the hematopoietic system caused by abnormal 
functioning of the blood-forming tissue in the bone mar-
row caused by a mutation of DNA in the cells. Chronic 
myeloid leukemia (CML) is a typical subtype of leukemia 
accounting for 20% of all adult leukemias with a large 
number of immature white blood cells accumulating in 
the bone marrow, which inhibits the normal hematopoie-
sis of the bone marrow [178, 179]. Till now, assessing the 
presence of Philadelphia chromosome is still the main 
diagnose factor. Though some molecular abnormalities 
and cancer-associated mutations have been found to fre-
quently emerge during the transformation to accelerated 
phase or blast phase, more mechanism studies are still 
needed for future clinical applications [179]. Recently, 
m6A modification of lncRNA NEAT1 was found to regu-
late CML progression, overexpression of NEAT1 could 
mediate cell viability inhibition and apoptosis promotion 
of CML cells [180]. The expression level of NEAT1 was 

found to be significantly downregulated and METTL3-
mediated m6A modification was proved to be the reason 
of the aberrant expression of NEAT1. In terms of mecha-
nism, NEAT1 might function via a miR-766-5p/cyclin 
dependent kinase inhibitor 1 A (CDKN1A) axis. In CML 
cells, miR-766-5p was upregulated and its target gene 
CDKN1A was downregulated. Both of the upregula-
tion of miR-766-5p and the downregulation of CDKN1A 
was proved to reverse the CML inhibition mediated by 
NEAT1 [180]. Taken together, NEAT1 may act an impor-
tant role in CML treatment, but more studies are prereq-
uisite to reveal its mechanisms.

Acute myeloid leukemia (AML) is another subtype 
of leukemia characterized by malignant proliferation 
of immature bone marrow stem cells in the bone mar-
row and peripheral blood [181]. Recently, m6A-related 
lncRNAs were found to predict prognosis and indicate 
immune microenvironment in AML. FM Zhong et al. 
identified the risk signals related to prognosis of AML 
patients by using LASSO regression and then con-
structed a risk model for independent prediction of over-
all survival in AML patients based on 15 m6A-related 
lncRNAs, including AC025430.1, AFF2-IT1, LINC02593, 
AC000120.2, AL158163.1, AC048382.1, AL391834, 
AC008770.3, AL133492.1, AC020916.2 and AJ239328.1. 
This risk model showed great correlation with clini-
copathological factors and immune infiltration levels, 
which could independently predict AML prognosis, indi-
cating a novel insight in AML treatment [182].

Fig. 6  M6A-modified lncRNAs in breast cancer. LINC00958 may promote breast cancer cell proliferation via METTL3/LINC00958/miR-378a-3P/YY1/
LINC00673/miR-515-5P/MARK4/Hippo axis; MIR210HG promotes breast cancer cell proliferation via MYCN/IGF2BP1/MIR210HG/miR-210 axis
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Bone and soft tissue tumors
Bone and soft tissue tumors are neoplasms formed by 
proliferation and abnormal differentiation of normal 
musculoskeletal cells under the long-term action of dif-
ferent initiating and promoting factors. For bone tumors, 
most of the cases are benign, like osteoid osteoma, osteo-
chondroma and nonossifying fibroma, while malignant 
bone tumors are mostly osteosarcomas and Ewing sar-
coma family of tumors. For soft tissue tumors, the most 
common of which include lipomas, hemangiomas, giant 
cell tumors of tendon sheath and rhabdomyosarcoma 
[183]. Till now, several pilot studies have proved the exis-
tence of m6A-modified lncRNAs in osteosarcoma and 
skin cutaneous melanoma.

Osteosarcoma
Osteosarcoma is one of the primary bone malignancies 
that always occur in children, adolescents and young 
adults. It is an aggressive tumor that occurs from primi-
tive transformed cells of mesenchymal origin that exhib-
its osteoblastic differentiation and produces malignant 
osteoid. Till now, because of the lack of efficient early 
diagnosis, the 5-year-survival rate and prognosis of 
osteosarcoma patients still remain unsatisfactory [184]. 
Though osteosarcoma is one of the earliest identified 
hominin malignancies, there is very few lack specific 
tumor markers for osteosarcoma. Lactate dehydrogenase 
and alkaline phosphatase were found to be obviously 
elevated in some osteosarcoma patients, but more large 
cohort studies are still needed for further validation 
[185]. As both of m6A methylation and lncRNAs have 
been already found to regulate osteosarcoma tumorigen-
esis, m6A-modified lncRNAs may bring a novel insight in 
osteosarcoma diagnosing and treatment. For example, to 
better diagnose and cure osteosarcoma, researchers have 
conducted several models based m6A-modified lncRNAs 
to predict the occurrence and prognosis of osteosarcoma. 
ZG Wu et al. identified 25 m6A-meidated lncRNAs that 
displayed different expression between osteosarcoma 
tissues and normal tissues, among which the expression 
levels of ZBTB32 and DEPTOR were downregulated in 
osteosarcoma tissues and SPAG4 was the opposite, which 
might be potential remodeling indicators in the tumor 
microenvironment and prognostic markers in osteosar-
coma [186]. Additionally, D Zheng et al. conducted a risk 
signature based on six m6A-modified lncRNAs, includ-
ing AP003119.2, LINC01816, AL139289.1, AC004812.2, 
AC005785.1 and AL353804.1, which harbored a promis-
ing ability to predict the overall survival of osteosarcoma 
patients. Further experiments indicated that AC004812.2 
might be an effective prognostic biomarker and thera-
peutic target in osteosarcoma [187].

FOXD2 adjacent opposite strand RNA 1 (FOXD2-AS1) 
was another m6A-modified lncRNA that acted a critical 

role in osteosarcoma progression. Clinically, osteosar-
coma patients with higher FOXD2-AS1 expression had a 
poorer prognosis compared to those with lower FOXD2-
AS1 expression. Further study revealed that m6A writer 
WTAP mediated m6A methylation on the 3ʹ-UTR of 
FOXD2-AS1 in nucleus, which enhanced the stability 
of FOXD2-AS1 transcripts. FOXD2-AS1 then medi-
ated post-transcriptional regulation by directly binding 
to forkhead box M1 (FOXM1) mRNA through its m6A 
sites and formed a FOXD2-AS1/m6A/FOXM1 complex 
to intensify FOXM1 mRNA stability [188]. FOXM1 has 
been proved to function via promoting the expression 
of c-Jun N-terminal kinase (JNK1) and matrix metal-
loproteinase 2 (MMP-2) in osteosarcoma. On the one 
hand, promoted JNK1 could induce the G1/S transition 
to facilitate cell proliferation. On the other hand, pro-
moted JNK1 could induce the expression of MMP-9, 
which together with MMP-2 implicated in tumor cell 
invasion and metastasis by degrading the extracellular 
matrix [189]. In conclusion, FOXD2-AS1 could promote 
both cell proliferation and metastasis in osteosarcoma 
progression.

In addition, a well-known oncogenic lncRNA plasma-
cytoma variant translocation 1 (PVT1) was also found to 
be upregulated in osteosarcoma tissues and cells, whose 
expression significantly correlated with clinical stage, 
tumor size, and prognosis of osteosarcoma patients. 
Further investigation revealed that the upregulation of 
PVT1 was due to the interaction between m6A eraser 
ALKBH5 and PVT1. ALKBH5 removed the m6A modi-
fication on PVT1, which inhibited the binding of reader 
protein YTHDF2 in PVT1 and further suppresses PVT1 
degradation [190]. Upregulated PVT1 then promoted 
osteosarcoma metastasis via a miR-486/protein kinase C 
delta S homeolog PKC-δ axis. PVT1 sponges miR-486, 
which relieved miR-486-mediated PKC-δ signaling path-
way silencing [191, 192]. PKC-δ was a key regulator in 
cell cycle progression that could be activated by diacyl-
glycerol (DAG) and functioned by regulating the expres-
sion of cyclins and cyclin-dependent kinases (CDKs), 
and miR-486 could inhibit CDK4 and CDK6 by silencing 
PKC-δ [192, 193]. Taken together, this ALKBH5/PVT1/
miR-486/PKC-δ axis significantly induced the malignant 
progression of osteosarcoma, indicating a novel target in 
osteosarcoma detection and treatment (Fig. 7).

Skin cutaneous melanoma
Skin cutaneous melanoma (SKCM) is a common subtype 
of melanoma whose incidence kept rising more rapidly 
than any other solid tumor in the past few decades [194]. 
As a malignant cancer, the median survival and 5 years 
survival rate of SKCM patients still remain unsatisfac-
tory, which urgently calls effective biomarkers for prog-
nosis and new therapeutic targets. Recently, researchers 
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proved that m6A-related lncRNAs may act as potential 
biomarkers for SKCM Prognosis. SY Huang et al. used 
univariate Cox regression analysis to test all the 1086 
m6A-related lncRNAs in SKCM and filtered 130 inde-
pendent prognostic lncRNAs. Among which LASSO 
analysis was used to generate an m6A-associated lncRNA 
model (m6A-LncM) that contains 24 lncRNAs, includ-
ing RP11-775D22.3, RP11-383l23.2, RP11-10L12.4, 
GS1-204l12.4, RP1-149A16.17, XXbac-BPG252P9.10, 
JPX, RP11-326l11.3, RP11-247L20.4, STK4-AS1, CTD-
2291D10.4, RP11-483P21.2, LINC01150, RP11-539L10.2, 
WAC-AS1, CTD-2647L4.4, CTA-384D8.34, RP11-
480l12.7, AC018464.3, LRP4-AS1, RP11-341A22.2, 
RP11-21l10.2, RP13-379O24.3 and CTD-3064M3.4. All 
these 24 lncRNAs are significantly associated with overall 
survival and Stratified survival analysis showed that this 
model retains its prognostic efficacy in recurrence, radia-
tion therapy and other subgroups, which provides a new 
insight to improve the prognosis of SKCM [195].

Nervous system cancers
Nervous system cancers are a heterogeneous group of 
neoplasms with varied outcomes and management strat-
egies that range from pilocytic astrocytoma, which are 
very uncommon, noninvasive, and surgically curable, to 
glioblastoma, the most common malignant brain tumor 
in adults, which is highly invasive and virtually incur-
able [196]. Thus far, the important role of m6A modified 
lncRNAs has been implicated in glioma and its subtype 
glioblastoma.

Glioma
Gliomas are the most common and fatal type of malig-
nant tumor of the central nervous system. Basically, glio-
mas are divided into two kinds: circumscribed gliomas 
and diffuse gliomas. Circumscribed gliomas are mostly 
regarded as benign, which can be cured by complete 
resection. Diffuse gliomas are almost impossible to be 
cured by resection alone. Clinically, several diagnos-
tic molecular markers have been used to classify diffuse 
gliomas, like IDH, MGMT and BRAF [197]. Herein, sev-
eral research showed a potential role of m6A-modified 
lncRNAs as biomarkers in glioma diagnosing and ther-
apy. ZW Tu et al. recently explored the m6A-related 
lncRNAs in glioma by Pearson correlation analysis and 
then performed univariate Cox regression analysis to 
screen their prognostic roles in glioma patients. Finally, 
they constructed a m6A-related lncRNA prognostic sig-
nature (m6A-LPS) with 9 m6A-related lncRNAs, includ-
ing C6orf3, LINC00237, LINC00925, LINC00152, 
RP4-758J18.2, RP4-773N10.4, LINC00265, LINC00665, 
RP11-443B20.1. This m6A-LPS showed a robust prognos-
tic ability in the stratification analysis, indicating a novel 
insight in glioma treatment [198].

Glioblastoma (GBM) is the most common and devas-
tating primary malignant subtype of glioma. Even with 
surgical resection and the use of highly aggressive thera-
pies, recurrence is inevitable, and the median survival of 
GBM patients is only 1 year [199]. To improve the out-
comes of GBM patients, new diagnostic and therapeutic 
scheme can be urgently needed. Recently, lncRNA cancer 
susceptibility 9 (CASC9) was found to be significantly 
upregulated in GBM tissues and its ectopic high expres-
sion was associated with poor survival, which acted as an 

Fig. 7  M6A-modified lncRNAs in osteosarcoma. FOXD2-AS1 promotes osteosarcoma cell proliferation and metastasis via WTAP/FOXD2-AS1/FOXM1/
JNK1/MMP-2/MMP-9 axis; PVT1 promotes osteosarcoma cell proliferation via ALKBH5/PVT1/miR-486/PKC-δ axis

 



Page 22 of 30Tang et al. Biomarker Research           (2023) 11:42 

independent prognostic factor for GBM patients [200]. 
Further mechanism assays showed that m6A reader 
IGF2BP2 directly bound to the m6A site of CASC9 and 
enhanced its stability, which resulted in the upregulation 
of CASC9 in GBM. Overexpressed CASC9 then cooper-
ated with IGF2BP2 to form a CASC9/IGF2BP2 complex, 
which further increased the Hexokinase 2 (HK2) mRNA 
stability, leading to accelerated aerobic glycolysis [200]. In 
a word, this CASC9/IGF2BP2/HK2 axis significantly pro-
moted the aerobic glycolysis of GBM, indicating a poten-
tial role in GBM detection and treatment.

Other malignancies
In this last part, we summarized the m6A-modified 
lncRNAs in squamous cell carcinomas (SCCs). SCCs are 
a group of cancers that originate from squamous and 
non-squamous epithelial tissues. Based on the location 
where they appear, SCCs can be classified into different 
types, like skin, head and neck, esophagus, lung and cer-
vix [201]. Till now, m6A-modified lncRNAs have been 
proved to exist in head and neck SCCs (HNSCCs) and its 
subtypes: oral SCCs and laryngeal SCCs.

HNSCCs are the seventh most common type of can-
cers worldwide that arise in the head and neck, which 
often develop from the mucosal epithelium in the oral 
cavity, pharynx and larynx [202]. Recently, ZY Feng et al. 
identified 29 m6A-modified lncRNAs that are perspective 
and highly correlated with a positive prognosis. Among 
which LASSO regression analysis was conducted and 
four important m6A-modified lncRNAs were identified, 
including GRHL3-AS1, AL121845.4, AC116914.2 and 
AL513190.1. A risk signature was conducted from these 
four lncRNAs and the risk signature score could predict 
survival rates and discriminate prognosis of HNSCC 
patients to a certain extent. Meanwhile, the risk score 
also correlated to clinicopathological factors, clusters and 
immune-scores in HNSCC, indicating a remarkable value 
for predicting HNSCC patient prognosis [203].

In addition, lncRNA LNCAROD was found to be 
upregulated in HNSCC tissues and correlates to advanced 
T stage and shortened overall survival. Functional stud-
ies showed that overexpression of LNCAROD could 
promote cell proliferation and mobility in vitro, tumori-
genicity in vivo, while inhibition of LNCAROD exerted 
opposite effects. Mechanistically, m6A methylation medi-
ated by METTL3 and METTL14 enhanced the stability of 
LNCAROD in HNSCC cells, resulting LNCAROD upreg-
ulation. Overexpressed LNCAROD mainly distributed in 
nucleus and acts as a bridge between Y-box binding pro-
tein 1 (YBX1) and heat shock protein family A (Hsp70) 
member 1 A (HSPA1A), which facilitated YBX1-HSPA1A 
interaction to protect YBX1 from proteasomal degrada-
tion, leading to promoted malignant development of 
HNSCC. These findings indicated that LNCAROD is an 

oncogenic lncRNA in HNSCC and dysregulation of m6A 
modification could facilitate the oncogenic function, sug-
gesting that m6A-modified LNCAROD might serve as a 
potential detective biomarker and therapeutic target of 
HNSCC [204].

Oral SCCs (OSCC) is the most common subtype of 
HNSCC that arises in oral mucosa, smoking and drink-
ing have been proved to be the main risk factors of OSCC 
[205]. Most OSCC patients are detected at the late-
stage and the overall prognosis of OSCC is poor, which 
urgently calls effective diagnostic methods and therapeu-
tic schedules [115]. Recently, Q Yang et al. identified 16 
m6A-modified lncRNAs that were associated with OSCC 
patients’ survival prognosis, including AC079684.2, 
AC092115.4, LINC01644, LINC01410, AL355574.1, 
AC091271.1, AC006449.5, LINC00630, ALMS1-lT1, 
LINC00992, AC099850.4, AC005288.1, AC107027.3, JPX, 
LINC01775 and PTOV1-AS1. These lncRNAs were also 
found to correlate with several cancer metastasis genes, 
including Src, Myc and c-Myb. A reliable m6A-related 
lncRNA prognostic model for OSCC patients was fur-
ther demonstrated based on these lncRNAs, suggesting a 
great value in OSCC treatment [206].

Moreover, JL Li et al. found that METTL14 and 
lncRNA MALAT1 were both upregulated in OSCC tis-
sues, silencing of METTL14 significant inhibited the 
viability and cell proliferation of OSCC cells. Further 
study showed that METTL14 mediated m6A methyla-
tion on MALAT1, which facilitated MALAT1 expression. 
Overexpressed MALAT1 then targeted to miR-224-5p 
and decreased its expression, which further enhanced 
lysine demethylase 2  A (KDM2A) transcription, leading 
to promoted OSCC tumorigenesis. Taken together, this 
METTL14/MALAT1/miR-224-5p/ KDM2A axis signifi-
cantly facilitated OSCC progression, indicating a novel 
diagnostic and therapeutic target [207].

Laryngeal SCCs (LSCC) is the second common sub-
type of HNSCC and the most common pathological sub-
type of laryngeal carcinoma, with 184,615 new cases and 
99,840 new deaths in 2020 [115, 208]. LncRNA KCNQ1 
overlapping transcript 1 (KCNQ1OT1) was found to be 
low m6A methylated and upregulated in LSCC tissues. 
Depletion of KCNQ1OT1 could significantly inhibit 
cell proliferation, migration and invasion of LSCC Cells, 
while overexpression of KCNQ1OT1 enhanced LSCC 
growth and metastasis. Mechanistically, ALKBH5 medi-
ated m6A methylation on KCNQ1OT1 and YTHDF2 
then recognized the m6A sites, which promoted 
KCNQ1OT1 expression. Upregulated KCNQ1OT1 then 
directly bound to homeobox A9 (HOXA9) and induced 
its expression to further trigger the development of 
LSCC. This m6A/ KCNQ1OT1/ HOXA9 axis may pro-
vide a new insight in LSCC diagnosis and treatment 
[209].
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Diagnostic and therapeutic applications of 
m6A-modified lncRNAs in cancer treatment
Given to the significant roles of m6A-modified lncRNAs 
in cancer metastasis, cell proliferation, angiogenesis, gly-
colysis and drug resistance, m6A-modified lncRNA may 
have a great potential to serve as a new diagnostic bio-
marker and therapeutic target in cancer treatment.

As we mentioned before, several m6A-modified 
lncRNAs have been proved to be differently expressed 
in cancer tissues, for example, upregulated LINC00958 
in HCC tissues [118], downregulated NEAT1 in RCC 
tissues [158], and upregulated FOXD2-AS1 in osteosar-
coma tissues [188]. More important, the expression level 
of these m6A-modified lncRNAs were proved to be able 
to indicate the survival rate of patients, suggesting a great 
potential in monitoring the cancer progression. What’s 
more, with the developing of m6A RIP-seq and other sec-
ond-generation sequencing technologies, detecting the 
expression level of specific m6A-modified lncRNAs can 
be convenient and fast, which makes the idea of using 
m6A-modified lncRNAs as biomarkers technically fea-
sible [210]. Till now, there are already several research 
have put this idea into practice, for instance, L Shan et 
al. conducted a risk model consist of five m6A-modified 
lncRNAs to predict the immune cell infiltration level 
in UCEC tissues [148], D Zheng et al. conducted a risk 
signature based on six m6A-modified lncRNAs to pre-
dict the overall survival of osteosarcoma patients [187]. 
Collectively, these findings provide a new insight for the 
application of m6A-modified lncRNAs in cancer diagno-
sis and prognosis.

In cancer treatment, m6A-modified lncRNAs and their 
associated proteins may also provide new therapeutic 
targets. As noted earlier, changing the expression level 
of specific m6A-modified lncRNA can significantly alter 
tumor progression. For example, silencing of FOXD2-
AS1 significantly inhibited cervical cancer growth [145], 
indicating a potential application of FOXD2-AS1 in cer-
vical cancer treatment. There are also researches have 
proposed some new therapeutic methods, say, XL Zu 
et al. developed a novel PLGA-based nanoplatform 
encapsulating si-LINC00958 for HCC systemic admin-
istration, which showed satisfactory antitumor efficacy 
in HCC PDX models [118]. Chuandong Lang et al. tar-
geted PCAT6 with antisense oligonucleotides (ASO), 
which showed great therapeutic potential against the 
bone metastasis of prostate cancer [89]. Moreover, as 
almost all of these m6A-modified lncRNAs are differ-
ently expressed in a m6A-related manner, regulating the 
level of specific m6A writer, reader or eraser can also 
be a great manner in cancer treatment. For instance, in 
ESCC cells, FTO mediated the m6A demethylation of 
LINC00022 and promoted LINC00022 expression in an 
YTHDF2-dependent manner, upregulated LINC00022 

then promoted the cell proliferation and tumor growth of 
ESCC [116]. In this axis, inhibiting the expression level of 
m6A eraser FTO and m6A reader YTHDF2 or inducing 
the expression level of m6A writer like METTL3 may be a 
feasible treatment method of ESCC. In addition, as men-
tioned before, P. Cody He et al. recently identified EJCs 
as m6A suppressors, which could inhibit the m6A meth-
ylation of exon junction-proximal RNA within coding 
sequences [4]. This epoch-making discovery significantly 
supplements the current understanding of m6A methyla-
tion progression, which may provide some new regulat-
ing methods of m6A level in lncRNAs. Taken together, 
these findings afford new opportunities for the utilization 
of m6A-modified lncRNAs as therapeutic targets in can-
cer treatment.

Conclusion and future perspective
In this review, we summarized the physiological func-
tions of m6A regulators, biogenesis and biological func-
tions of m6A target lncRNAs and, most importantly, the 
identified m6A-modified lncRNAs in cancers of eight 
organ systems and their roles in tumorigenesis. As for 
m6A regulators, writers can mediate m6A methylations 
on targeted RNAs while erasers can eliminate these mod-
ifications. Readers then recognize the m6A changes on 
RNAs and affect their splicing, transport, degradation, 
translation and other biological processes. For lncRNAs, 
RNA Pol II and general transcription factors transcribed 
lncRNAs have been proved to act an important role in 
epigenetic modification, transcriptional regulation, post-
transcriptional regulation, translational regulation and 
post-translational regulation. Furthermore, dysregulation 
of m6A-modified lncRNAs and their regulatory proteins 
have been widely found in numerous kinds of cancers, 
which indicates a new insight in cancer diagnosis and 
treatment.

To clinically use m6A-modified lncRNAs as diagnos-
tic biomarkers, there are still several questions to be 
addressed. First, one m6A-modified lncRNA can exist in 
several different cancers. For example, LNCAROD was 
found to be upregulated both in HCC and HNSCC tis-
sues, and the upregulation of LNCAROD showed malig-
nant tumorigenesis and poor prognosis in both two 
cancers [98, 204]. It is important to exclude the inter-
ference of other tumors in early diagnosis of certain 
tumor by adopting m6A-modified lncRNAs as potential 
biomarkers.

Second, as several m6A-related lncRNAs signatures and 
risk models have been conducted to predict the progno-
sis of cancers, the biological function of the lncRNAs 
in these signatures and models still remain to be eluci-
dated. For example, Zheng et al. conducted a prognostic 
signature in OC detection based on four m6A-modified 
lncRNAs AC010894.3, ACAP2-IT1, CACNA1G-AS1 and 
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UBA6-AS1, but the specific functions and mechanisms of 
these lncRNAs have not been annotated [150]. As men-
tioned above, m6A-modified lncRNAs can function in 
various aspects to regulate cancer progression, including 
metastasis, cell proliferation, angiogenesis, glycolysis and 
drug resistance. Despite a set of breakthroughs have been 
made in this field, more rigid studies are still needed to 
further unveil the specific clinicopathologic significance 
and underlying mechanism of m6A-modified lncRNAs 
in cancers. Functional and mechanical studies on these 
lncRNAs may help to better understand the progression 
and of m6A methylation in cancers and further provide 
more potential detective biomarkers and therapeutic 
targets.

Third, as an essential constituent part of tumorgen-
esis, unusual angiogenesis can be widely found in most 
of solid cancers, which has already been an important 
indicator of cancer progression. Furthermore, research 
has also revealed that lots of lncRNAs exert a vital role 
in cancer angiogenesis. For example, a small regulatory 
peptide of STAT3 (ASRPS) was found to inhibit triple-
negative breast cancer angiogenesis, and lncRNA cer-
vical cancer associated DHX9 suppressive transcript 
(lnc-CCDST) was found to regulate angiogenesis of cer-
vical cancer [211, 212]. But for m6A-modified lncRNAs, 
only one lncRNA, namely lnc-CTHCC, was reported 
to promote angiogenesis in HCC [96]. The interaction 
between m6A-modified lncRNAs and cancer angiogen-
esis may be worthy of in-depth investigations.

Last, it should be noted that most of previous studies 
on m6A-modified lncRNAs in cancers are based on in 
vitro assay and bioinformatic analysis, while animal stud-
ies or multi-center, large clinical cohort are still lacking. 
Therefore, more in vivo experiments or clinical stud-
ies with large sample size are still necessary for further 
validation.
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LSCC	� Laryngeal squamous cell carcinoma
m1A	� N1-methyladenosine
m5C	� 5-methylcytosine
m6A	� N6-methyladenosine
m6A-LncM	� m6A-associated lncRNA model
m6A-LPS	� M6A-related lncRNA prognostic signature
m6A-LRS	� M6A-related lncRNAs prognostic score
m6A-RLPS	� M6A-related lncRNAs prognostic signatures
MALAT1	� Metastasis-associated lung adenocarcinoma transcript 1
MAPK	� Mitogen activated kinase-like protein
MDM2	� MDM2 proto-oncogene
METTL3	� Methyltransferase-like 3
METTL14	� Methyltransferase-like 14
METTL16	� Methyltransferase-like 16
MIR210HG	� MIR210 host gene
miRNA	� MicroRNA
MM	� Multiple myeloma
MMP-2	� Matrix metalloproteinase 2
mRNA	� Message RNA
MTC	� Methyltransferase complex
MYC	� Myelocytomatosis
MYCN	� MYCN proto-oncogene, bHLH transcription factor
NEAT1	� Nuclear-enriched abundant transcript 1
NPC	� Nasopharyngeal carcinoma
NS	� Nuclear speckle
NSCLC	� Non-small-cell lung cancer
nt	� Nucleotides
OSCC	� Oral squamous cell carcinoma
PC	� Pancreatic cancer
PCAT6	� Prostate cancer associated transcript 6
PDAC	� Pancreatic ductal adenocarcinoma
PGK1	� Phosphoglycerate kinase 1
PI3K/AKT	� Phosphatidylinositol 3-kinase/AKT serine/threonine kinase
PIK3CA	� Phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic 

subunit alpha
PIK3CD	� Phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic 

subunit delta
PIC	� Pre-initiation complex
PKC-δ	� Protein kinase C delta S homeolog
PKM2	� Pyruvate kinase M2
Pol I	� RNA polymerase I
PRC2	� Polycomb Repressive Complex 2
PTBP1	� Polypyrimidine tract binding protein 1
PTC	� Papillary thyroid carcinoma
PVT1	� Plasmacytoma variant translocation 1
RBM15/15B	� RNA-binding motif protein 15/15B
RCC	� Renal cell carcinoma
REST	� RE1 silencing transcription factor
RGG	� RRM and Arg-Gly-Gly
RHPN1-AS1	� RHPN1 antisense RNA 1
RNPII	� RNA Polymerase II
RP11	� RP11-138 J23.1
RUNX2	� RUNX family transcription factor 2
SCC	� Squamous cell carcinoma
SCLC	� Small-cell lung cancer
SHARP	� SMART/HDAC1-associated repressor protein
Siah1	� Siah E3 ubiquitin protein ligase 1
SIRT6	� Sirtuin 6
SKCM	� Skin cutaneous melanoma
SLC2A1	� Solute carrier family 2 member 1
SLERT	� SnoRNA-ended lncRNA that enhances pre-rRNA 

transcription

SMART	� Silencing mediator for retinoid and thyroid hormone 
receptor

snoRNA	� Small nucleolar RNA
SOX4	� SRY-related HMG box transcription factor 4
SP1	� Sp1 transcription factor
SPHK1	� Sphingosine kinase 1
SRSF3	� Serine and arginine rich splicing factor 3
SRSF10	� Serine and arginine rich splicing factor 10
ssDNA	� Single-stranded DNA
STAU1	� Staufen 1
SNHG1	� Small nucleolar RNA host gene 1
SVIL-AS1	� SVIL antisense RNA 1
TAFs	� TBP-associated factors
TBP	� TATA-binding protein
TC	� Thyroid cancer
TF	� Transcription factor
THAP7-AS1	� THAP7 antisense RNA 1
TRERNA1	� Translation regulatory long non-coding RNA 1
UCEC	� Uterine corpus endometrial carcinoma
VIRMA	� Vir like m6A methyltransferase associated
WHO	� World Health Organization
WTAP	� WT1 associated protein
WTAPP1	� Wilms tumor 1 associated protein pseudogene 1
XCI	� X-chromosome inactivation
XIST	� X inactive specific transcript
YAP	� Yes-associated protein
YAP1	� Yes1 associated transcriptional regulator
YTH	� YT521-B homology
YTHDC1	� YTH domain containing 1
YTHDC2	� YTH domain containing 2
YTHDF1	� YTH domain family protein 1
YTHDF2	� YTH domain family protein 2
YTHDF3	� YTH domain family protein 3
YY1	� YIN‑YANG‑1
YBX1	� Y-box binding protein 1
ZC3H13	� Zinc finger CCCH-type containing 13
Zeb1	� Zinc finger E-box binding homeobox 1
ZFAS1	� ZNFX1 antisense RNA 1

Acknowledgements
Not applicable.

Author’ contributions
CT and ZHL conceived and designed the work. JXT, JHZ, YL, JYH, HW, and BFL 
collected and analyzed the relevant reports. JXT wrote the paper. CT and ZHL 
provided substantial contributions to improve the content of the article. All 
authors have read and approved the manuscript.

Funding
This work was supported by the National Natural Foundation of China 
(82272664, 81902745), Hunan Provincial Natural Science Foundation of China 
(2022JJ30843), the Science and Technology Development Fund Guided by 
Central Government (2021Szvup169), Hunan Provincial Administration of 
Traditional Chinese Medicine Project (D2022117), the Scientific Research 
Program of Hunan Provincial Health Commission (B202304077077), and the 
Rehabilitation Project of Hunan Disabled Persons’ Federation (2022XK0215).

Availability of data and materials
The data used to support this study are included within the article.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
All authors have agreed on the contents of the manuscript.

Competing interests
The authors declare no conflict of interest.



Page 26 of 30Tang et al. Biomarker Research           (2023) 11:42 

Received: 2 December 2022 / Accepted: 11 April 2023

References
1.	 Zhao LY, Song J, Liu Y, Song CX, Yi C. Mapping the epigenetic modifications of 

DNA and RNA. Protein Cell. 2020;11(11):792–808.
2.	 Shi H, Chai P, Jia R, Fan X. Novel insight into the regulatory roles of diverse 

RNA modifications: re-defining the bridge between transcription and transla-
tion. Mol Cancer. 2020;19(1):78.

3.	 Desrosiers R, Friderici K, Rottman F. Identification of methylated nucleosides 
in messenger RNA from Novikoff hepatoma cells. Proc Natl Acad Sci U S A. 
1974;71(10):3971–5.

4.	 He PC, Wei J, Dou X, Harada BT, Zhang Z, Ge R et al. Exon architecture controls 
mRNA m(6)A suppression and gene expression.Science. 2023:eabj9090.

5.	 Jiang X, Liu B, Nie Z, Duan L, Xiong Q, Jin Z, et al. The role of m6A modifica-
tion in the biological functions and diseases. Signal Transduct Target Ther. 
2021;6(1):74.

6.	 Derrien T, Johnson R, Bussotti G, Tanzer A, Djebali S, Tilgner H, et al. The 
GENCODE v7 catalog of human long noncoding RNAs: analysis of their gene 
structure, evolution, and expression. Genome Res. 2012;22(9):1775–89.

7.	 Xu J, Bai J, Zhang X, Lv Y, Gong Y, Liu L, et al. A comprehensive overview of 
lncRNA annotation resources. Brief Bioinform. 2017;18(2):236–49.

8.	 Bonilauri B, Dallagiovanna B. Microproteins in skeletal muscle: hidden keys in 
muscle physiology. J Cachexia Sarcopenia Muscle. 2022;13(1):100–13.

9.	 Anderson DM, Anderson KM, Chang CL, Makarewich CA, Nelson BR, McAnally 
JR, et al. A micropeptide encoded by a putative long noncoding RNA regu-
lates muscle performance. Cell. 2015;160(4):595–606.

10.	 Kopp F, Mendell JT. Functional classification and experimental dissection of 
long noncoding RNAs. Cell. 2018;172(3):393–407.

11.	 Engreitz JM, Haines JE, Perez EM, Munson G, Chen J, Kane M, et al. Local regu-
lation of gene expression by lncRNA promoters, transcription and splicing. 
Nature. 2016;539(7629):452–5.

12.	 Carninci P, Kasukawa T, Katayama S, Gough J, Frith MC, Maeda N, et al. 
The transcriptional landscape of the mammalian genome. Science. 
2005;309(5740):1559–63.

13.	 Kong X, Duan Y, Sang Y, Li Y, Zhang H, Liang Y, et al. LncRNA-CDC6 promotes 
breast cancer progression and function as ceRNA to target CDC6 by spong-
ing microRNA-215. J Cell Physiol. 2019;234(6):9105–17.

14.	 Cao HL, Liu ZJ, Huang PL, Yue YL, Xi JN. lncRNA-RMRP promotes proliferation, 
migration and invasion of bladder cancer via miR-206. Eur Rev Med Pharma-
col Sci. 2019;23(3):1012–21.

15.	 Wu H, Liu B, Chen Z, Li G, Zhang Z, MSC-induced lncRNA. HCP5 drove 
fatty acid oxidation through miR-3619-5p/AMPK/PGC1α/CEBPB axis to 
promote stemness and chemo-resistance of gastric cancer. Cell Death Dis. 
2020;11(4):233.

16.	 Zeng F, Wang Q, Wang S, Liang S, Huang W, Guo Y, et al. Linc00173 promotes 
chemoresistance and progression of small cell lung cancer by sponging miR-
218 to regulate etk expression. Oncogene. 2020;39(2):293–307.

17.	 Li X, Yang Y, Liang L, Fan M, Li X, Feng N, et al. Effect of XBP1 Deficiency in 
Cartilage on the Regulatory Network of LncRNA/circRNA-miRNA-mRNA. Int J 
Biol Sci. 2022;18(1):315–30.

18.	 Olivero CE, Martínez-Terroba E, Zimmer J, Liao C, Tesfaye E, Hooshdaran N, et 
al. p53 activates the long noncoding RNA Pvt1b to inhibit myc and suppress 
tumorigenesis. Mol Cell. 2020;77(4):761–74e8.

19.	 Luo J, Wang K, Yeh S, Sun Y, Liang L, Xiao Y, et al. LncRNA-p21 alters the 
antiandrogen enzalutamide-induced prostate cancer neuroendocrine 
differentiation via modulating the EZH2/STAT3 signaling. Nat Commun. 
2019;10(1):2571.

20.	 Chen JF, Wu P, Xia R, Yang J, Huo XY, Gu DY, et al. STAT3-induced lncRNA 
HAGLROS overexpression contributes to the malignant progression of gastric 
cancer cells via mTOR signal-mediated inhibition of autophagy. Mol Cancer. 
2018;17(1):6.

21.	 Zaccara S, Ries RJ, Jaffrey SR. Reading, writing and erasing mRNA methylation. 
Nat Rev Mol Cell Biol. 2019;20(10):608–24.

22.	 Reichel M, Köster T, Staiger D, Marking RNA. m6A writers, readers, and func-
tions in Arabidopsis. J Mol Cell Biol. 2019;11(10):899–910.

23.	 He L, Li H, Wu A, Peng Y, Shu G, Yin G. Functions of N6-methyladenosine and 
its role in cancer. Mol Cancer. 2019;18(1):176.

24.	 Bokar JA, Shambaugh ME, Polayes D, Matera AG, Rottman FM. Purification 
and cDNA cloning of the AdoMet-binding subunit of the human mRNA 
(N6-adenosine)-methyltransferase. RNA. 1997;3(11):1233–47.

25.	 Liu J, Yue Y, Han D, Wang X, Fu Y, Zhang L, et al. A METTL3-METTL14 complex 
mediates mammalian nuclear RNA N6-adenosine methylation. Nat Chem 
Biol. 2014;10(2):93–5.

26.	 Ping XL, Sun BF, Wang L, Xiao W, Yang X, Wang WJ, et al. Mammalian WTAP is 
a regulatory subunit of the RNA N6-methyladenosine methyltransferase. Cell 
Res. 2014;24(2):177–89.

27.	 Cao G, Li HB, Yin Z, Flavell RA. Recent advances in dynamic m6A RNA modifi-
cation. Open Biol. 2016;6(4):160003.

28.	 Yankova E, Blackaby W, Albertella M, Rak J, De Braekeleer E, Tsagkogeorga 
G, et al. Small-molecule inhibition of METTL3 as a strategy against myeloid 
leukaemia. Nature. 2021;593(7860):597–601.

29.	 Ru W, Zhang X, Yue B, Qi A, Shen X, Huang Y, et al. Insight into m(6)a methyla-
tion from occurrence to functions. Open Biol. 2020;10(9):200091.

30.	 Wang Y, Li Y, Toth JI, Petroski MD, Zhang Z, Zhao JC. N6-methyladenosine 
modification destabilizes developmental regulators in embryonic stem cells. 
Nat Cell Biol. 2014;16(2):191–8.

31.	 Schöller E, Weichmann F, Treiber T, Ringle S, Treiber N, Flatley A, et al. Interac-
tions, localization, and phosphorylation of the m(6)a generating METTL3-
METTL14-WTAP complex. RNA. 2018;24(4):499–512.

32.	 Schwartz S, Mumbach MR, Jovanovic M, Wang T, Maciag K, Bushkin GG, et al. 
Perturbation of m6A writers reveals two distinct classes of mRNA methylation 
at internal and 5’ sites. Cell Rep. 2014;8(1):284–96.

33.	 Yue Y, Liu J, Cui X, Cao J, Luo G, Zhang Z, et al. VIRMA mediates preferential 
m(6)a mRNA methylation in 3’UTR and near stop codon and associates with 
alternative polyadenylation. Cell Discov. 2018;4:10.

34.	 Hu Y, Ouyang Z, Sui X, Qi M, Li M, He Y, et al. Oocyte competence is main-
tained by m(6)a methyltransferase KIAA1429-mediated RNA metabolism 
during mouse follicular development. Cell Death Differ. 2020;27(8):2468–83.

35.	 Patil DP, Chen CK, Pickering BF, Chow A, Jackson C, Guttman M, et al. M(6)a 
RNA methylation promotes XIST-mediated transcriptional repression. Nature. 
2016;537(7620):369–73.

36.	 Knuckles P, Lence T, Haussmann IU, Jacob D, Kreim N, Carl SH, et al. Zc3h13/
Flacc is required for adenosine methylation by bridging the mRNA-binding 
factor Rbm15/Spenito to the m(6)a machinery component Wtap/Fl(2)d. 
Genes Dev. 2018;32(5–6):415–29.

37.	 Wen J, Lv R, Ma H, Shen H, He C, Wang J, et al. Zc3h13 regulates nuclear RNA 
m(6)a methylation and mouse embryonic stem cell Self-Renewal. Mol Cell. 
2018;69(6):1028–38e6.

38.	 Růžička K, Zhang M, Campilho A, Bodi Z, Kashif M, Saleh M, et al. Identification 
of factors required for m(6) a mRNA methylation in Arabidopsis reveals a role 
for the conserved E3 ubiquitin ligase HAKAI. New Phytol. 2017;215(1):157–72.

39.	 Bawankar P, Lence T, Paolantoni C, Haussmann IU, Kazlauskiene M, Jacob D, et 
al. Hakai is required for stabilization of core components of the m(6)a mRNA 
methylation machinery. Nat Commun. 2021;12(1):3778.

40.	 Pendleton KE, Chen B, Liu K, Hunter OV, Xie Y, Tu BP, et al. The U6 snRNA m(6)a 
methyltransferase METTL16 regulates SAM synthetase Intron Retention. Cell. 
2017;169(5):824–35e14.

41.	 Warda AS, Kretschmer J, Hackert P, Lenz C, Urlaub H, Höbartner C, et al. 
Human METTL16 is a N(6)-methyladenosine (m(6)A) methyltransfer-
ase that targets pre-mRNAs and various non-coding RNAs. EMBO Rep. 
2017;18(11):2004–14.

42.	 Su R, Dong L, Li Y, Gao M, He PC, Liu W, et al. METTL16 exerts an m(6)
A-independent function to facilitate translation and tumorigenesis. Nat Cell 
Biol. 2022;24(2):205–16.

43.	 Wang X, Lu Z, Gomez A, Hon GC, Yue Y, Han D, et al. N6-methyl-
adenosine-dependent regulation of messenger RNA stability. Nature. 
2014;505(7481):117–20.

44.	 Dominissini D, Moshitch-Moshkovitz S, Schwartz S, Salmon-Divon M, Ungar L, 
Osenberg S, et al. Topology of the human and mouse m6A RNA methylomes 
revealed by m6A-seq. Nature. 2012;485(7397):201–6.

45.	 Xu C, Wang X, Liu K, Roundtree IA, Tempel W, Li Y, et al. Structural basis for 
selective binding of m6A RNA by the YTHDC1 YTH domain. Nat Chem Biol. 
2014;10(11):927–9.

46.	 Wang X, Zhao BS, Roundtree IA, Lu Z, Han D, Ma H, et al. N(6)-meth-
yladenosine modulates Messenger RNA translation efficiency. Cell. 
2015;161(6):1388–99.

47.	 Hsu PJ, Zhu Y, Ma H, Guo Y, Shi X, Liu Y, et al. Ythdc2 is an N(6)-methyl-
adenosine binding protein that regulates mammalian spermatogenesis. Cell 
Res. 2017;27(9):1115–27.



Page 27 of 30Tang et al. Biomarker Research           (2023) 11:42 

48.	 Du H, Zhao Y, He J, Zhang Y, Xi H, Liu M, et al. YTHDF2 destabilizes m(6)
A-containing RNA through direct recruitment of the CCR4-NOT deadenylase 
complex. Nat Commun. 2016;7:12626.

49.	 Chang G, Shi L, Ye Y, Shi H, Zeng L, Tiwary S, et al. YTHDF3 induces the transla-
tion of m(6)A-Enriched gene transcripts to promote breast Cancer brain 
metastasis. Cancer Cell. 2020;38(6):857–71e7.

50.	 Shi H, Wang X, Lu Z, Zhao BS, Ma H, Hsu PJ, et al. YTHDF3 facilitates 
translation and decay of N(6)-methyladenosine-modified RNA. Cell Res. 
2017;27(3):315–28.

51.	 Xiao W, Adhikari S, Dahal U, Chen YS, Hao YJ, Sun BF, et al. Nuclear m(6)a 
reader YTHDC1 regulates mRNA splicing. Mol Cell. 2016;61(4):507–19.

52.	 Mao Y, Dong L, Liu XM, Guo J, Ma H, Shen B, et al. M(6)A in mRNA coding 
regions promotes translation via the RNA helicase-containing YTHDC2. Nat 
Commun. 2019;10(1):5332.

53.	 Meyer KD, Patil DP, Zhou J, Zinoviev A, Skabkin MA, Elemento O, et al. 5’ UTR 
m(6)a promotes Cap-Independent translation. Cell. 2015;163(4):999–1010.

54.	 Liu N, Dai Q, Zheng G, He C, Parisien M, Pan T. N(6)-methyladenosine-depen-
dent RNA structural switches regulate RNA-protein interactions. Nature. 
2015;518(7540):560–4.

55.	 Liu N, Zhou KI, Parisien M, Dai Q, Diatchenko L, Pan T. N6-methyladenosine 
alters RNA structure to regulate binding of a low-complexity protein. Nucleic 
Acids Res. 2017;45(10):6051–63.

56.	 Zhou KI, Shi H, Lyu R, Wylder AC, Matuszek Ż, Pan JN, et al. Regulation of 
co-transcriptional Pre-mRNA splicing by m(6)a through the low-complexity 
protein hnRNPG. Mol Cell. 2019;76(1):70–81e9.

57.	 Alarcón CR, Goodarzi H, Lee H, Liu X, Tavazoie S, Tavazoie SF. HNRNPA2B1 
is a mediator of m(6)A-Dependent Nuclear RNA Processing events. Cell. 
2015;162(6):1299–308.

58.	 Wu B, Su S, Patil DP, Liu H, Gan J, Jaffrey SR, et al. Molecular basis for the 
specific and multivariant recognitions of RNA substrates by human hnRNP 
A2/B1. Nat Commun. 2018;9(1):420.

59.	 Huang H, Weng H, Sun W, Qin X, Shi H, Wu H, et al. Recognition of RNA N(6)-
methyladenosine by IGF2BP proteins enhances mRNA stability and transla-
tion. Nat Cell Biol. 2018;20(3):285–95.

60.	 Jia G, Fu Y, Zhao X, Dai Q, Zheng G, Yang Y, et al. N6-methyladenosine in 
nuclear RNA is a major substrate of the obesity-associated FTO. Nat Chem 
Biol. 2011;7(12):885–7.

61.	 Fu Y, Jia G, Pang X, Wang RN, Wang X, Li CJ, et al. FTO-mediated formation of 
N6-hydroxymethyladenosine and N6-formyladenosine in mammalian RNA. 
Nat Commun. 2013;4:1798.

62.	 Zheng G, Dahl JA, Niu Y, Fedorcsak P, Huang CM, Li CJ, et al. ALKBH5 is a mam-
malian RNA demethylase that impacts RNA metabolism and mouse fertility. 
Mol Cell. 2013;49(1):18–29.

63.	 Statello L, Guo CJ, Chen LL, Huarte M. Gene regulation by long non-coding 
RNAs and its biological functions. Nat Rev Mol Cell Biol. 2021;22(2):96–118.

64.	 Iyer MK, Niknafs YS, Malik R, Singhal U, Sahu A, Hosono Y, et al. The land-
scape of long noncoding RNAs in the human transcriptome. Nat Genet. 
2015;47(3):199–208.

65.	 Nojima T, Proudfoot NJ. Mechanisms of lncRNA biogenesis as revealed by 
nascent transcriptomics. Nat Rev Mol Cell Biol. 2022;23(6):389–406.

66.	 Sainsbury S, Bernecky C, Cramer P. Structural basis of transcription initiation 
by RNA polymerase II. Nat Rev Mol Cell Biol. 2015;16(3):129–43.

67.	 Murakami K, Elmlund H, Kalisman N, Bushnell DA, Adams CM, Azubel M, et 
al. Architecture of an RNA polymerase II transcription pre-initiation complex. 
Science. 2013;342(6159):1238724.

68.	 He Y, Fang J, Taatjes DJ, Nogales E. Structural visualization of key steps in 
human transcription initiation. Nature. 2013;495(7442):481–6.

69.	 Nandwani A, Rathore S, Datta M. LncRNAs in cancer: Regulatory and thera-
peutic implications. Cancer Lett. 2021;501:162–71.

70.	 Wutz A. Gene silencing in X-chromosome inactivation: advances in 
understanding facultative heterochromatin formation. Nat Rev Genet. 
2011;12(8):542–53.

71.	 Zhao J, Sun BK, Erwin JA, Song JJ, Lee JT. Polycomb proteins tar-
geted by a short repeat RNA to the mouse X chromosome. Science. 
2008;322(5902):750–6.

72.	 Tsai MC, Manor O, Wan Y, Mosammaparast N, Wang JK, Lan F, et al. Long non-
coding RNA as modular scaffold of histone modification complexes. Science. 
2010;329(5992):689–93.

73.	 Jain AK, Xi Y, McCarthy R, Allton K, Akdemir KC, Patel LR, et al. LncPRESS1 is 
a p53-Regulated LncRNA that safeguards pluripotency by disrupting SIRT6-
Mediated de-acetylation of histone H3K56. Mol Cell. 2016;64(5):967–81.

74.	 McHugh CA, Chen CK, Chow A, Surka CF, Tran C, McDonel P, et al. The Xist 
lncRNA interacts directly with SHARP to silence transcription through HDAC3. 
Nature. 2015;521(7551):232–6.

75.	 Xing YH, Yao RW, Zhang Y, Guo CJ, Jiang S, Xu G, et al. SLERT regulates DDX21 
Rings Associated with Pol I transcription. Cell. 2017;169(4):664–78e16.

76.	 García-Muse T, Aguilera A. R loops: from physiological to pathological roles. 
Cell. 2019;179(3):604–18.

77.	 Postepska-Igielska A, Giwojna A, Gasri-Plotnitsky L, Schmitt N, Dold A, 
Ginsberg D, et al. LncRNA Khps1 regulates expression of the proto-oncogene 
SPHK1 via triplex-mediated changes in chromatin structure. Mol Cell. 
2015;60(4):626–36.

78.	 Gong C, Maquat LE. lncRNAs transactivate STAU1-mediated mRNA decay by 
duplexing with 3’ UTRs via Alu elements. Nature. 2011;470(7333):284–8.

79.	 Li Z, Cai B, Abdalla BA, Zhu X, Zheng M, Han P, et al. LncIRS1 controls muscle 
atrophy via sponging miR-15 family to activate IGF1-PI3K/AKT pathway. J 
Cachexia Sarcopenia Muscle. 2019;10(2):391–410.

80.	 Wang JY, Yang Y, Ma Y, Wang F, Xue A, Zhu J, et al. Potential regulatory role 
of lncRNA-miRNA-mRNA axis in osteosarcoma. Biomed Pharmacother. 
2020;121:109627.

81.	 Deng K, Wang H, Guo X, Xia J. The cross talk between long, non-coding 
RNAs and microRNAs in gastric cancer. Acta Biochim Biophys Sin (Shanghai). 
2016;48(2):111–6.

82.	 Toki N, Takahashi H, Sharma H, Valentine MNZ, Rahman FM, Zucchelli S, et 
al. SINEUP long non-coding RNA acts via PTBP1 and HNRNPK to promote 
translational initiation assemblies. Nucleic Acids Res. 2020;48(20):11626–44.

83.	 Chen B, Dragomir MP, Fabris L, Bayraktar R, Knutsen E, Liu X, et al. The long 
noncoding RNA CCAT2 induces chromosomal instability through BOP1-
AURKB signaling. Gastroenterology. 2020;159(6):2146–62e33.

84.	 Shi Q, Li Y, Li S, Jin L, Lai H, Wu Y, et al. LncRNA DILA1 inhibits cyclin D1 
degradation and contributes to tamoxifen resistance in breast cancer. Nat 
Commun. 2020;11(1):5513.

85.	 Klein CA. Cancer progression and the invisible phase of metastatic coloniza-
tion. Nat Rev Cancer. 2020;20(11):681–94.

86.	 Siegel RL, Miller KD, Fuchs HE, Jemal A. Cancer statistics, 2022. CA Cancer J 
Clin. 2022;72(1):7–33.

87.	 van der Toom EE, Axelrod HD, de la Rosette JJ, de Reijke TM, Pienta KJ, 
Valkenburg KC. Prostate-specific markers to identify rare prostate cancer cells 
in liquid biopsies. Nat Rev Urol. 2019;16(1):7–22.

88.	 Wen S, Wei Y, Zen C, Xiong W, Niu Y, Zhao Y. Long non-coding RNA NEAT1 
promotes bone metastasis of prostate cancer through N6-methyladenosine. 
Mol Cancer. 2020;19(1):171.

89.	 Lang C, Yin C, Lin K, Li Y, Yang Q, Wu Z, et al. M(6) a modification of lncRNA 
PCAT6 promotes bone metastasis in prostate cancer through IGF2BP2-medi-
ated IGF1R mRNA stabilization. Clin Transl Med. 2021;11(6):e426.

90.	 Wang X, Liu C, Zhang S, Yan H, Zhang L, Jiang A, et al. N(6)-methyladenosine 
modification of MALAT1 promotes metastasis via reshaping nuclear speckles. 
Dev Cell. 2021;56(5):702–15e8.

91.	 Booy EP, McRae EK, Koul A, Lin F, McKenna SA. The long non-coding RNA 
BC200 (BCYRN1) is critical for cancer cell survival and proliferation. Mol Can-
cer. 2017;16(1):109.

92.	 Hu N, Ji H. N6-methyladenosine (m6A)-mediated up-regulation of long non-
coding RNA LINC01320 promotes the proliferation, migration, and invasion of 
gastric cancer via miR495-5p/RAB19 axis. Bioengineered. 2021;12(1):4081–91.

93.	 Shen J, Feng XP, Hu RB, Wang H, Wang YL, Qian JH, et al. N-methyladenosine 
reader YTHDF2-mediated long noncoding RNA FENDRR degradation pro-
motes cell proliferation in endometrioid endometrial carcinoma. Lab Invest. 
2021;101(6):775–84.

94.	 Viallard C, Larrivée B. Tumor angiogenesis and vascular normalization: alterna-
tive therapeutic targets. Angiogenesis. 2017;20(4):409–26.

95.	 Gibbs ZA, Whitehurst AW. Emerging contributions of Cancer/Testis antigens 
to neoplastic behaviors. Trends Cancer. 2018;4(10):701–12.

96.	 Xia A, Yuan W, Wang Q, Xu J, Gu Y, Zhang L, et al. The cancer-testis lncRNA 
lnc-CTHCC promotes hepatocellular carcinogenesis by binding hnRNP K and 
activating YAP1 transcription. Nat Cancer. 2022;3(2):203–18.

97.	 Vander Heiden MG, Cantley LC, Thompson CB. Understanding the 
Warburg effect: the metabolic requirements of cell proliferation. Science. 
2009;324(5930):1029–33.

98.	 Jia G, Wang Y, Lin C, Lai S, Dai H, Wang Z, et al. LNCAROD enhances hepato-
cellular carcinoma malignancy by activating glycolysis through induction of 
pyruvate kinase isoform PKM2. J Exp Clin Cancer Res. 2021;40(1):299.

99.	 Hu Y, Tang J, Xu F, Chen J, Zeng Z, Han S, et al. A reciprocal feedback between 
N6-methyladenosine reader YTHDF3 and lncRNA DICER1-AS1 promotes 



Page 28 of 30Tang et al. Biomarker Research           (2023) 11:42 

glycolysis of pancreatic cancer through inhibiting maturation of miR-
5586-5p. J Exp Clin Cancer Res. 2022;41(1):69.

100.	 Lin H, Wang Y, Wang P, Long F, Wang T. Mutual regulation between N6-meth-
yladenosine (m6A) modification and circular RNAs in cancer: impacts on 
therapeutic resistance. Mol Cancer. 2022;21(1):148.

101.	 Wang Z, He J, Bach DH, Huang YH, Li Z, Liu H, et al. Induction of m(6)a meth-
ylation in adipocyte exosomal LncRNAs mediates myeloma drug resistance. J 
Exp Clin Cancer Res. 2022;41(1):4.

102.	 Wang T, Kong S, Tao M, Ju S. The potential role of RNA N6-methyladenosine in 
Cancer progression. Mol Cancer. 2020;19(1):88.

103.	 Link A, Goel A. MicroRNA in gastrointestinal cancer: a step closer to reality. 
Adv Clin Chem. 2013;62:221–68.

104.	 Fitzmaurice C, Allen C, Barber RM, Barregard L, Bhutta ZA, Brenner H, et al. 
Global, Regional, and National Cancer incidence, mortality, years of Life Lost, 
Years lived with disability, and disability-adjusted life-years for 32 Cancer 
Groups, 1990 to 2015: a systematic analysis for the global burden of Disease 
Study. JAMA Oncol. 2017;3(4):524–48.

105.	 Dekker E, Tanis PJ, Vleugels JLA, Kasi PM, Wallace MB. Colorectal cancer. 
Lancet. 2019;394(10207):1467–80.

106.	 Chen DL, Chen LZ, Lu YX, Zhang DS, Zeng ZL, Pan ZZ, et al. Long noncod-
ing RNA XIST expedites metastasis and modulates epithelial-mesenchymal 
transition in colorectal cancer. Cell Death Dis. 2017;8(8):e3011.

107.	 Yang X, Zhang S, He C, Xue P, Zhang L, He Z, et al. METTL14 suppresses pro-
liferation and metastasis of colorectal cancer by down-regulating oncogenic 
long non-coding RNA XIST. Mol Cancer. 2020;19(1):46.

108.	 Ni W, Yao S, Zhou Y, Liu Y, Huang P, Zhou A, et al. Long noncoding RNA GAS5 
inhibits progression of colorectal cancer by interacting with and triggering 
YAP phosphorylation and degradation and is negatively regulated by the 
m(6)a reader YTHDF3. Mol Cancer. 2019;18(1):143.

109.	 Johnson R, Halder G. The two faces of Hippo: targeting the Hippo pathway 
for regenerative medicine and cancer treatment. Nat Rev Drug Discov. 
2014;13(1):63–79.

110.	 Wu Y, Yang X, Chen Z, Tian L, Jiang G, Chen F, et al. M(6)A-induced lncRNA 
RP11 triggers the dissemination of colorectal cancer cells via upregulation of 
Zeb1. Mol Cancer. 2019;18(1):87.

111.	 Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A. Global cancer 
statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide 
for 36 cancers in 185 countries. CA Cancer J Clin. 2018;68(6):394–424.

112.	 Smyth EC, Nilsson M, Grabsch HI, van Grieken NC, Lordick F. Gastric cancer. 
Lancet. 2020;396(10251):635–48.

113.	 Liu HT, Zou YX, Zhu WJ, Sen L, Zhang GH, Ma RR, et al. lncRNA THAP7-AS1, 
transcriptionally activated by SP1 and post-transcriptionally stabilized by 
METTL3-mediated m6A modification, exerts oncogenic properties by 
improving CUL4B entry into the nucleus. Cell Death Differ. 2022;29(3):627–41.

114.	 Arnold M, Soerjomataram I, Ferlay J, Forman D. Global incidence of oesopha-
geal cancer by histological subtype in 2012. Gut. 2015;64(3):381–7.

115.	 Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, et 
al. Global Cancer Statistics 2020: GLOBOCAN estimates of incidence and 
Mortality Worldwide for 36 cancers in 185 countries. CA Cancer J Clin. 
2021;71(3):209–49.

116.	 Cui Y, Zhang C, Ma S, Li Z, Wang W, Li Y, et al. RNA m6A demethylase FTO-
mediated epigenetic up-regulation of LINC00022 promotes tumorigenesis in 
esophageal squamous cell carcinoma. J Exp Clin Cancer Res. 2021;40(1):294.

117.	 Forner A, Reig M, Bruix J. Hepatocellular carcinoma. Lancet. 
2018;391(10127):1301–14.

118.	 Zuo X, Chen Z, Gao W, Zhang Y, Wang J, Wang J, et al. M6A-mediated upregu-
lation of LINC00958 increases lipogenesis and acts as a nanotherapeutic 
target in hepatocellular carcinoma. J Hematol Oncol. 2020;13(1):5.

119.	 Xiao Q, Qu K, Wang C, Kong Y, Liu C, Jiang D, et al. HDGF-related protein-3 
is required for anchorage-independent survival and chemoresistance in 
hepatocellular carcinomas. Gut. 2013;62(3):440–51.

120.	 Klein AP. Pancreatic cancer epidemiology: understanding the role of lifestyle 
and inherited risk factors. Nat Rev Gastroenterol Hepatol. 2021;18(7):493–502.

121.	 Vincent A, Herman J, Schulick R, Hruban RH, Goggins M. Pancreatic cancer. 
Lancet. 2011;378(9791):607–20.

122.	 Deng J, Zhang J, Ye Y, Liu K, Zeng L, Huang J, et al. N(6) -methyladenosine-
mediated upregulation of WTAPP1 promotes WTAP translation and 
wnt signaling to facilitate pancreatic Cancer progression. Cancer Res. 
2021;81(20):5268–83.

123.	 He Y, Yue H, Cheng Y, Ding Z, Xu Z, Lv C, et al. ALKBH5-mediated m(6)a 
demethylation of KCNK15-AS1 inhibits pancreatic cancer progression via 
regulating KCNK15 and PTEN/AKT signaling. Cell Death Dis. 2021;12(12):1121.

124.	 Duruisseaux M, Esteller M. Lung cancer epigenetics: from knowledge to 
applications. Semin Cancer Biol. 2018;51:116–28.

125.	 Chen YP, Chan ATC, Le QT, Blanchard P, Sun Y, Ma J. Nasopharyngeal carci-
noma. Lancet. 2019;394(10192):64–80.

126.	 Zhang P, He Q, Lei Y, Li Y, Wen X, Hong M, et al. M(6)A-mediated ZNF750 
repression facilitates nasopharyngeal carcinoma progression. Cell Death Dis. 
2018;9(12):1169.

127.	 Peng J, Zheng H, Liu F, Wu Q, Liu S. The m6A methyltransferase METTL3 
affects autophagy and progression of nasopharyngeal carcinoma by regulat-
ing the stability of lncRNA ZFAS1. Infect Agent Cancer. 2022;17(1):1.

128.	 Zheng ZQ, Li ZX, Zhou GQ, Lin L, Zhang LL, Lv JW, et al. Long noncoding RNA 
FAM225A promotes nasopharyngeal carcinoma tumorigenesis and metas-
tasis by acting as ceRNA to Sponge miR-590-3p/miR-1275 and Upregulate 
ITGB3. Cancer Res. 2019;79(18):4612–26.

129.	 Xu Z, Han X, Ou D, Liu T, Li Z, Jiang G, et al. Targeting PI3K/AKT/mTOR-
mediated autophagy for tumor therapy. Appl Microbiol Biotechnol. 
2020;104(2):575–87.

130.	 Zhang N, Ma D, Wang L, Zhu X, Pan Q, Zhao Y, et al. Insufficient Radiofre-
quency ablation treated Hepatocellular Carcinoma cells promote metastasis 
by Up-Regulation ITGB3. J Cancer. 2017;8(18):3742–54.

131.	 Thai AA, Solomon BJ, Sequist LV, Gainor JF, Heist RS. Lung cancer. Lancet. 
2021;398(10299):535–54.

132.	 Denisenko TV, Budkevich IN, Zhivotovsky B. Cell death-based treatment of 
lung adenocarcinoma. Cell Death Dis. 2018;9(2):117.

133.	 Travis WD, Brambilla E, Nicholson AG, Yatabe Y, Austin JHM, Beasley MB, et al. 
The 2015 World Health Organization classification of lung tumors: impact 
of genetic, clinical and radiologic advances since the 2004 classification. J 
Thorac Oncol. 2015;10(9):1243–60.

134.	 Hirsch FR, Scagliotti GV, Mulshine JL, Kwon R, Curran WJ Jr, Wu YL, et al. 
Lung cancer: current therapies and new targeted treatments. Lancet. 
2017;389(10066):299–311.

135.	 Jin D, Guo J, Wu Y, Du J, Yang L, Wang X, et al. M(6)a mRNA methylation initi-
ated by METTL3 directly promotes YAP translation and increases YAP activity 
by regulating the MALAT1-miR-1914-3p-YAP axis to induce NSCLC drug 
resistance and metastasis. J Hematol Oncol. 2019;12(1):135.

136.	 Xue L, Li J, Lin Y, Liu D, Yang Q, Jian J, et al. M(6) a transferase METTL3-induced 
lncRNA ABHD11-AS1 promotes the Warburg effect of non-small-cell lung 
cancer. J Cell Physiol. 2021;236(4):2649–58.

137.	 Sasa GBK, Xuan C, Chen M, Jiang Z, Ding X. Clinicopathological implications 
of lncRNAs, immunotherapy and DNA methylation in lung squamous cell 
carcinoma: a narrative review. Transl Cancer Res. 2021;10(12):5406–29.

138.	 Zhang W, Zhang Q, Xie Z, Che L, Xia T, Cai X, et al. N (6) -Methyladenosine-
related long non-coding RNAs are identified as a potential prognostic 
biomarker for lung squamous cell carcinoma and validated by real-time PCR. 
Front Genet. 2022;13:839957.

139.	 Weng C, Wang L, Liu G, Guan M, Lu L. Identification of a N6-Methyladenosine 
(m6A)-Related lncRNA signature for Predicting the Prognosis and Immune 
Landscape of Lung squamous cell carcinoma. Front Oncol. 2021;11:763027.

140.	 Lambe G, Durand M, Buckley A, Nicholson S, McDermott R. Adenocarcinoma 
of the lung: from BAC to the future. Insights Imaging. 2020;11(1):69.

141.	 Fouad S, Hauton D, D’Angiolella V. E2F1: cause and consequence of DNA 
replication stress. Front Mol Biosci. 2020;7:599332.

142.	 Hu Z, Zhu L, Zhang Y, Chen B. N6-methyladenosine-induced SVIL antisense 
RNA 1 restrains lung adenocarcinoma cell proliferation by destabilizing E2F1. 
Bioengineered. 2022;13(2):3093–107.

143.	 Cohen PA, Jhingran A, Oaknin A, Denny L. Cervical cancer. Lancet. 
2019;393(10167):169–82.

144.	 Zhang Y, Wang D, Wu D, Zhang D, Sun M, Long Noncoding. RNA KCNMB2-
AS1 stabilized by N(6)-Methyladenosine modification promotes cervical Can-
cer Growth through acting as a competing endogenous RNA. Cell Transpl. 
2020;29:963689720964382.

145.	 Ji F, Lu Y, Chen S, Lin X, Yu Y, Zhu Y, et al. M(6)a methyltransferase METTL3-
mediated lncRNA FOXD2-AS1 promotes the tumorigenesis of cervical cancer. 
Mol Ther Oncolytics. 2021;22:574–81.

146.	 Murali R, Soslow RA, Weigelt B. Classification of endometrial carcinoma: more 
than two types. Lancet Oncol. 2014;15(7):e268–78.

147.	 Crosbie EJ, Kitson SJ, McAlpine JN, Mukhopadhyay A, Powell ME, Singh N. 
Endometrial cancer. Lancet. 2022;399(10333):1412–28.

148.	 Shan L, Lu Y, Xiang CC, Zhu X, Zuo ED, Cheng X. Identification of five m6A-
Related lncRNA genes as prognostic markers for Endometrial Cancer based 
on TCGA Database. J Immunol Res. 2022;2022:2547029.



Page 29 of 30Tang et al. Biomarker Research           (2023) 11:42 

149.	 Lheureux S, Braunstein M, Oza AM. Epithelial ovarian cancer: evolu-
tion of management in the era of precision medicine. CA Cancer J Clin. 
2019;69(4):280–304.

150.	 Zheng J, Guo J, Cao B, Zhou Y, Tong J. Identification and validation of lncRNAs 
involved in m6A regulation for patients with ovarian cancer. Cancer Cell Int. 
2021;21(1):363.

151.	 Song Y, Qu H. Identification and validation of a seven m6A-related lncRNAs 
signature predicting prognosis of ovarian cancer. BMC Cancer. 2022;22(1):633.

152.	 Wang J, Ding W, Xu Y, Tao E, Mo M, Xu W, et al. Long non-coding RNA RHPN1-
AS1 promotes tumorigenesis and metastasis of ovarian cancer by acting as a 
ceRNA against miR-596 and upregulating LETM1. Aging. 2020;12(5):4558–72.

153.	 Lenis AT, Lec PM, Chamie K, Mshs MD. Bladder Cancer: A Review Jama. 
2020;324(19):1980–91.

154.	 Kamat AM, Hahn NM, Efstathiou JA, Lerner SP, Malmström PU, Choi W, et al. 
Bladder cancer Lancet. 2016;388(10061):2796–810.

155.	 Ma T, Wang X, Meng L, Liu X, Wang J, Zhang W, et al. An effective N6-methyl-
adenosine-related long non-coding RNA prognostic signature for predicting 
the prognosis of patients with bladder cancer. BMC Cancer. 2021;21(1):1256.

156.	 Zhang Y, Zhu B, He M, Cai Y, Ying X, Jiang C, et al. N6-Methylandenosine-
related lncRNAs predict prognosis and immunotherapy response in bladder 
Cancer. Front Oncol. 2021;11:710767.

157.	 Rini BI, Campbell SC, Escudier B. Renal cell carcinoma. Lancet. 
2009;373(9669):1119–32.

158.	 Chen J, Liao X, Cheng J, Su G, Yuan F, Zhang Z, et al. Targeted methylation of 
the LncRNA NEAT1 suppresses malignancy of renal cell carcinoma. Front Cell 
Dev Biol. 2021;9:777349.

159.	 Shen D, Ding L, Lu Z, Wang R, Yu C, Wang H, et al. METTL14-mediated Lnc-
LSG1 m6A modification inhibits clear cell renal cell carcinoma metastasis via 
regulating ESRP2 ubiquitination. Mol Ther Nucleic Acids. 2022;27:547–61.

160.	 Tumminia A, Vinciguerra F, Parisi M, Graziano M, Sciacca L, Baratta R et al. 
Adipose Tissue, Obesity and Adiponectin: Role in Endocrine Cancer Risk.Int J 
Mol Sci. 2019;20(12).

161.	 Fallahi P, Ferrari SM, Galdiero MR, Varricchi G, Elia G, Ragusa F, et al. Molecular 
targets of tyrosine kinase inhibitors in thyroid cancer. Semin Cancer Biol. 
2022;79:180–96.

162.	 Dong L, Geng Z, Liu Z, Tao M, Pan M, Lu X. IGF2BP2 knockdown suppresses 
thyroid cancer progression by reducing the expression of long non-coding 
RNA HAGLR. Pathol Res Pract. 2021;225:153550.

163.	 Xu K, Feng Y. HOXD-AS1 is a predictor of clinical progression and func-
tions as an oncogenic lncRNAs in papillary thyroid cancer. J Cell Biochem. 
2019;120(4):5326–32.

164.	 Ye M, Dong S, Hou H, Zhang T, Shen M. Oncogenic role of long noncoding 
RNAMALAT1 in thyroid Cancer progression through regulation of the miR-
204/IGF2BP2/m6A-MYC signaling. Mol Ther Nucleic Acids. 2021;23:1–12.

165.	 Iaiza A, Tito C, Ianniello Z, Ganci F, Laquintana V, Gallo E, et al. METTL3-depen-
dent MALAT1 delocalization drives c-Myc induction in thymic epithelial 
tumors. Clin Epigenetics. 2021;13(1):173.

166.	 Lin RX, Yang SL, Jia Y, Wu JC, Xu Z, Zhang H. Epigenetic regulation of 
papillary thyroid carcinoma by long non-coding RNAs. Semin Cancer Biol. 
2022;83:253–60.

167.	 Huang Y, Li X, Chen W, He Y, Wu S, Li X et al. Analysis of the prognostic signifi-
cance and potential mechanisms of lncRNAs associated with m6A methyla-
tion in papillary thyroid carcinoma.Int Immunopharmacol. 2021;101(Pt 
B):108286.

168.	 Wang W, Shen C, Zhao Y, Sun B, Qiu X, Yin S, et al. The role of m6A RNA 
methylation-related lncRNAs in the prognosis and Tumor Immune Microenvi-
ronment of Papillary thyroid carcinoma. Front Cell Dev Biol. 2021;9:719820.

169.	 Siegel RL, Miller KD, Jemal A. Cancer statistics, 2020. CA Cancer J Clin. 
2020;70(1):7–30.

170.	 Britt KL, Cuzick J, Phillips KA. Key steps for effective breast cancer prevention. 
Nat Rev Cancer. 2020;20(8):417–36.

171.	 Loibl S, Poortmans P, Morrow M, Denkert C, Curigliano G. Breast cancer. 
Lancet. 2021;397(10286):1750–69.

172.	 Shi W, Tang Y, Lu J, Zhuang Y, Wang J. MIR210HG promotes breast cancer pro-
gression by IGF2BP1 mediated m6A modification. Cell Biosci. 2022;12(1):38.

173.	 Rong D, Dong Q, Qu H, Deng X, Gao F, Li Q, et al. M(6)A-induced LINC00958 
promotes breast cancer tumorigenesis via the miR-378a-3p/YY1 axis. Cell 
Death Discov. 2021;7(1):27.

174.	 Qiao K, Ning S, Wan L, Wu H, Wang Q, Zhang X, et al. LINC00673 is acti-
vated by YY1 and promotes the proliferation of breast cancer cells via 
the miR-515-5p/MARK4/Hippo signaling pathway. J Exp Clin Cancer Res. 
2019;38(1):418.

175.	 Taylor J, Xiao W, Abdel-Wahab O. Diagnosis and classification of hematologic 
malignancies on the basis of genetics. Blood. 2017;130(4):410–23.

176.	 Sehn LH, Salles G. Diffuse large B-Cell lymphoma. N Engl J Med. 
2021;384(9):842–58.

177.	 Song W, Fei F, Qiao F, Weng Z, Yang Y, Cao B, et al. ALKBH5-mediated N(6)-
methyladenosine modification of TRERNA1 promotes DLBCL proliferation via 
p21 downregulation. Cell Death Discov. 2022;8(1):25.

178.	 Azad NA, Shah ZA, Pandith AA, Khan MS, Rasool R, Rasool J, et al. Prognostic 
implication of BCR-ABL Fusion transcript variants in chronic myeloid leukemia 
(CML) treated with Imatinib. A First of its kind study on CML patients of 
Kashmir. Asian Pac J cancer prevention: APJCP. 2018;19(6):1479–85.

179.	 Cortes J, Pavlovsky C, Saußele S. Chronic myeloid leukaemia. Lancet. 
2021;398(10314):1914–26.

180.	 Yao FY, Zhao C, Zhong FM, Qin TY, Wen F, Li MY, et al. M(6)a modification of 
lncRNA NEAT1 regulates chronic myelocytic leukemia progression via miR-
766-5p/CDKN1A Axis. Front Oncol. 2021;11:679634.

181.	 Newell LF, Cook RJ. Advances in acute myeloid leukemia. BMJ. 
2021;375:n2026.

182.	 Zhong F, Yao F, Cheng Y, Liu J, Zhang N, Li S, et al. m6A-related lncRNAs 
predict prognosis and indicate immune microenvironment in acute myeloid 
leukemia. Sci Rep. 2022;12(1):1759.

183.	 Singla A, Geller DS. Musculoskeletal Tumors. Pediatr Clin North Am. 
2020;67(1):227–45.

184.	 Tang J, He J, Feng C, Tu C. Exosomal MiRNAs in Osteosarcoma: Biogenesis and 
Biological Functions. Front Pharmacol. 2022;13:902049.

185.	 Ritter J, Bielack SS, Osteosarcoma. Ann Oncol. 2010;21(Suppl 7):vii320–5.
186.	 Wu Z, Zhang X, Chen D, Li Z, Wu X, Wang J, et al. N6-Methyladenosine-related 

LncRNAs are potential remodeling indicators in the Tumor Microenvironment 
and prognostic markers in Osteosarcoma. Front Immunol. 2021;12:806189.

187.	 Zheng D, Yu L, Wei Z, Xia K, Guo W. N6-Methyladenosine-related lncRNAs 
are potential prognostic biomarkers and correlated with Tumor Immune 
Microenvironment in Osteosarcoma. Front Genet. 2021;12:805607.

188.	 Ren Z, Hu Y, Sun J, Kang Y, Li G, Zhao H. N(6)-methyladenosine methyltrans-
ferase WTAP-stabilized FOXD2-AS1 promotes the osteosarcoma progression 
through m(6)A/FOXM1 axis. Bioengineered. 2022;13(4):7963–73.

189.	 Wang IC, Chen YJ, Hughes DE, Ackerson T, Major ML, Kalinichenko VV, et al. 
FoxM1 regulates transcription of JNK1 to promote the G1/S transition and 
tumor cell invasiveness. J Biol Chem. 2008;283(30):20770–8.

190.	 Chen S, Zhou L, Wang Y. ALKBH5-mediated m(6)a demethylation of lncRNA 
PVT1 plays an oncogenic role in osteosarcoma. Cancer Cell Int. 2020;20:34.

191.	 Yan M, Pan XF, Liu Y, Zhao S, Gong WQ, Liu W. Long noncoding RNA PVT1 
promotes metastasis via miR-484 sponging in osteosarcoma cells. Eur Rev 
Med Pharmacol Sci. 2020;24(5):2229–38.

192.	 He M, Wang G, Jiang L, Qiu C, Li B, Wang J, et al. miR-486 suppresses the 
development of osteosarcoma by regulating PKC-δ pathway. Int J Oncol. 
2017;50(5):1590–600.

193.	 Black AR, Black JD. Protein kinase C signaling and cell cycle regulation. Front 
Immunol. 2012;3:423.

194.	 Eggermont AM, Spatz A, Robert C. Cutaneous melanoma. Lancet. 
2014;383(9919):816–27.

195.	 Huang S, Lyu S, Gao Z, Zha W, Wang P, Shan Y, et al. m6A-Related lncRNAs 
are potential biomarkers for the prognosis of metastatic skin cutaneous 
melanoma. Front Mol Biosci. 2021;8:687760.

196.	 Nabors LB, Portnow J, Ahluwalia M, Baehring J, Brem H, Brem S, et al. Central 
Nervous System Cancers, Version 3.2020, NCCN Clinical Practice Guidelines in 
Oncology. J Natl Compr Cancer Network: JNCCN. 2020;18(11):1537–70.

197.	 Lapointe S, Perry A, Butowski NA. Primary brain tumours in adults. Lancet. 
2018;392(10145):432–46.

198.	 Tu Z, Wu L, Wang P, Hu Q, Tao C, Li K, et al. N6-Methylandenosine-related 
lncRNAs are potential biomarkers for Predicting the overall survival of Lower-
Grade Glioma Patients. Front Cell Dev Biol. 2020;8:642.

199.	 Zhang S, Zhao BS, Zhou A, Lin K, Zheng S, Lu Z, et al. M(6)a demethylase 
ALKBH5 maintains tumorigenicity of Glioblastoma Stem-like cells by 
sustaining FOXM1 expression and cell proliferation program. Cancer Cell. 
2017;31(4):591–606e6.

200.	 Liu H, Qin S, Liu C, Jiang L, Li C, Yang J, et al. M(6)a reader IGF2BP2-stabilized 
CASC9 accelerates glioblastoma aerobic glycolysis by enhancing HK2 mRNA 
stability. Cell Death Discov. 2021;7(1):292.

201.	 Sánchez-Danés A, Blanpain C. Deciphering the cells of origin of squamous 
cell carcinomas. Nat Rev Cancer. 2018;18(9):549–61.

202.	 Johnson DE, Burtness B, Leemans CR, Lui VWY, Bauman JE, Grandis JR. Head 
and neck squamous cell carcinoma. Nat Rev Dis Primers. 2020;6(1):92.



Page 30 of 30Tang et al. Biomarker Research           (2023) 11:42 

203.	 Feng ZY, Gao HY, Feng TD. Immune infiltrates of m(6)a RNA methylation-
related lncRNAs and identification of PD-L1 in patients with primary Head 
and Neck squamous cell carcinoma. Front Cell Dev Biol. 2021;9:672248.

204.	 Ban Y, Tan P, Cai J, Li J, Hu M, Zhou Y, et al. LNCAROD is stabilized by m6A 
methylation and promotes cancer progression via forming a ternary complex 
with HSPA1A and YBX1 in head and neck squamous cell carcinoma. Mol 
Oncol. 2020;14(6):1282–96.

205.	 Zhang L, Meng X, Zhu XW, Yang DC, Chen R, Jiang Y, et al. Long non-coding 
RNAs in oral squamous cell carcinoma: biologic function, mechanisms and 
clinical implications. Mol Cancer. 2019;18(1):102.

206.	 Yang Q, Cheng C, Zhu R, Guo F, Lai R, Liu X, et al. A N6-methyladenosine-
related long noncoding RNAs model for predicting prognosis in oral squa-
mous cell carcinoma: Association with immune cell infiltration and tumor 
metastasis. Oral Oncol. 2022;127:105771.

207.	 Li J, Momen-Heravi F, Wu X, He K. Mechanism of METTL14 and m6A modifica-
tion of lncRNA MALAT1 in the proliferation of oral squamous cell carcinoma 
cells.Oral Dis. 2022.

208.	 Almadori G, Bussu F, Cadoni G, Galli J, Paludetti G, Maurizi M. Molecular mark-
ers in laryngeal squamous cell carcinoma: towards an integrated clinicobio-
logical approach. Eur J Cancer. 2005;41(5):683–93.

209.	 Li Y, Yan B, Wang X, Li Q, Kan X, Wang J, et al. ALKBH5-mediated m6A modifi-
cation of lncRNA KCNQ1OT1 triggers the development of LSCC via upregula-
tion of HOXA9. J Cell Mol Med. 2022;26(2):385–98.

210.	 Zeng Y, Wang S, Gao S, Soares F, Ahmed M, Guo H, et al. Refined RIP-seq 
protocol for epitranscriptome analysis with low input materials. PLoS Biol. 
2018;16(9):e2006092.

211.	 Wang Y, Wu S, Zhu X, Zhang L, Deng J, Li F et al. LncRNA-encoded polypep-
tide ASRPS inhibits triple-negative breast cancer angiogenesis.J Exp Med. 
2020;217(3).

212.	 Ding X, Jia X, Wang C, Xu J, Gao SJ, Lu C. A DHX9-lncRNA-MDM2 interaction 
regulates cell invasion and angiogenesis of cervical cancer. Cell Death Differ. 
2019;26(9):1750–65.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.


	﻿Novel insights into the multifaceted roles of m﻿6﻿A-modified LncRNAs in cancers: biological functions and therapeutic applications
	﻿Abstract
	﻿Introduction
	﻿Process of m﻿6﻿A methylation
	﻿m﻿6﻿A writers
	﻿m﻿6﻿A readers
	﻿m﻿6﻿A erasers

	﻿Biogenesis and biological functions of lncRNAs
	﻿Biogenesis
	﻿Biological functions
	﻿Epigenetic modification
	﻿Transcriptional regulation
	﻿Post-transcriptional regulation
	﻿Translational regulation
	﻿Post-translational regulation


	﻿Mechanisms of m﻿6﻿A-lncRNAs mediated cancer regulation
	﻿Metastasis
	﻿Cell proliferation
	﻿Angiogenesis
	﻿Glycolysis
	﻿Drug resistance

	﻿m﻿6﻿A modified lncRNAs in cancers
	﻿Gastrointestinal cancers
	﻿Colorectal cancer
	﻿Gastric cancer
	﻿Esophageal squamous cell carcinoma
	﻿Hepatocellular carcinoma
	﻿Pancreatic cancer


	﻿Respiratory tract cancers
	﻿Nasopharyngeal carcinoma
	﻿Lung cancer

	﻿Urogenital neoplasms
	﻿Cervical cancer
	﻿Endometrial cancer
	﻿Ovarian cancer
	﻿Bladder cancer
	﻿Renal cell carcinoma

	﻿Endocrine tumors
	﻿Thyroid Cancer
	﻿Breast cancer

	﻿Hematological malignancies
	﻿Diffuse large B cell lymphoma
	﻿Leukemia

	﻿Bone and soft tissue tumors
	﻿Osteosarcoma
	﻿Skin cutaneous melanoma

	﻿Nervous system cancers
	﻿Glioma

	﻿Other malignancies
	﻿Diagnostic and therapeutic applications of m﻿6﻿A-modified lncRNAs in cancer treatment
	﻿Conclusion and future perspective
	﻿References


