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Abstract Increasing evidence indicates that mRNAs are often subject to posttranscriptional
modifications. Among them, N6-methyladenosine (m6A), which has been shown to play key
roles in RNA splicing, stability, nuclear export, and translation, is the most abundant modifica-
tion of RNA. Extensive studies of m6A modification of mRNAs have been carried out, while little
is known about m6A modification of long non-coding RNAs (lncRNAs). Recently, several studies
reported m6A modification of lncRNAs. In this review, we focus on these m6A-modified lncRNAs
and discuss possible functions of m6A modification.
Copyright ª 2020, Chongqing Medical University. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
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Introduction

Long non-coding RNAs (lncRNAs) are non-protein coding
transcripts of over 200 nucleotides in length and are found
in both nuclear and cytosolic fractions. Increasing evidence
indicates that lncRNAs play key roles in gene regulation and
disease processes.1e6 It has been demonstrated that
lncRNAs mediate gene regulation through binding with DNA,
RNA, or proteins.7e10 For example, lncRNAs may act as
signals or decoys of transcription, as protein scaffolds, or as
epigenetic regulators.11 Thus, lncRNAs may regulate gene
expression at transcriptional and/or posttranscriptional
levels and participate in disease processes.6

N6-methyladenosine (m6A), which is the most abundant
modification in eukaryotic mRNAs, was discovered by
Ronald et al in 1974.12 M6A modification exerts multiple
functions on mRNA and lncRNA, as it regulates mRNA
splicing, stability, nuclear export, and translation. The m6A
system includes “writers” (methyltransferases), “erasers”
(demethylases), and “readers”.13 The writers add the
methyl group to the m6A modification sites, whereas the
erasers remove the methyl group from the m6A-modified
sites.14 The readers recognize the m6A-modified RNAs and
regulate various functional biological processes.14 M6A
modification of mRNA is well demonstrated. Methylated
RNA immunoprecipitation and sequencing (MeRIP-Seq)
analysis has suggested that lncRNAs are also subject to such
modification, although the number is much lower.15 Here,
we summarize some m6A-modified lncRNAs and their
functions.

Methyltransferases (writers)

The m6A methyltransferase complex consists of several key
components, such as METTL3, METTL14, WTAP, IRMA, and
RBM15.16 METTL3 is the first discovered m6A methyl-
transferase and is highly conserved.17 METTL14 is another
m6A methyltransferase. METTL14 and METTL3 form a stable
heterodimer complex and catalyze m6A methylation.18

METTL3 acts as the catalytic core, whereas METTL14
serves as an RNA binding platform.19 WTAP (Wilms’ tumor 1-
associated protein) is another component of the m6A
methyltransferase complex. Because WTAP lacks a catalytic
m6A methylation domain, WTAP may just act as a platform
for interacting with METTL3 and METTL14.18 WTAP can also
bind with BCLAF1/THRAP3 and MALAT1.20 METTL16 is a
putative methyltransferase that catalyzes U6 snRNA and
non-coding RNA m6A methylation.21 In addition, RBM15,
RBM15B, ZC3H13, and VIRMA have been reported to be
components of the m6A methyltransferase complex.22e25 It
has been shown that m6A methyltransferases regulate
lncRNA functions. For example, METTL3 could regulate
LINC00958 expression by m6A modification.26 Also, METTL3
increased the abundance of m6A modification and the
stability of MALAT1,27 and METTL16 interacted with the 30-
terminal triple helix of MALAT1.28

Demethylases (erasers)

M6A methylation of RNA is a reversible chemical modifica-
tion. Fat mass and obesity-associated protein (FTO) serves
as an m6A demethylase.29 ALKBH5 (a-ketoglutarate-
dependent dioxygenase homolog 5) is another m6A deme-
thylase that impacts RNA metabolism and mouse fertility.30

FTO and ALKBH5 both belong to the a-ketoglutarate-
dependent dioxygenase family and clear m6A methylation
in an Fe2þ- and a-ketoglutarate-dependent manner.31

ALKBH3 is a recently identified m6A demethylase and me-
diates tRNA demethylation.32 ALKBH5 suppresses pancre-
atic motility via demethylating the lncRNA KCNK15-AS1.33

Chen et al have demonstrated ALKBH5 mediates lncRNA
PVT1 m6A demethylation and participates in osteosarcoma
progression.34 Moreover, it has been reported that over-
expression of ALKBH5 suppresses lncRNA RP11expression.35

These findings suggest that the demethylases of m6A are
involved in the regulation of lncRNAs expression.

Readers

Once the m6A information is recognized by different
“readers,” this will lead to different downstream effects.
Members of the YT521-B homology (YTH) domain family
(YTHDF1, YTHDF2, YTHDF3, YTHDC1, and YTHDC2) have
been identified as direct m6A readers.36 YTHDF2 mediates
the degradation of m6A containing RNAs through recruiting
the CCR4-NOT complex.37 YTHDF1 is another m6A reader
that can increase protein synthesis by interacting with the
translation machinery.38 Interestingly, YTHDF3 can interact
with YTHDF1 and YTHDF2 in such a way that it not only
helps YTHDF1 promote the translation of methylated
mRNAs but also increases YTHDF2-mediated mRNA degra-
dation.39 The heterogeneous nuclear ribonucleoprotein
(HNRNP) family, which includes HNRNPA2B1, HNRNPC, and
HNRNPG, can also play a role as m6A readers.40e42

Recently, insulin-like growth factor 2 mRNA binding pro-
teins (IGF2BPs, including IGF2BP1/2/3) have also been
found to recognize m6A modifications, acting as a distinct
family of m6A readers.43 YTHDC1 acts as an m6A reader of
XIST, regulating XIST-mediated transcription repression.23 It
has been demonstrated that YTHDF3 facilitates the degra-
dation of the m6A-modified lncRNA GAS5, serving as an m6A
reader.44 Recently, IGF2BP2 has been found to regulate
DANCR by acting as an m6A reader.45 These observations
indicate m6A readers play important roles in the regulation
of lncRNAs.

M6A modification of lncRNAs

Given the important role of m6A modification in gene
regulation, large numbers of mRNAs have been shown to be
substrates for m6A modification. Recent reports have indi-
cated that lncRNAs can also be modified by m6A. Here, we
provide an overview of the recent studies of m6A modifi-
cation of lncRNAs.

MALAT1

MALAT1 is located at chromosome 11q13 and encodes a
7.9 kb transcript. Several studies have shown that MALAT1
is an oncogenic lncRNA.46e49 However, Kim et al showed
that MALAT1 suppresses breast cancer metastasis.50

MALAT1 is a highly m6A-modified lncRNA, carrying
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multiple m6A modification sites.15,51e53 By SCARLET, it has
been verified that there are four m6A motifs in MALAT1
(A2515, A2577, A2611, and A2720)52. The MALAT1 RNA
hairpin contains an m6A modification site (A2577) and a
poly-U HNRNPC binding site. When A2577 is unmethylated,
the HNRNPC binding domain is partially inaccessible. How-
ever, once A2577 is modified with m6A, such modification
destabilizes the RNA hairpin, releasing the poly-U tract and
increasing the binding with HNRNPC (Fig. 1). Moreover,
HNRNPG has recently been reported to be an m6A reader,
which interacts with m6A modifications in low-complexity
regions. HNRNPG can bind the m6A-modified hairpin of
MALAT1 (A2515)42. However, HNRNPG does not directly bind
the m6A site; MALAT1 m6A modification facilitates the
binding with HNRNPG (Fig. 1). METTL16, which adds a
methyl group to U6 small nuclear RNAs (snRNAs) and regu-
lates MAT2A splicing, also functions as an m6A methyl-
transferase.54 METTL16 regulates the methylation of MAT2A
and is essential for mouse embryonic development.55

METTL16 can bind to the 3’ triple helix region of MALAT1,
and the complex of METTL16-MALAT1 may participate in
MALAT1-mediated tumorigenesis.28 However, whether
METTL16 mediates the methylation of MALAT1 and the
underlying mechanisms remain to be elucidated. M6A
modification of MALAT1 affects its structure and regulates
the interaction with HNRNPC/HNRNPG, which suggests that
m6A modification may play a role in switching between
lncRNAs structures and contribute to the binding of
proteins.

XIST

XIST is a 17.5 kb capped nucleotide transcript transcribed
from the XIST gene. Its function is to mediate the silencing
of the X chromosome.56e58 XIST is modified by m6A23, 51, 59.
It carries three major m6A modification sites in mouse
embryonic stem cells, and multiple potential m6A modifi-
cation sites have been identified in human.23,51,59e61 XIST
RNA contains six repetitive elements, named the A, F, B, C,
D, and E repeats, and these repeats can bind to protein
factors and regulate silencing of downstream genes.53,62,63

One major m6A modification site, which is located after the
Figure 1 N6-methyladenosin
A-repeats, is a key XIST silencing factor.59,63,64 RBM15,
which has been reported to be a component of the m6A
methyltransferase complex, may interact with m6A sites of
the A-repeats of XIST.23,65 WTAP is a protein that binds to
the A-repeats of XIST.62,66,67 RBM15 and WTAP are required
for XIST-mediated silencing, are co-localized, and poten-
tially interact with XIST RNA.67 RBM15 and its paralogue
RBM15B bind to the m6A methylation complex and recruit it
to RNA-specific sites.23 YTHDC1 is the m6A reader of XIST
and is required for XIST function. Thus, m6A modification is
required for XIST-mediated transcriptional repression of X-
linked genes, such as Gpc4 and Atrx23 (Fig. 2).

LncRNA RP11

LncRNA RP11 is a recently identified lncRNA that is upregu-
lated in colorectal cancer (CRC) tissues and promotes migra-
tion and invasion via the epithelialemesenchymal
transition.35 RP11 interacts with hnRNPA2B1, down-
regulating the mRNA expression of Siah1 and Fbxo45. Finally,
RP11 stimulates Zeb1 expression. M6A modification plays a
role in the upregulation of RP11 in CRC cells. M6A antibody
could enrich RP11 in CRC cells (HCT15 and HCT8), while the
level of enrichment of CRCs is higher than NCM460 cells.
OverexpressionofMETTL3upregulates RP11expression inCRC
cells. Overexpression of ALKBH5 downregulates RP11 expres-
sion. It has been demonstrated that m6A methylation pro-
motes nuclear export ofmRNAs,30,68 som6Amodificationmay
affect the cellular distribution ofmRNAs. However, it remains
unclear whether the localization of lncRNAs is regulated by
m6A modification. The authors have shown that METTL3
overexpression can dramatically increase RP11 nuclear
localization,35 suggesting that m6A modification exerts
different effects on the distribution of mRNAs and lncRNAs.
Moreover,METTL3overexpressionenhances the interactionof
RP11 with hnRNPA2B1. It has been shown that hnRNPA2B1 can
interact with RBPs and induce mRNA degradation.69 RP11 can
alsodirectly bindwith thecoding sequenceofSiah1 and the30-
UTR of Fbxo45, which both are E3 ligases. Both Siah1 and
Fbxo45 can promote Zeb1 degradation in a ubiq-
uitineproteasome-dependent way.70,71 RP11 promotes the
degradation of Siah1 and Fbxo45 mRNA and decreases Siah1
e modification of MALAT1.



Figure 2 N6-methyladenosine modification of XIST.
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and Fbxo45 expression. Thus, the m6A-mediated nuclear
accumulation of RP11 may inhibit the ubiquitination of Zeb1
and induce Zeb1 to trigger the dissemination of CRC35 (Fig. 3).

FAM225A

Zheng and colleagues have reported that FAM225A is a
novel and one of the most upregulated lncRNAs in naso-
pharyngeal carcinogenesis (NPC), and FAM225A is associ-
ated with poor clinical outcomes.72 There are two RRACU
m6A motifs (2808 and 5460) in FAM225A, as predicted with
m6AVar. Me-RIP assays have shown the m6A levels of
HONE-1 and SUNE-1 are higher than those of NP69 and
N2Tert. Silencing METTL3 decreases m6A levels of total
RNA and FAM225A. Knockdown of METTL3 downregulates
the expression of FAM225A. Silencing METTL3 decreases
Figure 3 N6-methyladenosine
FAM225A RNA stability, which indicates that m6A modifi-
cation may affect FAM225A stability. Accumulating evi-
dence has demonstrated that lncRNAs may act as
competing endogenous RNAs (ceRNAs) and regulate miR-
NAs through competitively binding miRNA targets.73,74

FAM225A serves as the ceRNA for sponging both miR-590-
3p and miR-1275, increasing the levels of their target
integrin b3 (ITGB3), finally stimulating FAK/PI3K/Akt
signaling. MiR-590-3p has been reported as a tumor sup-
pressor in cholangiocarcinoma and hepatocellular carci-
noma.75,76 It has been reported that miR-1275 can inhibit
NPC cell growth and suppress hepatocellular carcinoma
cell proliferation.77,78 In conclusion, m6A modification of
FAM225A could improve its stability, upregulate FAM225A
levels, and promote NPC proliferation and invasion35

(Fig. 4).
modification of lncRNA RP11.



Figure 4 N6-methyladenosine modification of FAM225A.
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GAS5

It has been shown that GAS5 is downregulated in cancers,
and it acts as a tumor suppresser.79e81 Recently, it has been
reported that GAS5, which may inhibit the progression of
colorectal cancer, is m6A-modified.44 Mechanically, GAS5
directly interacts with YAP to promote YAP phosphorylation
and ubiquitin-mediated degradation. Moreover, YAP medi-
ates transcription of YTHDF3, which serves as an m6A
reader and binds with m6A-modified GAS5 to trigger GAS5
degradation (Fig. 5). It has been demonstrated that YTHDF3
can facilitate protein translation and degrade m6A-
modified mRNA,39 indicating that YTHDF3 may degrade
Figure 5 N6-methyladenos
both mRNA and lncRNA in an m6A-dependent way. Thus,
the m6A-mediated degradation of GAS5 through YAP
signaling in CRC may suggest that targeting of m6A modi-
fication could be a new approach for CRC treatment.

Future directions

The information available in the literature suggests that
m6A modification of lncRNAs plays a role in gene regulation
through various mechanisms. First, m6A modification of
lncRNAs may change the structure of lncRNAs and affect
the interaction with proteins.42,52 Second, m6A modifica-
tion of lncRNAs could mediate gene transcription
ine modification of GAS5.
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repression.23 Third, m6A modification of lncRNAs possibly
alters its subcellular distribution.35 Fourth, m6A modifica-
tion of lncRNAs regulates lncRNAs stability.44,72 However,
irrespective of the mechanism involved, m6A modification
of lncRNAs regulates lncRNAs stability and/or localization
through interactions among lncRNAs, proteins, miRNAs, and
mRNAs. However, overall, studies on m6A modification of
lncRNAs are still low in number. There is a need for further
characterization of components required for lncRNAs m6A
modification and recognition. Moreover, the underlying
mechanisms by which m6A modifications contribute to gene
regulation and whether and how m6A modification of
mRNAs differs from lncRNAs m6A modification remain to be
elucidated. An improved understanding of lncRNAs m6A
modification will expand our knowledge of m6A modifica-
tion and gene regulation.
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