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Emerging function of N6-methyladenosine in cancer (Review)
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Abstract. N6-methyladenosine (m6A) modification in RNA
has been implicated in diverse biological processes including
the maintenance of embryonic stem cells, early development
and diseases. Although the m6A modification was discovered
several decades ago, its biological function remained unclear.
The recent discovery of enzymes responsible for ‘writing’ or
‘erasing’ the modification and single-nucleotide resolution
mapping by next-generation sequencing technology have
revealed its function in biological processes. Its enrichment
pattern is conserved in mammalian transcriptomes, and
the level of m6A is tightly regulated by methyltransferases
(writers), demethylases (erasers) and binding proteins (readers).
Furthermore, accumulating evidence suggests that the aber-
rant regulation of m6A turnover is associated with multiple
types of cancer including acute myeloid leukemia, breast
cancer, glioblastoma, lung cancer and liver cancer. Studies
have demonstrated that factors involved in m6A metabolism
serve either oncogenic or tumor-suppressor roles in different
contexts. The previous studies of the role of m6A in cancer
biology are discussed in the present review.
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1. Introduction

RNA is a central component of gene expression and is the link
between genetic information (DNA) and proteins. Multiple
mechanisms are involved in regulating gene expression. One such
mechanism is mediated by chemical modification of RNA either
during or after transcription. More than 100 post-transcriptional
modifications have been found in all RNA species (1). The
functions of these modifications are diverse and depend on the
biological context. Among the modifications, recent studies
revealed that N6-methyladenosine (m6A) modification in
eukaryotic mRNAs plays significant roles in pleiotropic biological
processes including stem cell biology, development, immunology,
and cancer biology (2-5). m6A modification was discovered
several decades ago in mouse and human transcriptomes (6-11).
However, its role was unclear until recently. The discovery that
fat mass and obesity-associated protein (FTO) is an enzyme that
demethylates m6A prompted studies to evaluate the biological
consequences of m6A (12). FTO protein was originally recognized
as a regulator of lipid metabolism (13-15). The availability of
mo6A-specific antibodies and transcriptome-wide m6A mapping
studies further revealed the unique pattern of m6A distribution
and functions in the regulation of RNA biology (16,17). Studies
demonstrated that aberrant regulation of m6A turnover is linked
to pathophysiological disorders such as excessive fatty acid
deposition, developmental retardation, type 2 diabetes mellitus,
aberrant germ cell formation, circadian period elongation, and
cancers (13-15,18-35). Among these, emerging evidence suggests
that factors metabolizing m6A are involved in multiple forms of
human cancer, including lung cancer, glioblastoma, breast cancer,
and acute myeloid leukemia (AML). The review discusses recent
progress in understanding m6A-related cancers (23-35).

2. mo6A enrichment and its function
In the 1970s, several groups detected m6A in human and mouse

cells. The early discovery of m6A modification was made in
noncoding RNAs including snoRNAs, tRNAs, and rRNAs,
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and mRNAs (6-11). However, the function of the modification
was unknown because of technical limitations in functional
analysis. In 2012, two independent studies profiled the transcrip-
tome-wide m6A distribution and found a conserved pattern of its
enrichment in both the human and mouse transcriptome (16,17).
Since then, multiple studies confirmed similar patterns of the
transcriptome-wide distribution of m6A in some eukaryotes
including cow, yeast, and plant (36-38). It is estimated that
more than =7,600 coding and =300 noncoding RNAs contain
mo6A, and 0.1-0.4% of total adenines (As) were methylated in
mammalian transcripts (11,16,17,39). In general, the studies
revealed the following: i) There is a consensus sequence
[(G/A/U)(G>A)m6AC(U>A>C)] marked by m6A (16,17,39-42).
ii) m6A is preferentially enriched around the transcription end
site (TES) in mRNAs or last exon in noncoding RNAs (16,17)
(Fig. 1). Relatively less enriched m6A peaks are also observed
at the transcription start site (TSS) (43) (Fig. 1). iii) Some
m6A-marked genes are conserved in human and mouse
cells (16). For example, ~46% of conserved m6A peaks between
human and mouse ES cells were identified. The data suggest
a conserved function of the modification in regulating stem
cell biology. The unique pattern of m6A enrichment implicates
its functions in translation efficiency, splicing, mRNA export,
and alternative polyadenylation (16,40,44-46). In general, m6A
accumulation accelerates transcript decay (45). In contrast, TSS
mo6A is known to accelerate the CAP-independent translation
start by changing the 3D structure of mRNA (47). These struc-
tural changes recruit transcription initiation proteins such as
elF3 (47). Although early functional studies of m6A were shown
to positively regulate splicing, a recent study demonstrated that
moA is observed in exons of newly synthesized transcripts. In
contrast to previous hypotheses, m6As in exon are quite static,
as m6A exists in the exons of chromatin-associated RNAs and
the same pattern of m6A distribution is observed even after
translocation into the cytoplasm (48). Therefore, the data suggest
that m6A plays an independent role in splicing. The study
confirmed that m6A methylation is negatively correlated with
the half-life of the transcript. Ke e al (49) showed that genes
with a long last exon have a higher density of m6A compared
to genes with short last exons. Furthermore, the study suggested
that m6A density affects utilization of the polyA site; if a gene
more frequently utilizes a proximal polyA site, m6A density
around the proximal polyA site is low, whereas if a gene less
frequently utilizes a proximal polyA site, m6A density around
the site is high (49). The idea of its role in controlling splicing
was originally proposed based on the observation that m6A was
more observed in intron compared to exon sequences. However,
the study suggests that m6A-mediated regulation of splicing is
less likely.

3. Factors metabolizing m6A

m6A methyltransferases (writer): METTL3, METTLI4, and
WTAP. Several enzymes catalyze m6A formation. The first
protein identified to have this function is methyltransferase-like
protein (METTL) 3, which forms a heterodimeric complex
with another methyltransferase, METTL14 (50). Although
both METTL3 and METTLI14 contain conserved catalytic
domains, only METTL3 appears to contain a methyl donor,
S-adenosylmethionine, binding domain (50). METTL3 is
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Figure 1. Analysis of m6A enrichment in MON-MAC-6 cells (acute monocytic
leukemia) (A) and glioblastoma stem-like cells (B) using publically available
data sets (GSE87515 and GSE76414). The hg38 human genome assembly was
used for the m6A-Seq analysis. m6A distribution in genebody is visualized
using ngs.plot tool. Representative genes [(A) ASB2 and RARA genes in
MON-MAC-6 cells and (B) FOXMI gene in glioblastoma stem-like cells] for
mo6A distributions are presented using Integrative Genomics Viewer. Note that
mo6A preferentially is enriched around TSS and TES. FOXMI, forkhead box
protein M1; TSS, transcription start sites; TES, transcription end site.

highly conserved in most eukaryotes and broadly expressed,
and its enriched subcellular localization is found in nuclear
speckles (51). Genetic ablation of mouse METTL3 or
METTLI14 causes aberrant differentiation of embryonic stem
cells, spermatogonial cells, and neuronal lineages with bulk
reduction of mo6A levels (2,52,53). Wilms's tumor protein 1
(WT1)-associated protein (WTAP), known as a splicing factor
and binding partner of human WTI, has shown to be required
for embryonic development and cell cycle progression (40).
WTAP-depleted mice display lethal at peri-gastrula stages
with failure in cell proliferation (54). Although WTAP does
not possess methyltransferase activity, it appears to modulate
mOA methylation by interacting with the METTL3-METTL14
complex.

MO6A demethylases (eraser): FTO and ALKBH5. FTO protein
belongs to a member of Fe(Il)- and a-ketoglutarate-dependent
AlkB dioxygenase family and is known to be linked to child-
hood and adult obesity (55). FTO was shown to demethylate
mo6A in vitro and its loss results in growth retardation and
aberrant metabolism with increased m6A levels (12,56).
A forced overexpression of FTO leads to decreased m6A
levels in HeLa cells (12). FTO has been suggested as an
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Table I. Role of factors regulating m6A in human cancer.
Associated proteins and Target genes
Cancer type Cell types examined expression patterns (effects on their expression) (Refs.)
Breast cancer MDA-MB-231, MDA-MB-435, ALKBHS: Upregulated NANOG (activated) (23,24)
MCF-7,ZR75.1,T47D, BT-474,
HCC-1954, SUM-149, SUM-159
AML WTAP: Peripheral blood mononuclear WTAP: CNV WTAP-related: Not identified (25-30)
cells from AML patients METTIL 3-related: PTEN,
METTL3: MOLM13, THP-1, MV4-11, METTL3: Upregulated c-MYC and BCL2 (activated)
NOMO-1, HL-60, KG-1, HEL, ALKBHS: Loss of CNV  ALKBHS5-related: Not identified
OCI-AML2, OCI-AML3,EOL-1 and  FTO: Upregulated FTO-related: ASB2 and RARA
AML patient samples (repressed)
ALKBHS: Database in
TCGA Research Network
FTO: Bone marrow cells isolated
from primary MLL-rearranged
AML patients
Glioblastoma Hs683, SW1783, US7MG, LN229, ALKBHS: Upregulated ~ALKBHS5-related: FOXM1 31
U251MG, GBMOS5 and patient-derived (activated)
glioblastoma cells
Lung cancer = A549,H1299 and H1792 METTL3: Upregulated  Not identified (34)
Liver cancer  Patient-derived HCC cells METTL3: Upregulated =~ SOCS2 (repressed) (35)

mo6A, N6-methyladenosine; WTAP, Wilms's tumor protein 1 (WT1)-associated protein; CNV, copy number variations; AML, acute myeloid
leukemia; METTL3, methyltransferase-like protein 3; ALKBHS, alkylation repair homolog 5; FTO, fat mass and obesity-associated protein;
PTEN, phosphatase and tensin homolog; Myc, myelocytomatosis oncogene; Bcl-2, B-cell lymphoma 2; TCGA, The Cancer Genome Atlas;
ASB2, ankyrin repeat and SOCS box containing 2; RARA, retinoic acid receptor alpha; FOXM1, forkhead box protein M1; SOCS2, suppressor

of cytokine signaling 2; HCC, hepatocellular carcinoma.

important player in neuronal development and cancers in
recent studies (26,28,32,57). ALKBHS is also a member of
the Fe(II)- and a-ketoglutarate-dependent AlkB dioxygenase
family. ALKBHS5-depleted male animals suffer from sterility
with accumulation of polyA-tailed RNAs in the cytoplasm (58).
As described above, iron as a cofactor in the biochemical reac-
tion appears to be essential, as mutations of amino acid residues
in the iron binding pocket lead to loss of catalytic activity (59).

mo6A-interacting proteins (reader): YTHDF2 and YTHDF3.
Recent studies demonstrated that m6A modifications can
be recognized by at least three proteins. The first proteins
identified in immunoprecipitation experiments were YT521-B
homology domain-containing family protein (YTHDF)2,
and YTHDEF3 (60). The two proteins contain the conserved
YTH domain, which is known to preferentially interact with
single-stranded RNA compared to single-stranded DNA (60). In
mouse, there are five known YTH domain-containing proteins
including four cytoplasmic (YTHDF1-3 and YTHDC?2) and
one nuclear (YTH domain-containing 1) (61,62). YTHDF2
binds to m6A and accelerates degradation of m6A-containing
RNAs (61). YTHDF2 depletion causes female-specific
sterility (63). Furthermore, YTHDF2 was shown to play a
critical role in maternal-to-zygotic transition by accelerating
the decay of maternally inherited mRNAs in zebrafish (64). In
contrast, Y THDF3 promotes mRNA translation (62). Together,
the studies suggest that regulation of the half-life of RNAs

by m6A addition and/or removal plays an important role in
mammalian early development.

4. Role of m6A in cancer

Cancer types that are associated with proteins regulating m6A
generation or removal are summarized in Table I.

Cancer stem cell formation in breast cancer. Zhang et al (23)
demonstrated that exposure to hypoxic conditions increased
ALKBHS expression in a subset of breast cancer cells. The
increased ALKBHS level is mediated by elevated expression of
hypoxia-inducible factor (HIF)-la and HIF-2a. Furthermore,
ALKBHS5 was shown to demethylate NANOG mRNA, a
pluripotent factor in cancer stem cells. Depletion of ALKBHS
in MDAMB-231 human breast cancer cells reduces tumor
initiation capacity and metastasis into the lungs by decreasing
the number of breast stem cells (23). More recently, the same
group showed that breast cancer cells under hypoxic condi-
tions show increased expression of ZNF217, which is a known
factor for sequestering METTL3 (24). ZNF217-mediated
METTLS3 sequestering leads to inhibition of m6A generation
in NANOG, KLF4, and SOX2 mRNAs in embryonic stem
cells. Similarly, hypoxia-dependent induction of ZNF217 in
breast cancer cells inhibits m6A methylation in NANOG and
KLF4 mRNAs (24). These studies revealed that elevated levels
of HIFs and ALKBHS by hypoxia enhance pluripotency factor
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expression and specification of breast cancer stem cells by
negatively regulating m6A biogenesis.

AML. AML is a devastating disease characterized by defects
in differentiation, increased proliferation, and inhibition of
cell apoptosis (65). WTAP has been suggested to have an
oncogenic role in AML (25). Approximately 32% of AML
patients carrying NPM1 and/or FTL3-ITD mutation(s)
exhibit aberrant overexpression of the WTAP gene (25).
Genome-scale analysis revealed that 2-9% of AML patients
carry copy number variations (CNV) in m6A regulatory genes
including FTO, ALKBHS, YTHDF1, YTHDF2, METTL3,
and METTLI14 (26). Loss of CNV in the ALKBHS5 gene is
the most obviously observed in AML patients (26). In addi-
tion, METTL3 depletion in human hematopoietic progenitor
cells and myeloid leukemia cell lines leads to accelerated
cell differentiation with reduced cell proliferation, as well
as delayed leukemic progression after transplantation into
mice, respectively (27). m6A modification enhances the
translation of PTEN, c-MYC, and BCL2 transcripts (28,29).
In contrast, FTO is aberrantly upregulated in AMLs with
t(15;17)/PML-RARA, t(11q23)/MLL, FLT3-ITD, and/or
NPM1 mutations (30). FTO promotes cell transformation and
leukemogenesis. Mechanistically, FTO-mediated m6A reduc-
tion directly inhibits all-trans-retinoic acid-induced AML
cell differentiation by regulating the expression of ASB2 and
RARA in vitro (30). The data suggests that fine-tuning of
m6A formation closely controls differentiation, survival, and
lineage commitment of hematopoietic cells.

Glioblastoma. Glioblastoma is a life-threatening brain
tumor showing a median overall survival between 10 and
20 months. The incidence of glioblastoma is approximately
3-4/100,000, increases with age, and peaks in patients aged
50-60 years (66,67). Multiple genes have shown to be involved
in causing glioblastoma (67). A high level of ALKBHS5
expression is detected in glioblastoma stem-like cells
(GSCs), and ALKBHS silencing inhibits the proliferation of
patient-derived GSCs (31). Mechanistically, ALKBHS upregu-
lates FOXMI1 expression by direct m6A demethylation in the
FOXMI transcript (31). Depletion of ALKBHS abolishes GSC
tumorigenesis by reducing FOXMI expression. Silencing
of a methyltransferase, METTL14 or METTL3, promotes
human GSC self-renewal, growth, and tumorigenesis, whereas
overexpression of METTL3 inhibits GSC self-renewal and
growth (32,33).

Other cancers. It has been shown that METTL3 is upregulated
in lung adenocarcinoma and promotes the survival, growth,
and invasion of human lung cancer cells by promoting the
translation of genes related to cancer (34). More recently,
METTL3 expression was found to be upregulated in human
hepatocellular carcinoma (HHC) and its overexpression was
related to poor prognosis in patients with HCC (35). Loss of
METTL3 function leads to suppressed HCC tumorigenicity
and lung metastasis in mice by increasing SOCS2 expression.
The regulation of SOCS2 expression appears to be accelerated
by binding of YTHDF?2 to its mRNAs. Consistent with the
notion, YTHDF2 depletion results in delayed degradation of
the SOCS?2 transcript (35).
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5. Perspectives

Epitranscriptomics refers to regulation of gene expression
by post-transcriptional covalent modification of the tran-
script (68,69). m6A is now known to be involved in one of
the most important epitranscriptomic mechanisms, is readily
detected transcriptome-wide and controls gene expression by
modulating the biology of RNAs. m6A enrichment displays
a unique pattern. As described above, studies have shown
that regulation of m6A formation is linked to human cancers.
Based on these findings, it is reasonable to speculate that
there are unidentified cancer types caused by dysregulation
of m6A modification. Furthermore, m6A and enzymes may
be therapeutic targets for treatment of these identified cancers.
Additionally, screening of chemicals that potentially regulate
m6A formation or removal is an appropriate approach for
therapeutic purposes.
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