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N6-methyladenosine (m6A) is one of the most abundant internal mRNA modifications,
and it affects multiple biological processes related to eukaryotic mRNA. The majority
of m6A sites are located in stop codons and 3′UTR regions of mRNAs. m6A regulates
RNA metabolism, including alternative splicing (AS), alternative polyadenylation (APA),
mRNA export, decay, stabilization, and translation. The m6A metabolic pathway is
regulated by a series of m6A writers, erasers and readers. Recent studies indicate that
m6A is essential for the regulation of gene expression, tumor formation, stem cell fate,
gametogenesis, and animal development. In this systematic review, we summarized
the recent advances in newly identified m6A effectors and the effects of m6A on RNA
metabolism. Subsequently, we reviewed the functional roles of RNA m6A modification
in diverse cellular bioprocesses, such as stem cell fate decisions, cell reprogramming
and early embryonic development, and we discussed the potential of m6A modification
to be applied to regenerative medicine, disease treatment, organ transplantation, and
animal reproduction.
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INTRODUCTION

Since the discovery of the first structurally modified nucleoside, pseudouridine, in the 1950s (Cohn
and Volkin, 1951), more than 150 kinds of chemical modifications have been found on cellular RNA
(Boccaletto et al., 2018). Due to the recognition of the prevalence and functional significance of N6-
methyladenosine (m6A) modification on mRNA as well as the development of high-throughput
sequencing technologies, there has been recent widespread interest in the biological phenomena of
RNA modification (Dominissini et al., 2012; Meyer et al., 2012). In 1974, m6A was first discovered
as the major form of internal methylation of mammalian mRNA (Desrosiers et al., 1974; Perry
and Kelley, 1974). Early studies indicated that m6A occurred in the (G/A; m6A) C sequences of
RNA and was predominately enriched in the stop codons and 3′ untranslated regions (3′UTRs;
Schibler et al., 1977; Wei and Moss, 1977). m6A modifications are added or removed by a series of
methyltransferases (also known as writers) and demethylases (also known as erasers; Jia et al., 2011;
Liu et al., 2013; Zhen et al., 2013; Ping et al., 2014). In addition, the m6A site is recognized by binding
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proteins (also known as readers; Wang X. et al., 2014; Wang
et al., 2015; Xiao et al., 2016; Li et al., 2017; Mao et al., 2019).
With the development of global-wide m6A detection technology,
epitranscriptome data have revealed large amounts of transcripts
across various species and tissues in normal and pathological
processes (Dominissini et al., 2012; Meyer et al., 2012; Huang
et al., 2019). It is widely believed that DNA and histone
modifications play crucial roles in gene expression regulation
(Egger et al., 2004). However, a series of recent studies have
shown that m6A has notable effects on the regulation of gene
expression at the post-transcriptional level, animal development,
and human diseases (Wang Y. et al., 2014; Wang et al., 2015;
Roundtree et al., 2017a).

In this review, we summarized the latest progress regarding
the molecular basis of m6A effectors and discussed the functional
roles of m6A modification in the regulation of RNA metabolism.
In addition, we focused on the molecular regulation mechanism
of m6A modification in stem cell fate decisions and early
embryonic development. Our review may contribute to a better
understanding of RNA modification and its mechanism in the
life sciences area.

OVERVIEW OF RNA m6A MODIFICATION

Characteristics of m6A Modification and
Related Enzymes
N6-methyladenosine modifications are highly species-conserved
between yeast, plants, fruit flies, and mammals. Recent
transcriptome-wide m6A site positioning has provided more
details about its location and prominence, revealing its
universality among thousands of transcripts in humans and mice
(Dominissini et al., 2012). m6A modifications mainly occur on
adenine (A) in the RRACH (R = G or A, G > A, H = A or C or
U, and U > A > C) sequence, and is mainly located near the stop
codons and 3′UTR of mRNAs (Dominissini et al., 2012; Meyer
et al., 2012; Figure 1). In mammals, approximately 0.1 to 0.6%
of adenines undergo m6A modification, with an average of 3 to 5
methylated sites in each mRNA. Notably, m6A modifications can
be deposited onto the transcripts in tissue- and cell-type-specific
manners (An et al., 2020).

Similar to DNA methylation, the m6A levels in RNA
are dynamic and reversible. A series of m6A readers make
up the methyltransferase complex (MTC), including the
core component methyltransferase-like 3 (METTL3), and
methyltransferase-like 14 (METTL14; Liu et al., 2013), and
other regulatory factors: Wilms tumor 1-associating protein
(WTAP; Ping et al., 2014), Vir like m6A methyltransferase
associated (VIRMA; Yue et al., 2018), zinc finger CCCH-type
containing 13 (ZC3H13; Wen et al., 2018), Cas-Br-M (murine)
ecotropic retroviral transforming sequence-like 1 (CBLL1), and
RNA binding motif protein (RBM15/15B; Patil et al., 2016).
METTL3 is the main catalytic subunit of MTC, METTL14
mainly promotes binding to RNA, and WTAP is the regulatory
subunit, which binds to METTL3/14 and thus contributes to
the catalytic activity of methyltransferase and the deposition of
m6A (Ping et al., 2014). Recent studies reported that zinc finger

CCHC-type-containing 4 (ZCCHC4) and methyltransferase-like
16 (METTL16) function as m6A methyltransferases of 28S rRNA
and U6 snRNA, respectively (Brown et al., 2016; Pendleton et al.,
2017; Ma et al., 2019). Fat mass and obesity-associated protein
(FTO) and alkB homolog 5 (ALKBH5) have been identified
as m6A demethylases that play function in an Fe (II) and α-
ketoglutarate (αKG)-dependent manner (Jia et al., 2011; Zhen
et al., 2013). FTO was the first identified demethylase, and it can
remove the m6A modification in the internal (m6A) and 5′cap
(m6Am) of mRNAs in different environments (Wei et al., 2018).

To date, three classes of m6A readers have been characterized:
the first class, YT521-B homology (YTH)-domain containing
proteins, directly bind m6A-modified mRNAs (Wang X. et al.,
2014; Wang et al., 2015; Li et al., 2017; Shi et al., 2017; Figure 1);
the second class, RNA structure-dependent proteins, include
HNRNPC/G, and HNRNPA2B1 (Liu et al., 2015, 2017; Alarcon
et al., 2015b; Figure 1); the third class, RNA binding proteins
such as insulin-like growth factor 2 mRNA-binding proteins
1–3 (IGF2BP1/2/3), and Fragile X mental retardation protein
(FMRP), can bind m6A-modified mRNAs through RNA binding
domains (RBDs), such as K homology (KH), RNA recognition
motif (RRM), and arginine/glycine-rich (RGG) domains (Huang
et al., 2018; Edens et al., 2019; Figure 1). A recent study reported
that a neuronal cell-specific m6A reader proline rich coiled-coil 2
A (Prrc2a), which contains glycine, arginine and glutamic acid
(GRE) domains, played an important role in oligodendroglial
specification and myelination (Wu et al., 2019b).

Writers and erasers contribute to the establishment,
maintenance, and remodeling of the global m6A modification
state across various species, tissues and cells in normal, and
pathological processes. The subcellular localization of m6A
effectors and regulators is essential for their function. METTL3
and YTHDF2 may depend on their cellular location and
expression to show multiple functions (Zhou et al., 2015; Lin
et al., 2016). The demethylase FTO shows different substrate
preferences in the cytoplasm and in the nucleus (Wei et al.,
2018). Notably, the m6A modification-related methylase can
be regulated by various factors involved in transcriptional,
posttranscriptional (miRNAs and lncRNAs), and translational
(phosphorylation, ubiquitination, or SUMOylation modification)
regulation (Du et al., 2018; Schöller et al., 2018; Zhu et al., 2018).
In addition, several m6A modification regulators, such as
ZFP217, SMAD2/3, CEBPZ, TARBP2, and TRA2A, have
been found to regulate m6A modification of mRNAs by
recruiting or repelling MTC in a cell-type-specific manner
(Aguilo et al., 2015; Barbieri et al., 2017; Bertero et al., 2018;
Fish et al., 2019; An et al., 2020). In addition, a recent study
reported that H3K36me3 recruited METTL14 thus guiding
m6A deposition on nascent transcripts (Huang et al., 2019).
Liu et al. (2020) recently revealed that m6A of chromosome-
associated regulatory RNAs (carRNAs) can regulate chromatin
state and transcription through increasing activate histone
modifications, such as H3K4me3 and H3K27ac. In embryonic
neural stem cells (eNSCs), METTL14 knockout (KO) increases
H3K4me3, H3K27me3, and H3K27ac levels by affecting the
mRNA stabilization of histone-modifying enzymes (Wang et al.,
2018). These results suggest that there is crosstalk between these
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FIGURE 1 | The characteristics of RNA m6A modification. The m6A writers, erasers, and readers in eukaryotic cells (Shi et al., 2019). The preferences and density of
RNA m6A modification in different regions of mRNAs (Fitzsimmons and Batista, 2019).

diverse epigenetic modifications, which results in the regulation
of gene expression.

The Effects of m6A on RNA Metabolism
Gene expression is regulated by multiple processes, including
transcription, post-transcriptional regulation, and translation.
An increasing number of studies have shown that RNA m6A
modification affects RNA processing and metabolism, including
alternative splicing (AS), alternative polyadenylation (APA),
mRNA stability, export, degradation, and translation (Figure 2).

m6A Affects Pre-mRNA Splicing, Polyadenylation and
Export
The majority of m6A writers and erasers are located in nuclear
speckles, suggesting that they may regulate RNA processing (Liu
et al., 2013; Ping et al., 2014; Yue et al., 2018). Indeed, increasing
evidence suggests that m6A is associated with AS and APA events
(Zhen et al., 2013; Xu et al., 2017). In HeLa cells, PAR-CLIP data
analysis suggested that METTL3 and WTAP affected mRNA AS
and the expression of genes related to transcription and RNA
processing (Ping et al., 2014). Similarly, KO of METTL3 affects

exon skipping and intron retention in mouse embryonic stem
cells (mESCs; Geula et al., 2015). In addition, previous studies
also found that METTL3 and the eraser ALKBH5 regulate the AS
of mRNAs in spermatogenesis (Zhen et al., 2013; Xu et al., 2017).
The demethylase FTO promotes exon skipping by preventing the
recruitment of splicing factor 2 (SRSF2) to the splicing sites in
3T3-L1 preadipocytes (Zhao et al., 2014). m6A alters the local
RNA structure and therefore affects the binding of HNRNP
family proteins HNRNPC/G to m6A modified mRNA, thus
affecting mRNAs AS (Liu et al., 2015, 2017). Additionally, a recent
study reported that KO of HNRNPA2B1 and METTL3 depletion
caused similar AS effects (Alarcon et al., 2015a). A latest study
by Liu et al. (2020) suggested that YTHDC1 can facilitate the
degradation of m6A-modified carRNAs, such as LINE1 elements,
through the NEXT complex in nucleus. Notably, the m6A nuclear
reader YTHDC1 regulates mRNA splicing by recruiting the
serine/arginine-rich splicing factors SRSF3 (exon retention) and
SRSF10 (exon excision; Xiao et al., 2016; Figure 2).

Several studies illustrated that transcripts with m6A
modifications more often had proximal APA sites, while
unmethylated transcripts tended to use distal APA sites
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FIGURE 2 | RNA m6A modifications regulate RNA metabolism. m6A is deposited onto nascent mRNAs by MTC. Then the m6A-modified mRNAs undergo AS by
recruiting splicing factors to m6A sites or their flanking sequences. On the other hand, YTHDC1 and VIRMA can interact with the polyadenylation cleavage factors
CPSF5 and CPSF6, thus regulating mRNA APA. Then, mRNAs can be recognized by YTHDC1 or FMRP and exported into the cytoplasm. Cytoplasmic m6A readers
regulate mRNA stability (IGF2BPs), decay (YTHDF2), and translation (YTHDF1/3, YTHDC2, EIF3a, and METTL3) under normal and stress conditions.

(Ke et al., 2015; Molinie et al., 2016). VIRMA preferentially
targets m6A mRNA methylation in stop codons and the 3′UTR,
and it interacts with the polyadenylation cleavage factors F5
and CPSF6, thus regulating APA (Yue et al., 2018). In addition,
YTHDC1 also promotes the export of m6A-modified mRNAs
by interacting with pre-mRNA 3′ end processing factors CPSF6,
splicing factors SRSF3/7, and nuclear RNA export factor 1
(NXF1; Roundtree et al., 2017b), suggesting a similar function
of YTHDC1 with VIRMA in regulating APA. Moreover, a latest
study illustrated that a novel m6A reader, FMRP, could promote
the nuclear export of m6A-modified mRNAs through another
nuclear RNA export factor, CRM1, during neural differentiation
(Edens et al., 2019; Figure 2).

m6A Affects mRNA Decay, Stabilization and
Translation
Transcripts transported into the cytoplasm are recognized
and regulated by a series of cytoplasmic m6A readers, such
as YTHDFs, IGF2BPs, YTHDC2, and EIF3a. The cytoplasmic
m6A reader YTHDF2 regulates mRNA decay by recruiting
the CCR4-NOT deadenylase complex, which accelerates RNA
deadenylation, and degradation of m6A-modified mRNAs
(Du et al., 2016). In contrast to YTHDF2, the cytoplasmic

m6A readers IGF2BPs enhance mRNA stability and facilitate
translation of m6A-modified mRNAs (Huang et al., 2018).
YTHDF1 and YTHDF3 synergistically recruit translation
initiation factors to promote mRNA translation and affect
YTHDF2-mediated degradation of m6A-modified mRNAs
(Wang et al., 2015; Li et al., 2017). As the only helicase-
containing reader, YTHDC2 can resolve mRNA secondary
structures and promote translation elongation of mRNA
with m6A modification in the CDS region (Mao et al., 2019).
Unexpectedly, cytoplasmic METTL3 could interact with eIF3h
to enhance translation, suggesting that METTL3 might directly
regulate translation in a m6A reader-independent manner (Lin
et al., 2016; Choe et al., 2018). Under heat stress conditions,
YTHDF2 changes subcellular localization, moving from the
cytosol to the nucleus, and it preserves the level of 5′UTR m6A
in mRNAs, thus promoting cap-independent translation (Zhou
et al., 2015). In addition, m6A in the 5′UTR could promote
cap-independent translation of mRNAs by binding with eIF3a
under stress conditions (Meyer et al., 2015; Figure 2).

Together with the role that YTHDF1, YTHDF3, and YTHDC2
play in translation, YTHDF2 and IGF2BPs play crucial roles in
maintaining the RNA metabolic balance in different physiological
states. In addition, it is important to point out that non-coding
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RNAs are also regulated by RNA m6A modification (Alarcon
et al., 2015a,b; Patil et al., 2016). The m6A modification not only
affects the cleavage, transport, stability and degradation processes
of non-coding RNA but also regulates the function of biological
cells by affecting the expression of non-coding RNA (Alarcon
et al., 2015a,b; Yang et al., 2017; Zhou et al., 2017). In some
cases, these non-coding RNAs affect the RNA-RNA or RNA-
protein interactions to regulate specific biological functions. The
variability of m6A reader subcellular localization, the preferences
across various gene regions and consensus sequences adds layers
of complexity to the m6A regulation mechanism.

ROLE OF m6A IN STEM CELL FATE

Mutipotent stem cells have been widely applied in regenerative
medicine, disease treatment and organ transplantation. It has
been found that RNA m6A modification plays essential roles in
stem cell self-renewal, differentiation, and cell reprogramming
(Batista et al., 2014; Wang Y. et al., 2014; Aguilo et al., 2015; Chen
et al., 2015; Geula et al., 2015). It seems that m6A modifications
have distinct effects on the fate of stem cells at various stages,
states and types of stem cells.

Role of m6A in Pluripotent Stem Cell Fate
Decisions
It is believed that the establishment, maintenance and transition
of the cell states are regulated by a series of molecular regulation
mechanisms. Epigenetic regulation, such as DNA modification,
histone modification, chromatin remodeling, and the work of
non-coding RNAs, play significant roles in early embryonic
development and the self-renewal and directional differentiation
of stem cells (Kouzarides, 2007; Smith and Meissner, 2013; Bao
et al., 2015). Embryonic stem cells (ESCs) derived from the
inner cell mass (ICM) of blastocysts are described as being in
a naïve state. As a class of versatile stem cell, naïve ESCs but
not primed ESCs have the ability to form chimeric embryos.
Primed epiblast stem cells (EpiSCs) derived from the ICM-
derived epiblast of postimplantation embryos, represent a type
of ESCs in a differentiated state. Induced pluripotent stem cells
(iPSCs) were originally obtained by introducing four exogenous
transcription factors (KLF4, OCT4, c-MYC, and SOX2) into
the somatic cells with a virus (Maherali et al., 2007), and they
have morphological and epigenetic characteristics similar to
those of ESCs. Scientists have studied the molecular regulatory
mechanism by which ESCs maintain self-renewal and trigger
differentiation for a long time. DNA methylation, histone
methylation, histone acetylation modification and non-coding
RNAs have been found to contribute to determining the fate
of pluripotent stem cells (Azuara et al., 2006; Doi et al., 2009;
Durruthy-Durruthy et al., 2016). Recent studies found that RNA
m6A modification might play crucial roles in pluripotent stem
cell self-renewal and differentiation to specific lineages (Batista
et al., 2014; Wang Y. et al., 2014; Aguilo et al., 2015).

In 2014, Batista et al. (2014) found that the RNA of core
pluripotency transcription factors had m6A modifications that
were conserved in mouse and human ESCs. Wang Y. et al. (2014)

illustrated that knockdown of the methyltransferases METTL3
and METTL14 inhibited the expression of pluripotency genes,
such as SOX2, NANOG, and DPPA3, and it promoted the
expression of developmental regulators, such as FGF5, CDX2,
and SOX17 in mouse ESCs. Furthermore, METTL3 and
METTL14 deletion increased RNA stability in a HuR- and
miRNA-dependent manner in mESCs (Wang Y. et al., 2014).
Subsequently, another study reported that Zc3h13 interacts with
WTAP, VIRMA, and CBLL1, forming a biochemical complex
in mESCs (Wen et al., 2018). Zc3h13 deletion decreases the
global m6A mRNA modification levels and the ability to self-
renewal, triggering the differentiation of mESCs (Wen et al.,
2018). In addition, Aguilo et al. (2015) reported that zinc finger
protein 217 (ZFP217) was a direct regulator of the pluripotency
genes (NANOG, SOX2, KLF4, and c-MYC) in mESCs. On the
other hand, ZFP217 interacts with METTL3, thus promoting
mESCs self-renewal by decreasing m6A RNA modification of
pluripotency factors and maintaining their expression levels
(Aguilo et al., 2015). Similarly, a recent study revealed that
METTL3 depletion prevents self-renewal of porcine iPSCs and
triggers differentiation by inactivating the JAK2-STAT3 pathway
in an m6A-YTHDF1/YTHDF2-dependent manner (Wu et al.,
2019c). Conversely, several studies suggested that METTL3
deletion or m6A loss prolonged NANOG expression, thus
promoting mESCs self-renewal and blocking differentiation
(Geula et al., 2015). These seemingly contradictory outcomes
could be explained by the hypothesis that m6A modification
affects stem cell fate decisions by regulating the predominant
genes in stem cells that possess different pluripotency states.
In naïve ESCs, METTL3 knockdown or m6A loss further
increased the expression of high abundance-pluripotency genes
thus creating hypernaïve pluripotent states, despite the weak
upregulation of lineage-specific regulators. For EpiSCs, m6A loss
promotes the expression of lineage-specific genes, thus triggering
cell differentiation (Figure 3).

Embryonic stem cell-specific lncRNAs contribute to the
pluripotency maintenance (Guttman et al., 2011). Recently, Yang
et al. (2018) reported that the m6A modification deposited on the
mESC-specific lincRNA linc1281 affected mESC differentiation
by regulating the linc1281-Let-7 family-Lin28 ceRNA pathway.
Further, the TGFβ-Activin-Nodal signaling pathway plays crucial
roles in pluripotent stem cell fate decisions. In human ESCs,
Activin and Nodal activate SMAD2/3, which binds with
NANOG, thus maintaining cell self-renewal. A recent study
found that SMAD2/3 promotes m6A deposition onto nascent
transcripts by recruiting the MTC, thus facilitating exit from
pluripotency toward lineage-specific differentiation in human
ESCs (Bertero et al., 2018).

Role of m6A in Cell Reprogramming
Increasing evidence has indicated that regulating epigenetic
modifications could increase somatic cell reprogramming
efficiency (Zhang J. et al., 2019). Recent studies suggested that
RNA m6A modifications can act as a functional regulator
in cell reprogramming (Bao et al., 2015; Figure 3). In
2015, Geula et al. (2015) reported that METTL3 deletion
suppressed mouse EpiSC reprogramming efficiency toward
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FIGURE 3 | m6A regulates the pluripotent stem cell fate. METTL3 or m6A deletion has divergent effects on the fate decision of pluripotent stem cells in different
states. METTL3 and ZFP217 play divergent roles in somatic cell reprogramming at different stages.

naïve pluripotency in early stages but had the opposite
effect in the later stages. In MEFs, early KO of METTL3
diminished somatic reprogramming efficiency but did not
affect reprogramming efficiency after 3 days of induction
with OKSM factors (Geula et al., 2015). Subsequently, Chen
et al. (2015) reported that METTL3 overexpression increases
m6A abundance and promoted the expression of pluripotent
factors and colony numbers of iPSCs, suggesting that m6A
promotes cell reprogramming. Another study suggested that
the expression level of ZFP217 gradually increased during
somatic reprogramming, while METTL3 exhibited the opposite
trend (Aguilo et al., 2015). ZFP217 deletion diminished the
number of colonies positive for alkaline phosphatase, while
ZFP217 overexpression promoted the formation of iPSC colonies
(Aguilo et al., 2015). Furthermore, METTL3 knockdown
partially rescued somatic cell reprogramming in Zfp217-
depleted cells. Mechanistically, ZFP217 transcription activates
core reprogramming factors, thus maintaining cell stemness. On
the other hand, ZFP217 binds with METTL3, thus diminishing
m6A deposition onto the transcripts of pluripotency genes.
Taken together, these studies illustrated the important and
various functional regulatory roles of ZFP217 and METTL3 in
somatic cell reprogramming. METTL3 is essential for somatic
cell reprogramming because it arrests the cell cycle, thus affecting
cell proliferation in the early stage, while ZFP217 is indispensable

for activating pluripotency factors in the later stages of somatic
cell reprogramming.

Role of m6A in the Differentiation of
Other Stem and Progenitor Cells
Several studies have suggested that m6A RNA modification plays
crucial roles in the hematopoietic system, neural system, fat
metabolism and muscle development. Mesenchymal stem cells
(MSCs) derived from different tissues may be suitable for the
treatment of various diseases due to the different secretory
capacities of cytokines and growth factors.

In 2017, Zhang et al. (2017) found that m6A determines the
hematopoietic stem/progenitor cell (HSPC) fate by affecting
the endothelial-to-hematopoietic transition (EHT) during
zebrafish embryogenesis (Figure 4). Furthermore, METTL3
deletion downregulated the m6A modification level of Notch1a
transcripts, thus protecting the mRNA from YTHDF2-mediated
decay to block EHT during vertebrate embryogenesis (Zhang
et al., 2017). Subsequently, Vu et al. (2017) reported that METTL3
deletion promotes human HSPC differentiation and inhibits
cell proliferation. Mechanistically, the knockdown of METTL3
hindered C-MYC, BCL-2, and PTEN translation and stimulated
AKT to be phosphorylated to trigger downstream signaling
pathway reactions (Vu et al., 2017). METTL14 was shown to be
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FIGURE 4 | The crucial roles of m6A in stem cell and progenitor cell differentiation. m6A plays divergent functions by affecting mRNA splicing (•), stability (�), and
translation (F). ECs: endothelial cells; HSPCs: hematopoietic stem/progenitor cells; NSCs: neural stem cells; NPCs: neural progenitor cells; SSCs: spermatogonial
stem cells; ADSCs: adipose-derived stem cell; and BMSCs: bone marrow mesenchymal stem cells.

highly expressed in normal HSPCs and downregulated during
myeloid differentiation (Weng et al., 2018). Similarly, METTL14
knockdown promoted terminal myeloid differentiation of
normal HSPCs by inactivating the MYB/MYC axis. In contrast,
Lee et al. (2019) reported that METTL3 deletion inhibited
the differentiation of hematopoietic stem cells (HSCs) but
led to the accumulation of HSCs in adult bone marrow. Yao
et al. (2018) also confirmed that METTL3/14 played essential

roles in maintaining the self-renewal of HSCs in adult bone
marrow. Similarly, Cheng et al. (2019) also found that METTL3
maintained the symmetric commitment and identity of HSCs by
affecting MYC mRNA stability. The divergent effects of m6A on
HSC fate may be because m6A plays different roles in HSC and
progenitor fate determination. Notably, abnormal expression of
METTL3/14 may lead to the occurrence of malignant diseases
related to the hematopoietic system, such as acute myeloid
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leukemia (AML; Vu et al., 2017; Weng et al., 2018). In addition,
two recent studies illustrated that the m6A reader YTHDF2 was
required for HSC self-renewal and AML initiation by mediating
mRNA degradation (Li et al., 2018; Paris et al., 2019). YTHDF2
deletion not only promoted HSC expansion but also prevented
leukemia initiation, suggesting that YTHDF2 could be a potential
therapeutic target in AML (Paris et al., 2019).

Spermatogonial stem cells (SSCs) are a class of stem cells
that not only can self-renew but also can differentiate into
spermatocytes. Spermatogenesis involves a highly regulated
differentiation process that includes mitosis, meiosis, and
spermiogenesis. Multiple studies have suggested that KO of
the m6A effector has significant effects on male fertility and
spermatogenesis. In 2017, Lin et al. (2017) first investigated
the dynamic changes in m6A levels during spermatogenesis,
and m6A was found to be relatively highly enriched in
pachytene spermatocytes and round spermatids. Germ cell-
specific METTL3 or METTL14 KO caused mRNA translation
dysregulation, thus affecting SSC proliferation and differentiation
(Lin et al., 2017). Similarly, another study reported that
germ cell-specific METTL3 deletion prevented spermatogonial
differentiation and meiosis by altering transcript expression and
splicing (Xu et al., 2017). Moreover, other studies suggested that
ALKBH5, YTHDC1, and YTHDC2 KO mice exhibited deficient
phenotypes in spermatogenesis or male fertility (Zhen et al.,
2013; Kasowitz et al., 2018), suggesting crucial roles for m6A
in spermatogenesis and animal reproduction. Further studies
regarding the regulatory mechanisms of m6A on spermatogenesis
or male fertility need to be performed.

RNA m6A modification is indispensable for the development
and functional maintenance of the nervous system. METTL3 and
METTL14 deletion prolonged the cell cycle progression
of cortical neural progenitor cells (NPCs) and reduced
the differentiation of radial glial cells (RGCs) during
mouse embryonic cortical neurogenesis (Yoon et al., 2017).
Oligodendrocyte-specific METT14 deletion resulted in myelin
abnormalities and decreased oligodendrocyte numbers but did
not affect oligodendrocyte precursor cell (OPC) numbers. In
OPCs, METTL14 ablation prevented the differentiation of OPCs,
suggesting that m6A is a crucial regulator of oligodendrocyte
differentiation. The epitranscriptome analysis results suggested
that a large number of transcripts related to oligodendrocyte
lineage progression were marked with m6A modification.
METTL14 deletion led to aberrant mRNA splicing in OPCs
as well as oligodendrocytes. Wang et al. (2018) reported that
METTL14 deletion decreased cell proliferation and promoted
untimely differentiation of eNSCs. Moreover, METTL14
deletion increased H3K4me3, H3K27me3, and H3K27ac levels
by affecting the mRNA stabilization of histone-modifying
enzymes in eNSCs (Wang et al., 2018). In contrast, a recent
study found that METTL3 deletion reduced the level of
histone methyltransferase Ezh2, thereby decreasing H3K27me3
levels in adult neural stem cells (aNSCs; Chen et al., 2019).
Mechanistically, KO of METTL3 inhibited the proliferation
of aNSCs and promoted aNSC differentiation toward the glial
lineage. In addition, EZH2 overexpression rescued the defects
resulting from METTL3 depletion. The diverse effects of m6A

may be due to differences in methyltransferase functions and cell
types. Notably, recent studies have identified two new neuronal
cell-specific m6A readers, FMRP and Prcc2a, that play important
roles in nervous system development in mice. FMRP deletion
hindered cycle progression and promoted the proliferation of
NPCs, which was similar to what was observed in METTL14
conditional KO mice (Edens et al., 2019). Mechanistically,
FMRP promotes m6A-modified mRNA nuclear export through
CRM1 during neural differentiation (Edens et al., 2019).
Another neuronal cell-specific m6A reader is Prrc2a. In mice,
Prrc2a regulates OPC proliferation and oligodendrocyte fate by
stabilizing Olig2 mRNA during oligodendrocyte development
(Wu et al., 2019b).

Marrow MSCs are a class of stem cells derived from marrow,
adipose and umbilical cord tissues, and they can be differentiated
into osteoblasts, chondrocytes, and adipocytes. Among MSCs,
bone marrow mesenchymal stem cells (BMSCs) have been
applied to the cell-based therapy for some osteoporosis-related
and human cancers. In 2018, Wu Y. et al. (2018) identified
that MSC-specific METTL3 deletion inhibited osteogenic
differentiation while promoting adipogenic differentiation
in vivo and in vitro. The translation efficiency of parathyroid
hormone receptor-1 (Pth1r) was impaired in METTL3-deficient
MSCs. In contrast, overexpression of METTL3 could rescue
osteoporosis in mice (Wu Y. et al., 2018). Mechanistically,
METTL3 deletion regulated osteogenesis by affecting the
PTH/Pth1r signaling axis in an m6A-dependent manner.
Subsequently, Tian et al. (2019) found that the expression
level of METTL3 was significantly increased during osteogenic
differentiation of BMSCs. Knockdown of METTL3 inhibited
osteogenic differentiation, reduced p-AKT levels and affected
the expression of genes in PI3K-AKT signaling pathways; the
knockdown also affected the AS of VEGFa (Tian et al., 2019).
Similarly, a recent study demonstrated that METTL3 regulated
osteoclast differentiation by protecting the Atp6v0d2 mRNA
from the degradation by YTHDF2 and promoted the nuclear
retention of Traf6 mRNA (Li D. et al., 2020). METTL3 deletion
prevented the expression of osteoclast-specific genes, decreased
the phosphorylation levels of key factors in the MAPK, NF-
κB, and PI3K-AKT signaling pathways and inhibited osteoclast
differentiation (Li D. et al., 2020). A recent study revealed that the
expression level of METTL3 was significantly increased during
adipogenesis in porcine BMSCs (Yao et al., 2019). Moreover,
METTL3 deletion promoted adipogenesis by activating the
JAK1/STAT5/C/EBPβ pathway in an m6A-YTHDF2-dependent
manner in porcine BMSCs (Yao et al., 2019). These findings
suggested that m6A could be a crucial link between adipogenic
and osteogenic lineages and that METTL3 might be a potential
treatment target for the osteoporosis. Increasing evidence has
also found that m6A regulates adipose-derived stem cell (ADSC)
or preadipocyte fate decisions (Zhao et al., 2014; Wu R. et al.,
2018; Liu Q. et al., 2019; Wu et al., 2019a).

In 3T3-L1 preadipocytes, FTO regulates adipogenesis by
affecting SRSF2 binding with m6A-modified mRNAs thus leading
to exon skipping (Zhao et al., 2014). On the other hand, FTO
regulated the transcript abundance of cell cycle-related genes in
an m6A-YTHDF2-dependent manner in 3T3-L1 preadipocytes
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(Wu R. et al., 2018). In addition, FTO promotes adipogenesis
by decreasing the m6A level of JAK2, thus protecting its mRNA
from degradation by YTHDF2 and activating the JAK2-STAT3-
C/EBPβ signaling pathway during adipogenic differentiation
(Wu et al., 2019a). In 3T3-L1 cells, KO of ZFP217 promoted
METTL3 expression and increased global RNA m6A levels, thus
downregulating the expression level of CCND1 in an m6A-
YTHDF2-dependent manner (Liu Q. et al., 2019). In normal
3T3-L1 cells, ZFP217 promotes adipogenesis by activating FTO
and interacting with YTHDF2 (Liu Q. et al., 2019). However, KO
of ZFP217 increased the global RNA m6A level by decreasing
FTO expression in a m6A-YTHDF2-dependent manner (Liu
Q. et al., 2019). On the other hand, ZFP217 deletion directly
decreased the expression level of FTO in 3T3-L1 cells (Liu Q.
et al., 2019). Taken together, ZFP217 might act as a “super” m6A
regulator by interacting with the m6A writer METTL3, eraser
FTO, and reader (YTHDF2), thus playing functional roles in
various cellular physiological processes.

m6A MODIFICATION AND MAMMALIAN
EMBRYONIC DEVELOPMENT

As one of the most important molecular processes in life,
early mammalian embryonic development is determined by
multiple cell fate decisions that result in an overall development
blueprint for organogenesis and morphogenesis. The process
of early embryonic development involves the maintenance
and differentiation of totipotent cells, which is determined
by the order of differentiation of various pluripotent stem
cells. Embryo development is known to be regulated by a
series of complex regulatory mechanisms at different levels. An
increasing number of studies have suggested that RNA m6A
modification is associated with animal reproduction programs,
such as gametogenesis, maternal-zygote transition, and early

embryo development (Zhen et al., 2013; Geula et al., 2015; Du
et al., 2016; Zhao et al., 2017; Mendel et al., 2018; Sui et al., 2020;
Figure 5).

The Influences of m6A on
Preimplantation Embryo Development
The maternal-to-zygotic transition (MZT) is one of the
most important highly ordered and regulated events during
early embryo development. The MZT is accompanied by the
degradation of maternal RNA and protein and zygote genome
activation (ZGA). As animal embryonic development proceeds,
posttranscriptional mechanisms act as critical regulators to
ensure suitable gene expression and timely progression of
development programs.

In 2015, Geula et al. (2015) illustrated that METTL3 KO
blastocysts of mouse showed normal morphology and normal
expression of pluripotency markers (OCT4 and NANOG)
compared with wild type blastocysts at E3.5 (embryonic day
E3.5), suggesting that METTL3 might not affect preimplantation
embryonic development of mouse. Notably, a recent study
first detected the RNA m6A level during mouse oocyte
maturation and embryonic development by immunofluorescence
(IF) staining (Sui et al., 2020). The global RNA m6A level
was gradually decreased from the germinal vesicle (GV)
to the two-cell stage but increased after the two-cell stage
during preimplantation embryos development (Sui et al., 2020).
Knockdown of METTL3 caused an approximately half of
oocytes spindle abnormalities, and the proportion of aneuploid
oocytes rose, thereby hindering oocytes maturation in mice (Sui
et al., 2020). In addition, METTL3 deletion decreased mRNA
translation efficiency in oocytes. In parthenogenetically activated
embryos, METTL3 deletion impeded the mouse ZGA process
by affecting maternal mRNA degradation, and the results of
EU (5-Ethynyl uridine) and phosphor-pol II ser2/5 staining also

FIGURE 5 | The m6A modification-related proteins exert essential functions in early embryonic development. The highlighted color indicates that the proteins mainly
play functions at this stage.
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suggested that METTL3 deletion reduced the global transcription
level in the two-cell embryos of mouse (Sui et al., 2020).
Subsequently, Kwon et al. (2019) found that the m6A reader
hnRNPA2B1 was regulated by METTL3 and played a crucial
role in mouse embryonic development. In mice, HNRNPA2B1
is highly expressed in embryos at the 4-cell stage (Kwon
et al., 2019). Knockdown of HNRNPA2B1 downregulated the
expression of pluripotency-related genes, such as OCT4, and
SOX2. METTL3 deletion decreased the mean sizes of blastocysts
and the proportion that reached the morula and blastocyst stage
(Kwon et al., 2019), suggesting that HNRNPA2B1 contributes
to blastocyst quality. Moreover, METTL3 deletion increased
the mislocalization of HNRNPA2B1 in blastocysts and resulted
in embryonic developmental defects, which was similar to the
effect observed in blastocysts following hnRNPA2B1knockdown
(Kwon et al., 2019).

In 2017, two studies illustrated that the m6A reader
YTHDF2 is required for oocyte maturation and early
embryonic development (Ivanova et al., 2017; Zhao et al.,
2017). Mechanistically, YTHDF2 recognizes m6A-modified
mRNAs and mediates the m6A-dependent RNA degradation
process during mouse ZGA (Ivanova et al., 2017). YTHDF2
deletion delayed the degradation of maternal mRNAs, thus
impeding zygotic genome activation in mice. These results
indicate that YTHDF2-mediated m6A-dependent mRNA
degradation plays an important role in transcriptome transitions
and early embryonic development. Similar to the YTHDF2
knockout mouse model, a recent study found that oocyte-specific
deletion of VIRMA results in female-specific infertility in mice
(Yue et al., 2018). VIRMA deletion affected oocyte meiotic
maturation by regulating pre-mRNA AS (Yue et al., 2018). The
role of VIRMA in early embryonic development needs to be
investigated in the future.

In contrast to YTHDF2, which functions in the promotion
of mRNA decay, recent studies revealed that IGF2BPs could
act as a new class of cytoplasmic m6A readers that promote
the stability and storage of mRNAs (Huang et al., 2018). It
was reported that IGF2BP1 deletion suppressed the RNA m6A
modification level in mouse embryos and caused impaired early
parthenogenetic (PA) embryogenesis, whereas supplementation
with betaine increased the RNA m6A modification level and
rescued embryonic development (Hao et al., 2020). In addition,
miR-670-3p was found to regulate IGF2BP1 and affect apoptosis
in PA embryos (Hao et al., 2020). Subsequently, Liu H.B.
et al. (2019) reported that IGF2BP2 (also known as IMP2) is
highly expressed in oocytes and early-stage embryos. IGF2BP2
deletion was not essential for oocyte maturation, while IGF2BP2-
knockout mice exhibited female infertility (Liu H.B. et al., 2019).
Moreover, maternal deletion of IGF2BP2 caused embryos to
arrest at the 2-cell stage (Liu H.B. et al., 2019). Transcriptome and
proteome analyses suggested that knockout of IGF2BP2 inhibited
the transcription and translation of downstream genes related
to ZGA, such as CCAR1 and RPS14 (Liu H.B. et al., 2019).
However, whether IGF2BP2 participates in regulation of mRNA
stability in ZGA as an m6A reader still needs to be clarified.
Notably, a recent study found that IGF2BP3, but not IGF2BP1/2,
stabilized maternal mRNA and regulated early embryogenesis

in zebrafish (Ren et al., 2020). The majority of target mRNAs
of IGF2BP3 were different from those of YTHDF2, suggesting
that IGF2BPs and YTHDF2 may be different, but indispensable
regulators at the MZT stage of early embryonic development in
various species.

The Influences of m6A on
Postimplantation Embryo Development
After the embryo is implanted in the uterus, cells in the
ICM transition from naïve state pluripotency to primed state
pluripotency, and the blastocyst differentiates into the epiblast of
the embryonic region. The ectoderm, mesoderm and endoderm,
which are derived from the epidermal cells through the
gastrulation, constitute the basic cells required for organogenesis
and individual formation.

Consistent with the observation that m6A is indispensable for
ESC fate decisions, the loss of m6A causes naïve pluripotent stem
cells to enter into a “hyper” naïve state, and they cannot transition
from naïve state toward lineage differentiation, thus leading to
embryonic lethality (Geula et al., 2015). In vivo, METTL3−/−

ESCs showed a poor ability to differentiate into mature teratomas,
and hematoxylin-eosin staining (H&E) staining suggested that
KO teratomas could not differentiate into the three germ layers
(Geula et al., 2015). The abnormal expression and location
of NANOG from E5.5 (early postimplantation) to E7.5 (late
gastrointestinal motility) in epiblasts led to embryonic lethality
(Geula et al., 2015). MELLT3 and METTL14 knockout (KO) mice
both exhibited embryonic lethality at E6.5 (Geula et al., 2015;
Meng et al., 2019), suggesting that METTL3/14 are indispensable
for early embryonic development in mice. A recent study
reported that METTL14 deletion results in a similar effect to
that of METTL3 in mouse embryogenesis. Compared with E5.5
WT embryos, Mettl14−/− embryos exhibited a large difference
in gene expression and AS events, especially exon skipping (Meng
et al., 2019). One possible mechanism is that METTL3/14 or m6A
deposition accelerates the conversion of the epiblast from a naïve
to a primed state, thus promoting differentiation. The aberrant
expression levels of naïve and primed makers in METTL14−/−

embryos support this inference.
A previous study found that WTAP deletion resulted in

abnormal egg cylinders at the gastrulation stage and led to
embryonic lethality at E10.5 in mice (Fukusumi et al., 2008).
WTAP-deficient ESCs failed to differentiate into endoderm and
mesoderm, which was confirmed by chimera analysis (Fukusumi
et al., 2008). These results suggested that WTAP is essential
for mesoderm and endoderm differentiation in the early mouse
embryo. Notably, whether WTAP, as an m6A effector, plays
a functional regulatory role in this process and the relevant
regulatory mechanism has yet need to be determined.

In 2017, Pendleton et al. first reported that the m6A writer
METTL16 regulated MAT2A expression by affecting its splicing
in a hairpin (hp1) m6A-dependent manner (Pendleton et al.,
2017). Subsequently, Mendel et al. created a METTL16 knockout
(METTL16−/−) mouse model (Mendel et al., 2018). The E2.5
morula and E3.5 blastocysts from METTL16 KO and WT mice
exhibited normal morphology and genotyping ratios. However,
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only a small proportion (1.9%) of KO embryos were detected
at E6.5, indicating that METTL16 deletion caused embryonic
lethality around implantation (Mendel et al., 2018). Interestingly,
transcriptome analysis results suggested that MAT2A was the
most downregulated gene in KO embryos at the E2.5 morula
stage, whereas a large number of genes were dysregulated in
E3.5 blastocysts of mouse (Mendel et al., 2018). Taken together,
the m6A writer METTL16 regulates the methylation of the
mRNA encoding SAM synthetase MAT2A and participates in the
development of mouse embryos.

Several studies have demonstrated that the cytoplasmic reader
YTHDC2 is essential for the transition from mitosis to meiosis
in germ cells (Bailey et al., 2017; Hsu et al., 2017; Wojtas et al.,
2017). YTHDC2 is dispensable for viability, while YTHDC2 KO
mice are infertile. Similar to METTL3, deletion of YTHDC1
results in embryonic lethality of mouse (Kasowitz et al., 2018).
A recent study reported that YTHDC1 not only was required
for gametogenesis but was also essential for viability (Kasowitz
et al., 2018). Mechanistically, as the only nuclear m6A reader,
YTHDC1 regulates the APA, AS and nuclear export of m6A-
modified mRNAs in mouse oocytes (Kasowitz et al., 2018).
The non-redundant role of YTHDC1 is also indispensable for
mouse early embryonic development. In addition, outgrowth
analysis found that no colonies were formed in HNRNPA2B1 KO
blastocysts, unlike WT blastocysts, suggesting that HNRNPA2B1
may contribute to postimplantation development in mice
(Kwon et al., 2019).

It is believed that m6A modifications are essential for the
embryonic development and fertility in animals, whereas the
regulatory mechanism is still largely unknown. One reason
is that the majority of m6A-related enzyme deletions lead to
early embryo lethality. On the other hand, m6A-seq requires
a large amount of RNA sample input, which restricts the
application of m6A to early embryos. The function and molecular
regulation mechanism of RNA m6A modification in mouse early
development need to be further investigated.

PERSPECTIVES

The precise temporal and spatial control of gene expression
is of fundamental importance for establishing cell fate and
early development of complex bodies. Reversible RNA m6A
methylation has many of the same characteristics as epigenetic
DNA and histone modifications. Although epigenetic DNA
and histone modifications mainly affect transcription events,
reversible RNA methylation mainly regulates gene expression
at posttranscriptional level. The dynamic regulation of m6A
represents a newly identified mechanism of posttranscriptional
regulation that maintains the balance between pluripotency
and cell differentiation in a timely manner to ensure proper
development. Different physiological states, environmental
stimulates and cell signaling events may trigger different
m6A methylation functions. Notably, there exist controversy
on whether distinct cytoplasmic m6A-binding proteins
YTHDFs recognize different sites (Wang et al., 2015; Li
et al., 2017; Zaccara and Jaffrey, 2020). The majority of current

studies suggested that YTHDF1/3 regulate translation of
m6A-modified mRNAs (Wang et al., 2015; Li et al., 2017; Shi
et al., 2017). However, how do these m6A readers (YTHDFs,
YTHDCs, and IGF2BPs) specifically recognize their target
transcripts during stem cell fate decisions and early embryonic
development? In contrast to prevailing model, Zaccara and
Jaffrey proposed that DF proteins do not regulate translation
in HeLa cells, and YTHDFs bind the same m6A-modified
mRNAs rather than different mRNAs in mRNA degradation
(Zaccara and Jaffrey, 2020). Notably, it needs to be re-examined
on the conclusion came only by siRNA knockdown in HeLa
cells. Recently, Zhang et al. (2020) proposed that the effects of
m6A on translation are heterogeneous and context dependent.
Indeed, it still needs to be investigated the complex function
of YTHDFs in translation. In addition, further studies and a
comprehensive understanding of the functional roles of other
m6A effectors during early embryonic development in mammals
are still needed.

As we review in this review, RNA m6A modification plays
significant functional roles in stem cell fate decisions and early
embryonic development. Given that pluripotent stem cells have
great prospects for application in regenerative medicine, organ
transplantation and cancer treatment, a more in-depth study of
the molecular regulation mechanisms by which m6A regulates
the fate of pluripotent and other stem cells will promote the use
of stem cells in developing and instituting stem cell treatments
in the clinic. A number of studies have shown that RNA m6A
modification is essential for mammalian embryo development
and fertility. Although the majority of cloned animals are viable
and can be produced via somatic cell nuclear transfer (SCNT), the
efficiency is still extremely low (Wilmut et al., 1997; Matoba et al.,
2018). One of the most important factors impeding SCNT is that
abnormal epigenetic modification in donor cells, such as DNA
methylation, histone modifications, and genomic imprinting
(Yamagata et al., 2007; Zhang et al., 2009; Okae et al., 2014).
Notably, SCNT is accompanied by significant events, including
somatic cell reprogramming, ZGA and embryonic development,
which have all been revealed to be regulated by RNA m6A
modification. It remains to be examined whether m6A could
affect SCNT embryonic development following SCNT. Moreover,
it is of great significance to improve the SCNT efficiency by
regulating the m6A modification level in somatic cells.

It is difficult to collect large amounts of samples from patients
in the clinic and early embryos, whereas m6A-seq technological
currently requires a large amount of RNA sample (>20 µg total
RNA). New or refined m6A-seq technologies with low amounts
of RNA samples input (>500 ng total RNA) or antibody-
independent methods (MAZTER-seq, m6A-REF-seq, DART-seq,
m6A-SEAL, and m6A-label-seq) have great application potential
in the study of the m6A epitranscriptome in relation to disease
treatment and embryonic development (Zeng et al., 2018; Meyer,
2019; Garcia-Campos et al., 2019; Zhang Z. et al., 2019; Shu
et al., 2020; Wang et al., 2020). Moreover, recent studies have
developed m6A editing technologies that enable methylation or
demethylation at a single site in transcripts through CRISPR-
dCas9 and CRISPR-dCas13b systems (Rauch et al., 2018; Liu X.
M. et al., 2019; Wilson et al., 2020; Li J. et al., 2020). We believe
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that m6A modification has great potential for application in
regenerative and precision medicine, including cancer treatment,
organ transplantation and reproductive development.

AUTHOR CONTRIBUTIONS

MZ wrote the manuscript. YZ drew the pictures. SZ and
XD revised the manuscript. ZL reviewed and edited the

manuscript. All authors contributed to the article and approved
the submitted version.

FUNDING

This work was supported by the National Key R&D Program
of China (No: 2017YFA0104400) and National Natural Science
Foundation of China (No: 31972874).

REFERENCES
Aguilo, F., Zhang, F., Sancho, A., Fidalgo, M., Cecilia, S. D., Vashisht, A., et al.

(2015). Coordination of m6A mRNA methylation and gene transcription by
ZFP217 regulates pluripotency and reprogramming. Cell Stem Cell 17, 689–704.
doi: 10.1016/j.stem.2015.09.005

Alarcon, C. R., Goodarzi, H., Lee, H., Liu, X., and Tavazoie, S. T. (2015a).
HNRNPA2B1 is a mediator of m6A-dependent nuclear RNA processing events.
Cell 162, 1299–1308. doi: 10.1016/j.cell.2015.08.011

Alarcon, C. R., Lee, H., Goodarzi, H., Halberg, N., and Tavazoie, S. F. (2015b).
N6-methyladenosine marks primary microRNAs for processing. Nature 519,
482–485. doi: 10.1038/nature14281

An, S., Huang, W., Huang, X., Cun, Y., Cheng, W., and Sun, X. (2020). Integrative
network analysis identifies cell-specific trans regulators of m6A. Nucleic. Acids
Res. 48, 1715–1729. doi: 10.1093/nar/gkz1206

Azuara, V., Perry, P., Sauer, S., Spivakov, M., Jørgensen, H. F., John, R. M., et al.
(2006). Chromatin signatures of pluripotent cell lines. Nat. Cell Biol. 8, 532–538.
doi: 10.1038/ncb1403

Bailey, A. S., Batista, P. J., Gold, R. S., Chen, Y. G., Rooij, D. G., Chang, H. Y.,
et al. (2017). The conserved RNA helicase YTHDC2 regulates the transition
from proliferation to differentiation in the germline. eLife 6:e26116. doi: 10.
7554/eLife.26116

Bao, X., Wu, H., Zhu, X., Guo, X., Hutchins, A. P., Luo, Z., et al. (2015). The
p53-induced lincRNA-p21 derails somatic cell reprogramming by sustaining
H3K9me3 and CpG methylation at pluripotency gene promoters. Cell Res. 25,
80–92. doi: 10.1038/cr.2014.165

Barbieri, I., Tzelepis, K., Pandolfini, L., Shi, J., Millán-Zambrano, G., Robson,
S. C., et al. (2017). Promoter-bound METTL3 maintains myeloid leukaemia
by m6A-dependent translation control. Nature 552, 126–131. doi: 10.1038/
nature24678

Batista, P. J., Molinie, B., Wang, J., Qu, K., Zhang, J., Li, L., et al. (2014). m6A RNA
modification controls cell fate transition in mammalian embryonic stem cells.
Cell Stem Cell 15, 707–719. doi: 10.1016/j.stem.2014.09.019

Bertero, A., Brown, S., Madrigal, P., Osnato, A., Ortmann, D., Yiangou, L., et al.
(2018). The SMAD2/3 interactome reveals that TGFβ controls m6A mRNA
methylation in pluripotency. Nature 555, 256–259. doi: 10.1038/nature25784

Boccaletto, P., Machnicka, M. A., Purta, E., Piatkowski, P., Baginski, B., Wirecki,
T. K., et al. (2018). MODOMICS: a database of RNA modification pathways.
2017 update. Nucleic Acids Res. 46, D303–D307. doi: 10.1093/nar/gkx1030

Brown, J. A., Kinzig, C. G., Degregorio, S. J., and Steitz, J. A. (2016).
Methyltransferase-like protein 16 binds the 3’-terminal triple helix of MALAT1
long noncoding RNA. Proc. Natl. Acad. Sci. U.S.A. 113, 14013–14018. doi:
10.1073/pnas.1614759113

Chen, J., Zhang, Y. C., Huang, C., Shen, H., Sun, B., Cheng, X., et al. (2019).
m6A regulates neurogenesis and neuronal development by modulating histone
methyltransferase Ezh2. Genomics Proteomics Bioinf. 17, 154–168. doi: 10.1016/
j.gpb.2018.12.007

Chen, T., Hao, Y. J., Zhang, Y., Li, M. M., Wang, M., Han, W., et al. (2015). m6A
RNA methylation is regulated by microRNAs and promotes reprogramming to
pluripotency. Cell Stem Cell 16, 289–301. doi: 10.1016/j.stem.2015.01.016

Cheng, Y., Luo, H., Izzo, F., Pickering, B. F., Nguyen, D., and Myers, R. (2019). m6A
RNA methylation maintains hematopoietic stem cell identity and symmetric
commitment. Cell Rep. 28, 1703.e6–1716.e6. doi: 10.1016/j.celrep.2019.07.032

Choe, J., Lin, S., Zhang, W., Liu, Q., Wang, L., and Ramirez-Moya, J. (2018).
mRNA circularization by METTL3-eIF3h enhances translation and promotes
oncogenesis. Nature 561, 556–560. doi: 10.1038/s41586-018-0538-8

Cohn, W. E., and Volkin, E. (1951). Nucleoside5’-phosphates from ribonucleic
acid. Nature 167, 483–484. doi: 10.1038/167483a0

Desrosiers, R., Friderici, K., and Rottman, F. (1974). Identification of methylated
nucleosides in messenger RNA from novikoff hepatoma cells. Proc. Natl. Acad.
Sci. U.S.A. 71, 3971–3975. doi: 10.1073/pnas.71.10.3971

Doi, A., Park, I. H., Wen, B., Murakami, P., Aryee, M. J., and Irizarry, R.
(2009). Differential methylation of tissue- and cancer-specific CpG island shores
distinguishes human induced pluripotent stem cells, embryonic stem cells and
fibroblasts. Nat. Genet. 41, 1350–1353. doi: 10.1038/ng.471

Dominissini, D., Moshitch-Moshkovitz, S., Schwartz, S., Salmon-Divon, M., Ungar,
L., Osenberg, S., et al. (2012). Topology of the human and mouse m6A
RNA methylomes revealed by m6A-seq. Nature 485, 201–206. doi: 10.1038/
nature11112

Du, H., Zhao, Y., He, J., Zhang, Y., Xi, H., Liu, M., et al. (2016).
YTHDF2 destabilizes m6A-containing RNA through direct recruitment of
the CCR4-NOT deadenylase complex. Nat. Commun. 7:12626. doi: 10.1038/
ncomms12626

Du, Y., Hou, G., Zhang, H., Dou, J., He, J., Guo, Y., et al. (2018). SUMOylation
of the m6A-RNA methyltransferase METTL3 modulates its function. Nucleic
Acids Res. 46, 5195–5208. doi: 10.1093/nar/gky156

Durruthy-Durruthy, J., Sebastiano, V., Wossidlo, M., Cepeda, D., Cui, J.,
and Grow, E. J. (2016). The primate-specific noncoding RNA HPAT5
regulates pluripotency during human preimplantation development and
nuclear reprogramming. Nat. Genet. 48, 44–52. doi: 10.1038/ng.3449

Edens, B. M., Vissers, C., Su, J., Arumugam, S., Xu, Z., Shi, H., et al. (2019). FMRP
modulates neural differentiation through m6A-dependent mRNA nuclear
export. Cell Rep. 28, 845.e5–854.e5. doi: 10.1016/j.celrep.2019.06.072

Egger, G., Liang, G., Aparicio, A., and Jones, P. A. (2004). Epigenetics in human
disease and prospects for epigenetic therapy. Nature 429, 457–463. doi: 10.1038/
nature02625

Fish, L., Navickas, A., Culbertson, B., Xu, Y., Nguyen, H. C. B., Zhang, S., et al.
(2019). Nuclear TARBP2 drives oncogenic dysregulation of RNA splicing and
decay. Mol. Cell. 75, 967.e9–981.e9. doi: 10.1016/j.molcel.2019.06.0081

Fitzsimmons, C. M., and Batista, P. J. (2019). It’s complicated. . . m6A-dependent
regulation of gene expression in cancer. BBA Gene Regul. Mech. 1862, 382–393.
doi: 10.1016/j.bbagrm.2018.09.010

Fukusumi, Y., Naruse, C., and Asano, M. (2008). Wtap is required for
differentiation of endoderm and mesoderm in the mouse embryo. Dev. Dyn.
237, 618–629. doi: 10.1002/dvdy.21444

Garcia-Campos, M. A., Edelheit, S., Toth, U., Safra, M., Shachar, R., Viukov, S., et al.
(2019). Deciphering the “m6A Code” via antibody-independent quantitative
profiling. Cell 178, 731.e16–747.e16. doi: 10.1016/j.cell.2019.06.013

Geula, S., Moshitch-Moshkovitz, S., Dominissini, D., Mansour, A. A., Kol, N., and
Salmon-Divon, M. (2015). m6A mRNA methylation facilitates resolution of
naïve pluripotency toward differentiation. Science 347, 1002–1006. doi: 10.1126/
science.1261417

Guttman, M., Donaghey, J., Carey, B. W., Garber, M., Grenier, J. K., Munson,
G., et al. (2011). lincRNAs act in the circuitry controlling pluripotency and
differentiation. Nature 477, 295–300. doi: 10.1038/nature10398

Hao, J., Hu, H., Jiang, Z., Yu, X., Li, C., Chen, L., et al. (2020). microRNA-670
modulates Igf2bp1 expression to regulate RNA methylation in parthenogenetic
mouse embryonic development. Sci. Rep. 10:4782. doi: 10.1038/s41598-020-
61816-3

Hsu, P. J., Zhu, Y., Ma, H., Guo, Y., Shi, X., Liu, Y., et al. (2017).
Ythdc2 is an N-methyladenosine binding protein that regulates mammalian
spermatogenesis. Cell Res. 27, 1115–1127. doi: 10.1038/cr.2017.99

Frontiers in Cell and Developmental Biology | www.frontiersin.org 12 August 2020 | Volume 8 | Article 782

https://doi.org/10.1016/j.stem.2015.09.005
https://doi.org/10.1016/j.cell.2015.08.011
https://doi.org/10.1038/nature14281
https://doi.org/10.1093/nar/gkz1206
https://doi.org/10.1038/ncb1403
https://doi.org/10.7554/eLife.26116
https://doi.org/10.7554/eLife.26116
https://doi.org/10.1038/cr.2014.165
https://doi.org/10.1038/nature24678
https://doi.org/10.1038/nature24678
https://doi.org/10.1016/j.stem.2014.09.019
https://doi.org/10.1038/nature25784
https://doi.org/10.1093/nar/gkx1030
https://doi.org/10.1073/pnas.1614759113
https://doi.org/10.1073/pnas.1614759113
https://doi.org/10.1016/j.gpb.2018.12.007
https://doi.org/10.1016/j.gpb.2018.12.007
https://doi.org/10.1016/j.stem.2015.01.016
https://doi.org/10.1016/j.celrep.2019.07.032
https://doi.org/10.1038/s41586-018-0538-8
https://doi.org/10.1038/167483a0
https://doi.org/10.1073/pnas.71.10.3971
https://doi.org/10.1038/ng.471
https://doi.org/10.1038/nature11112
https://doi.org/10.1038/nature11112
https://doi.org/10.1038/ncomms12626
https://doi.org/10.1038/ncomms12626
https://doi.org/10.1093/nar/gky156
https://doi.org/10.1038/ng.3449
https://doi.org/10.1016/j.celrep.2019.06.072
https://doi.org/10.1038/nature02625
https://doi.org/10.1038/nature02625
https://doi.org/10.1016/j.molcel.2019.06.0081
https://doi.org/10.1016/j.bbagrm.2018.09.010
https://doi.org/10.1002/dvdy.21444
https://doi.org/10.1016/j.cell.2019.06.013
https://doi.org/10.1126/science.1261417
https://doi.org/10.1126/science.1261417
https://doi.org/10.1038/nature10398
https://doi.org/10.1038/s41598-020-61816-3
https://doi.org/10.1038/s41598-020-61816-3
https://doi.org/10.1038/cr.2017.99
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-00782 January 20, 2021 Time: 11:42 # 13

Zhang et al. The Crucial Roles of m6A

Huang, H., Weng, H., Sun, W., Qin, X., Shi, H., Wu, H., et al. (2018). Recognition
of RNA N-methyladenosine by IGF2BP proteins enhances mRNA stability and
translation. Nat. Cell Biol. 20, 285–295. doi: 10.1038/s41556-018-0045-z

Huang, H., Weng, H., Zhou, K., Wu, T., Zhao, B. S., Sun, M., et al. (2019).
Histone H3 trimethylation at lysine 36 guides m6A RNA modification co-
transcriptionally. Nature 567, 414–419. doi: 10.1038/s41586-019-1016-7

Ivanova, I., Much, C., Di Giacomo, M., Azzi, C., Morgan, M., Moreira, P. N., et al.
(2017). The RNA m6A reader YTHDF2 is essential for the post-transcriptional
regulation of the maternal transcriptome and oocyte competence. Mol. Cell 67,
1059.e4–1067.e4. doi: 10.1016/j.molcel.2017.08.003

Jia, G., Fu, Y., Zhao, X., Dai, Q., Zheng, G., Yang, Y., et al. (2011). N6-
methyladenosine in nuclear RNA is a major substrate of the obesity-associated
FTO. Nat. Chem. Biol. 7, 885–887. doi: 10.1038/nchembio.687

Kasowitz, S. D., Ma, J., Anderson, S. J., Leu, N. A., Xu, Y., Gregory, B. D., et al.
(2018). Nuclear m6A reader YTHDC1 regulates alternative polyadenylation
and splicing during mouse oocyte development. PLoS Genet. 14:e1007412. doi:
10.1371/journal.pgen.1007412

Ke, S., Alemu, E. A., Mertens, C., Gantman, E. C., Fak, J. J., Mele, A., et al. (2015).
A majority of m6A residues are in the last exons, allowing the potential for 3’
UTR regulation. Genes Dev. 29, 2037–2053. doi: 10.1101/gad.269415.115

Kouzarides, T. (2007). Chromatin modifications and their function. Cell 128,
693–705. doi: 10.1016/j.cell.2007.02.005

Kwon, J., Jo, Y. J., Namgoong, S., and Kim, N. H. (2019). Functional roles of
hnRNPA2/B1 regulated by METTL3 in mammalian embryonic development.
Sci. Rep. 9:8640. doi: 10.1038/s41598-019-44714-1

Lee, H., Bao, S., Qian, Y., Geula, S., Leslie, J., Zhang, C., et al. (2019). Stage-
specific requirement for Mettl3-dependent m6A mRNA methylation during
haematopoietic stem cell differentiation. Nat. Cell Biol. 21, 700–709. doi: 10.
1038/s41556-019-0318-1

Li, A., Chen, Y. S., Ping, X. L., Yang, X., Xiao, W., Yang, Y., et al. (2017). Cytoplasmic
m6A reader YTHDF3 promotes mRNA translation. Cell Res. 27, 444–447. doi:
10.1038/cr.2017.10

Li, D., Cai, L., Meng, R., Feng, Z., and Xu, Q. (2020). METTL3 modulates osteoclast
differentiation and function by controlling RNA stability and nuclear export.
Int. J. Mol. Sci. 21:1660. doi: 10.3390/ijms21051660

Li, J., Chen, Z., Chen, F., Xie, G., Ling, Y., Peng, Y., et al. (2020). Targeted mRNA
demethylation using an engineered dCas13b-ALKBH5 fusion protein. Nucleic
Acids Res. 48, 5684–5694. doi: 10.1093/nar/gkaa269

Li, Z., Qian, P., Shao, W., Shi, H., He, X. C., Gogol, M., et al. (2018). Suppression of
m6A reader Ythdf2 promotes hematopoietic stem cell expansion. Cell Res. 28,
904–917. doi: 10.1038/s41422-018-0072-0

Lin, S., Choe, J., Du, P., Triboulet, R., and Gregory, R. I. (2016). The m6A
methyltransferase METTL3 promotes translation in human cancer cells. Mol.
Cell. 62, 335–345. doi: 10.1016/j.molcel.2016.03.021

Lin, Z., Hsu, P. J., Xing, X., Fang, J., Lu, Z., Zou, Q., et al. (2017). Mettl3-/Mettl14-
mediated mRNA N-methyladenosine modulates murine spermatogenesis. Cell
Res. 27, 1216–1230. doi: 10.1038/cr.2017.117

Liu, H. B., Muhammad, T., Guo, Y., Li, M. J., Sha, Q. Q., and Zhang, C. X. (2019).
RNA-binding protein IGF2BP2/IMP2 is a critical maternal activator in early
zygotic genome activation. Adv. Sci. 6:1900295. doi: 10.1002/advs.201900295

Liu, J., Dou, X., Chen, C., Chen, C., Liu, C., Xu, M., et al. (2020).
N6-methyladenosine of chromosome-associated regulatory RNA regulates
chromatin state and transcription. Science 367:eaay6018. doi: 10.1126/science.
aay6018

Liu, J., Yue, Y., Han, D., Wang, X., Fu, Y., Zhang, L., et al. (2013).
A METTL3–METTL14 complex mediates mammalian nuclear RNA N6-
adenosine methylation. Nat. Chem. Biol. 10, 93–95. doi: 10.1038/nchembio.
1432

Liu, N., Dai, Q., Zheng, G., He, C., Parisien, M., and Pan, T. (2015). N6-
methyladenosine-dependent RNA structural switches regulate RNA-protein
interactions. Nature 518, 560–564. doi: 10.1038/nature14234

Liu, N., Zhou, K. I., Parisien, M., Dai, Q., Diatchenko, L., and Pan, T. (2017). N6-
methyladenosine alters RNA structure to regulate binding of a low-complexity
protein. Nucleic Acids Res. 45, 6051–6063. doi: 10.1093/nar/gkx141

Liu, Q., Zhao, Y., Wu, R., Jiang, Q., Cai, M., Bi, Z., et al. (2019). ZFP217
regulates adipogenesis by controlling mitotic clonal expansion in a METTL3-
m6A dependent manner. RNA Biol. 16, 1785–1793. doi: 10.1080/15476286.
2019.1658508

Liu, X. M., Zhou, J., Mao, Y., Ji, Q., and Qian, S. B. (2019). Programmable RNA
N-methyladenosine editing by CRISPR-Cas9 conjugates. Nat. Chem. Biol. 15,
865–871. doi: 10.1038/s41589-019-0327-1

Ma, H., Wang, X., Cai, J., Natchiar, S. K., and Lv, R. (2019). N6-Methyladenosine
methyltransferase ZCCHC4 mediates ribosomal RNA methylation. Nat. Chem.
Biol. 15, 88–94. doi: 10.1038/s41589-018-0184-3

Maherali, N., Sridharan, R., Xie, W., Utikal, J., Eminli, S., Arnold, K., et al.
(2007). Directly reprogrammed fibroblasts show global epigenetic remodeling
and widespread tissue contribution. Cell Stem Cell 1, 55–70. doi: 10.1016/j.stem.
2007.05.014

Mao, Y., Dong, L., Liu, X. M., Guo, J., Ma, H., Shen, B., et al. (2019).
m6A in mRNA coding regions promotes translation via the RNA helicase-
containing YTHDC2. Nat. Commun. 10:5332. doi: 10.1038/s41467-019-
13317-9

Matoba, S., Wang, H., Jiang, L., Lu, F., Iwabuchi, K. A., Wu, X.,
et al. (2018). Loss of H3K27me3 imprinting in somatic cell
nuclear transfer embryos disrupts post-implantation development.
Cell Stem Cell 23, 343.e5–354.e5. doi: 10.1016/j.stem.2018.
06.008

Mendel, M., Chen, K. M., Homolka, D., Gos, P., Pandey, R. R., McCarthy, A.,
et al. (2018). Methylation of structured RNA by the mA writer METTL16
is essential for mouse embryonic development. Mol. Cell. 71, 986–1000. doi:
10.1016/j.molcel.2018.08.004

Meng, T. G., Lu, X., Guo, L., Hou, G. M., Ma, X. S., Li, Q. N., et al. (2019). Mettl14
is required for mouse postimplantation development by facilitating epiblast
maturation. FASEB J. 33, 1179–1187. doi: 10.1096/fj.201800719R

Meyer, K. D. (2019). DART-seq: an antibody-free method for global
m6A detection. Nat. Methods 16, 1275–1280. doi: 10.1038/s41592-019-
0570-0

Meyer, K. D., Patil, D. P., Zhou, J., Zinoviev, A., Skabkin, M. A., Elemento, O., et al.
(2015). 5’ UTR m6A promotes cap-independent translation.Cell 163, 999–1010.
doi: 10.1016/j.cell.2015.10.012

Meyer, K. D., Saletore, Y., Zumbo, P., Elemento, O., Mason, C. E., and Jaffrey, S. R.
(2012). Comprehensive Analysis of mRNA Methylation Reveals Enrichment in
3’ UTRs and near Stop Codons. Cell 149, 1635–1646. doi: 10.1016/j.cell.2012.
05.003

Molinie, B., Wang, J. K., Lim, K. S., Hillebrand, R., Lu, Z., Wittenberghe,
N. V., et al. (2016). m6A-LAIC-seq reveals the census and complexity of
the m6A epitranscriptome. Nat. Methods 13, 692–698. doi: 10.1038/nmeth.
3898

Okae, H., Matoba, S., Nagashima, T., Mizutani, E., Inoue, K., Ogonuki, N., et al.
(2014). RNA sequencing-based identification of aberrant imprinting in cloned
mice. Hum. Mol. Genet. 23, 992–1001. doi: 10.1093/hmg/ddt495

Paris, J., Morgan, M., Campos, J., Spencer, G. J., Shmakova, A., Ivanova, I., et al.
(2019). Targeting the RNA m6A Reader YTHDF2 selectively compromises
cancer stem cells in acute myeloid leukemia. Cell Stem Cell 25, 137.e6–148.e6.
doi: 10.1016/j.stem.2019.03.021

Patil, D. P., Chen, C. K., Pickering, B. F., Chow, A., Jackson, C., Guttman, M.,
et al. (2016). m6A RNA methylation promotes XIST-mediated transcriptional
repression. Nature 537, 369–373. doi: 10.1038/nature19342

Pendleton, K. E., Chen, B., Liu, K., Hunter, O. V., Xie, Y., Tu, B. P., et al.
(2017). The U6 snRNA m6A Methyltransferase METTL16 regulates SAM
synthetase intron retention. Cell 169, 824.e14–835.e14. doi: 10.1016/j.cell.2017.
05.003

Perry, R. P., and Kelley, D. E. (1974). Existence of methylated messenger RNA in
mouse L cells. Cell 1, 37–42. doi: 10.1016/0092-8674(74)90153-6

Ping, X. L., Sun, B. F., Wang, L., Xiao, W., Yang, X., Wang, W. J., et al. (2014).
Mammalian WTAP is a regulatory subunit of the RNA N6-methyladenosine
methyltransferase. Cell Res. 24, 177–189. doi: 10.1038/cr.2014.3

Rauch, S., He, C., and Dickinson, B. C. (2018). Targeted m6A reader proteins
to study epitranscriptomic regulation of single RNAs. J. Am. Chem. Soc. 140,
11974–11981. doi: 10.1021/jacs.8b05012

Ren, F., Lin, Q., Gong, G., Du, X., Dan, H., Qin, W., et al. (2020). Igf2bp3 maintains
maternal RNA stability and ensures early embryo development in zebrafish.
Commun. Biol. 3:94. doi: 10.1038/s42003-020-0827-2

Roundtree, I. A., Evans, M. E., Pan, T., and He, C. (2017a). Dynamic RNA
modifications in gene expression regulation. Cell 169, 1187–1200. doi: 10.1016/
j.cell.2017.05.045

Frontiers in Cell and Developmental Biology | www.frontiersin.org 13 August 2020 | Volume 8 | Article 782

https://doi.org/10.1038/s41556-018-0045-z
https://doi.org/10.1038/s41586-019-1016-7
https://doi.org/10.1016/j.molcel.2017.08.003
https://doi.org/10.1038/nchembio.687
https://doi.org/10.1371/journal.pgen.1007412
https://doi.org/10.1371/journal.pgen.1007412
https://doi.org/10.1101/gad.269415.115
https://doi.org/10.1016/j.cell.2007.02.005
https://doi.org/10.1038/s41598-019-44714-1
https://doi.org/10.1038/s41556-019-0318-1
https://doi.org/10.1038/s41556-019-0318-1
https://doi.org/10.1038/cr.2017.10
https://doi.org/10.1038/cr.2017.10
https://doi.org/10.3390/ijms21051660
https://doi.org/10.1093/nar/gkaa269
https://doi.org/10.1038/s41422-018-0072-0
https://doi.org/10.1016/j.molcel.2016.03.021
https://doi.org/10.1038/cr.2017.117
https://doi.org/10.1002/advs.201900295
https://doi.org/10.1126/science.aay6018
https://doi.org/10.1126/science.aay6018
https://doi.org/10.1038/nchembio.1432
https://doi.org/10.1038/nchembio.1432
https://doi.org/10.1038/nature14234
https://doi.org/10.1093/nar/gkx141
https://doi.org/10.1080/15476286.2019.1658508
https://doi.org/10.1080/15476286.2019.1658508
https://doi.org/10.1038/s41589-019-0327-1
https://doi.org/10.1038/s41589-018-0184-3
https://doi.org/10.1016/j.stem.2007.05.014
https://doi.org/10.1016/j.stem.2007.05.014
https://doi.org/10.1038/s41467-019-13317-9
https://doi.org/10.1038/s41467-019-13317-9
https://doi.org/10.1016/j.stem.2018.06.008
https://doi.org/10.1016/j.stem.2018.06.008
https://doi.org/10.1016/j.molcel.2018.08.004
https://doi.org/10.1016/j.molcel.2018.08.004
https://doi.org/10.1096/fj.201800719R
https://doi.org/10.1038/s41592-019-0570-0
https://doi.org/10.1038/s41592-019-0570-0
https://doi.org/10.1016/j.cell.2015.10.012
https://doi.org/10.1016/j.cell.2012.05.003
https://doi.org/10.1016/j.cell.2012.05.003
https://doi.org/10.1038/nmeth.3898
https://doi.org/10.1038/nmeth.3898
https://doi.org/10.1093/hmg/ddt495
https://doi.org/10.1016/j.stem.2019.03.021
https://doi.org/10.1038/nature19342
https://doi.org/10.1016/j.cell.2017.05.003
https://doi.org/10.1016/j.cell.2017.05.003
https://doi.org/10.1016/0092-8674(74)90153-6
https://doi.org/10.1038/cr.2014.3
https://doi.org/10.1021/jacs.8b05012
https://doi.org/10.1038/s42003-020-0827-2
https://doi.org/10.1016/j.cell.2017.05.045
https://doi.org/10.1016/j.cell.2017.05.045
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-00782 January 20, 2021 Time: 11:42 # 14

Zhang et al. The Crucial Roles of m6A

Roundtree, I. A., Luo, G. Z., Zhang, Z., Wang, X., Zhou, T., Cui, Y., et al. (2017b).
YTHDC1 mediates nuclear export of N-methyladenosine methylated mRNAs.
eLife 6:e31311. doi: 10.7554/eLife.31311

Schibler, U., Kelley, D. E., and Perry, R. P. (1977). Comparison of methylated
sequences in messenger RNA and heterogeneous nuclear RNA from mouse L
cells. J. Mol. Biol. 115, 695–714. doi: 10.1016/0022-2836(77)90110-3

Schöller, E., Weichmann, F., Treiber, T., Ringle, S., Treiber, N., Flatley, A., et al.
(2018). Interactions, localization, and phosphorylation of the m6A generating
METTL3-METTL14-WTAP complex. RNA 24, 499–512. doi: 10.1261/rna.
064063.117

Shi, H., Wang, X., Lu, Z., Zhao, B. S., Ma, H., Hsu, P. J., et al. (2017). YTHDF3
facilitates translation and decay of N-methyladenosine-modified RNA. Cell Res.
27, 315–328. doi: 10.1038/cr.2017.15

Shi, H., Wei, J., and He, C. (2019). Where, when, and how: context-dependent
functions of RNA methylation writers, readers, and erasers. Mol. Cell 74,
640–650. doi: 10.1016/j.molcel.2019.04.025

Shu, X., Cao, J., Cheng, M., Xiang, S., Gao, M., Li, T., et al. (2020). A metabolic
labeling method detects m6A transcriptome-wide at single base resolution. Nat.
Chem. Biol. 16, 887–895. doi: 10.1038/s41589-020-0526-9

Smith, Z. D., and Meissner, A. (2013). DNA methylation: roles in mammalian
development. Nat. Rev. Genet. 14, 204–220. doi: 10.1038/nrg3354

Sui, X., Hu, Y., Ren, C., Cao, Q., Zhou, S., Cao, Y., et al. (2020). METTL3-
mediated mA is required for murine oocyte maturation and maternal-to-
zygotic transition. Cell Cycle 19, 391–404. doi: 10.1080/15384101.2019.1711324

Tian, C., Huang, Y., Li, Q., Feng, Z., and Xu, Q. (2019). Mettl3 regulates osteogenic
differentiation and alternative splicing of vegfa in bone marrow mesenchymal
stem cells. Int. J. Mol. Sci. 20:551. doi: 10.3390/ijms20030551

Vu, L. P., Pickering, B. F., Cheng, Y., Zaccara, S., Nguyen, D., Minuesa, G., et al.
(2017). The N-methyladenosine (m6A)-forming enzyme METTL3 controls
myeloid differentiation of normal hematopoietic and leukemia cells. Nat. Med.
23, 1369–1376. doi: 10.1038/nm.4416

Wang, X., Lu, Z., Gomez, A., Hon, G. C., Yue, Y., and Han, D. (2014). N6-
methyladenosine-dependent regulation of messenger RNA stability. Nature
505, 117–120. doi: 10.1038/nature12730

Wang, X., Zhao, B. S., Roundtree, I. A., Lu, Z., Han, D., Ma, H., et al. (2015).
N6-methyladenosine modulates messenger RNA translation efficiency.Cell 161,
1388–1399. doi: 10.1016/j.cell.2015.05.014

Wang, Y., Li, Y., Toth, J. I., Petroski, M. D., Zhang, Z., Zhao, J. C., et al. (2014).
N6-methyladenosine modification destabilizes developmental regulators in
embryonic stem cells. Nat. Cell Biol. 16, 191–198. doi: 10.1038/ncb2902

Wang, Y., Li, Y., Yue, M., Wang, J., Kumar, S., Wechsler-Reya, R. J., et al. (2018).
N-methyladenosine RNA modification regulates embryonic neural stem cell
self-renewal through histone modifications. Nat. Neurosci. 21, 195–206. doi:
10.1038/s41593-017-0057-1

Wang, Y., Xiao, Y., Dong, S., Yu, Q., and Jia, G. (2020). Antibody-free enzyme-
assisted chemical approach for detection of N6-methyladenosine. Nat. Chem.
Biol. 16, 896–903. doi: 10.1038/s41589-020-0525-x

Wei, C. M., and Moss, B. (1977). Nucleotide sequences at the N6-methyladenosine
sites of HeLa cell messenger ribonucleic acid. Biochemistry 16, 1672–1676.
doi: 10.1021/bi00627a023

Wei, J., Liu, F., Lu, Z., Fei, Q., Ai, Y., He, P. C., et al. (2018). Differential m6A,
m6Am, and m1A demethylation mediated by FTO in the cell nucleus and
cytoplasm. Mol. Cell 71, 973.e5–985.e5. doi: 10.1016/j.molcel.2018.08.011

Wen, J., Lv, R., Ma, H., Shen, H., He, C., Wang, J., et al. (2018). Zc3h13 regulates
nuclear RNA m6A methylation and mouse embryonic stem cell self-renewal.
Mol. Cell 69, 1028.e6–1038.e6. doi: 10.1016/j.molcel.2018.02.015

Weng, H., Huang, H., Wu, H., Qin, X., Zhao, B. S., Dong, L., et al.
(2018). METTL14 inhibits hematopoietic stem/progenitor differentiation and
promotes leukemogenesis via mRNA m6A modification. Cell Stem Cell 22,
191.e9–205.e9. doi: 10.1016/j.stem.2017.11.016

Wilmut, I., Schnieke, A. E., McWhir, J., Kind, A. J., and Campbell, K. H. (1997).
Viable offspring derived from fetal and adult mammalian cells. Nature 385,
810–813. doi: 10.1038/385810a0

Wilson, C., Chen, P. J., Miao, Z., and Liu, D. R. (2020). Programmable mA
modification of cellular RNAs with a Cas13-directed methyltransferase. Nat.
Biotechnol. [Epub ahead of print]. doi: 10.1038/s41587-020-0572-6

Wojtas, M. N., Pandey, R. R., Mendel, M., Homolka, D., Sachidanandam, R., and
Pillai, R. S. (2017). Regulation of m6A Transcripts by the 3’→5’ RNA Helicase

YTHDC2 is essential for a successful meiotic program in the mammalian
germline. Mol. Cell. 68, 374.e12–387.e12. doi: 10.1016/j.molcel.2017.
09.021

Wu, R., Guo, G., Bi, Z., Liu, Y., Zhao, Y., Chen, N., et al. (2019a).
m6A methylation modulates adipogenesis through JAK2-STAT3-C/EBPβ

signaling. BBA Gene Regul. Mech. 1862, 796–806. doi: 10.1016/j.bbagrm.2019.
06.008

Wu, R., Li, A., Sun, B., Sun, J. G., Zhang, J., Zhang, T., et al. (2019b). A novel m6A
reader Prrc2a controls oligodendroglial specification and myelination. Cell Res.
29, 23–41. doi: 10.1038/s41422-018-0113-8

Wu, R., Liu, Y., Yao, Y., Zhao, Y., Bi, Z., Jiang, Q., et al. (2018). FTO regulates
adipogenesis by controlling cell cycle progression via m6A-YTHDF2 dependent
mechanism. BBA Mol. Cell Biol. Lipids 1863, 1323–1330. doi: 10.1016/j.bbalip.
2018.08.008

Wu, R., Liu, Y., Zhao, Y., Bi, Z., Yao, Y., Liu, Q., et al. (2019c). m6A methylation
controls pluripotency of porcine induced pluripotent stem cells by targeting
SOCS3/JAK2/STAT3 pathway in a YTHDF1/YTHDF2-orchestrated manner.
Cell Death Dis. 10:171. doi: 10.1038/s41419-019-1417-4

Wu, Y., Xie, L., Wang, M., Xiong, Q., Guo, Y., Liang, Y., et al. (2018).
Mettl3-mediated m6A RNA methylation regulates the fate of bone marrow
mesenchymal stem cells and osteoporosis. Nat. Commun. 9:4772. doi: 10.1038/
s41467-018-06898-4

Xiao, W., Adhikari, S., Dahal, U., Chen, Y. S., Hao, Y. J., Sun, B. F., et al. (2016).
Nuclear m6A reader YTHDC1 regulates mRNA splicing. Mol. Cell 61, 507–519.
doi: 10.1016/j.molcel.2016.01.012

Xu, K., Yang, Y., Feng, G. H., Sun, B. F., Chen, J. Q., and Li, Y. F. (2017). Mettl3-
mediated m6A regulates spermatogonial differentiation and meiosis initiation.
Cell. Res. 27, 1100–1114. doi: 10.1038/cr.2017.100

Yamagata, K., Yamazaki, T., Miki, H., Ogonuki, N., Inoue, K., Ogura, A.,
et al. (2007). Centromeric DNA hypomethylation as an epigenetic signature
discriminates between germ and somatic cell lineages. Dev. Biol. 312, 419–426.
doi: 10.1016/j.ydbio.2007.09.041

Yang, D., Qiao, J., Wang, G., Lan, Y., Li, G., and Guo, X. (2018). N6-
Methyladenosine modification of lincRNA 1281 is critically required for mESC
differentiation potential. Nucleic Acids Res. 46, 3906–3920. doi: 10.1093/nar/
gky130

Yang, Y., Fan, X., Miao, M., Song, X., Wu, P., Zhang, Y., et al. (2017). Extensive
translation of circular RNAs driven by N-methyladenosine. Cell Res. 27, 626–
641. doi: 10.1038/cr.2017.31

Yao, Q. J., Sang, L., Lin, M., Yin, X., Dong, W., Gong, Y., et al. (2018).
Mettl3-Mettl14 methyltransferase complex regulates the quiescence of adult
hematopoietic stem cells. Cell Res. 28, 952–954. doi: 10.1038/s41422-018-
0062-2

Yao, Y., Bi, Z., Wu, R., Zhao, Y., Liu, Y., Liu, Q., et al. (2019). METTL3 inhibits
BMSC adipogenic differentiation by targeting the JAK1/STAT5/C/EBPβ

pathway an mA-YTHDF2-dependent manner. FASEB J. 33, 7529–7544. doi:
10.1096/fj.201802644R

Yoon, K. J., Ringeling, F. R., Vissers, C., Jacob, F., Pokrass, M., Jimenez-Cyrus,
D., et al. (2017). Temporal control of mammalian cortical neurogenesis
by m6A methylation. Cell 171, 877.e17–889.e17. doi: 10.1016/j.cell.2017.
09.003

Yue, Y., Liu, J., Cui, X., Cao, J., Luo, G., Zhang, Z., et al. (2018). VIRMA mediates
preferential m6A mRNA methylation in 3’UTR and near stop codon and
associates with alternative polyadenylation. Cell Discov. 4:10. doi: 10.1038/
s41421-018-0019-0

Zaccara, S., and Jaffrey, S. R. (2020). A unified model for the function of YTHDF
proteins in regulating m6A-modified mRNA. Cell 181, 1582–1595. doi: 10.1016/
j.cell.2020

Zeng, Y., Wang, S., Gao, S., Soares, F., Ahmed, M., Guo, H., et al. (2018). Refined
RIP-seq protocol for epitranscriptome analysis with low input materials. PLoS
Biol. 16:e2006092. doi: 10.1371/journal.pbio.2006092

Zhang, C., Chen, Y., Sun, B., Wang, L., Yang, Y., Ma, D., et al. (2017). m6A
modulates haematopoietic stem and progenitor cell specification. Nature 549,
273–276. doi: 10.1038/nature23883

Zhang, J., Gao, X., Yang, J., Fan, X., Wang, W., Liang, Y., et al. (2019). Xist intron
1 repression by transcriptional-activator-like effectors designer transcriptional
factor improves somatic cell reprogramming in mice. Stem Cells 37, 599–608.
doi: 10.1002/stem.2928

Frontiers in Cell and Developmental Biology | www.frontiersin.org 14 August 2020 | Volume 8 | Article 782

https://doi.org/10.7554/eLife.31311
https://doi.org/10.1016/0022-2836(77)90110-3
https://doi.org/10.1261/rna.064063.117
https://doi.org/10.1261/rna.064063.117
https://doi.org/10.1038/cr.2017.15
https://doi.org/10.1016/j.molcel.2019.04.025
https://doi.org/10.1038/s41589-020-0526-9
https://doi.org/10.1038/nrg3354
https://doi.org/10.1080/15384101.2019.1711324
https://doi.org/10.3390/ijms20030551
https://doi.org/10.1038/nm.4416
https://doi.org/10.1038/nature12730
https://doi.org/10.1016/j.cell.2015.05.014
https://doi.org/10.1038/ncb2902
https://doi.org/10.1038/s41593-017-0057-1
https://doi.org/10.1038/s41593-017-0057-1
https://doi.org/10.1038/s41589-020-0525-x
https://doi.org/10.1021/bi00627a023
https://doi.org/10.1016/j.molcel.2018.08.011
https://doi.org/10.1016/j.molcel.2018.02.015
https://doi.org/10.1016/j.stem.2017.11.016
https://doi.org/10.1038/385810a0
https://doi.org/10.1038/s41587-020-0572-6
https://doi.org/10.1016/j.molcel.2017.09.021
https://doi.org/10.1016/j.molcel.2017.09.021
https://doi.org/10.1016/j.bbagrm.2019.06.008
https://doi.org/10.1016/j.bbagrm.2019.06.008
https://doi.org/10.1038/s41422-018-0113-8
https://doi.org/10.1016/j.bbalip.2018.08.008
https://doi.org/10.1016/j.bbalip.2018.08.008
https://doi.org/10.1038/s41419-019-1417-4
https://doi.org/10.1038/s41467-018-06898-4
https://doi.org/10.1038/s41467-018-06898-4
https://doi.org/10.1016/j.molcel.2016.01.012
https://doi.org/10.1038/cr.2017.100
https://doi.org/10.1016/j.ydbio.2007.09.041
https://doi.org/10.1093/nar/gky130
https://doi.org/10.1093/nar/gky130
https://doi.org/10.1038/cr.2017.31
https://doi.org/10.1038/s41422-018-0062-2
https://doi.org/10.1038/s41422-018-0062-2
https://doi.org/10.1096/fj.201802644R
https://doi.org/10.1096/fj.201802644R
https://doi.org/10.1016/j.cell.2017.09.003
https://doi.org/10.1016/j.cell.2017.09.003
https://doi.org/10.1038/s41421-018-0019-0
https://doi.org/10.1038/s41421-018-0019-0
https://doi.org/10.1016/j.cell.2020
https://doi.org/10.1016/j.cell.2020
https://doi.org/10.1371/journal.pbio.2006092
https://doi.org/10.1038/nature23883
https://doi.org/10.1002/stem.2928
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-00782 January 20, 2021 Time: 11:42 # 15

Zhang et al. The Crucial Roles of m6A

Zhang, M., Wang, F., Kou, Z., Zhang, Y., and Gao, S. (2009). Defective chromatin
structure in somatic cell cloned mouse embryos. J. Biol. Chem. 284, 24981–
24987. doi: 10.1074/jbc.M109.011973

Zhang, Z., Chen, L. Q., Zhao, Y. L., Yang, C. G., Roundtree, I. A., Zhang, Z., et al.
(2019). Single-base mapping of m6A by an antibody-independent method. Sci.
Adv. 5:eaax0250. doi: 10.1126/sciadv.aax0250

Zhang, Z., Luo, K., Zou, Z., Qiu, M., Tian, J., Sieh, L., et al. (2020). Genetic analyses
support the contribution of mRNA N-methyladenosine (m6A) modification to
human disease heritability. Nat. Genet. [Epub ahead of print]. doi: 10.1038/
s41588-020-0644-z

Zhao, B. S., Wang, X., Beadell, A. V., Lu, Z., Shi, H., Kuuspalu, A.,
et al. (2017). m6A-dependent maternal mRNA clearance facilitates zebrafish
maternal-to-zygotic transition. Nature 542, 475–478. doi: 10.1038/nature2
1355

Zhao, X., Yang, Y., Sun, B. F., Shi, Y., Yang, X., Xiao, W., et al. (2014). FTO-
dependent demethylation of N6-methyladenosine regulates mRNA splicing
and is required for adipogenesis. Cell Res. 24, 1403–1419. doi: 10.1038/cr.
2014.151

Zhen, G., Dahl, J. A., Niu, Y., Fedorcsak, P., Huang, C. M., Li, C. J., et al.
(2013). ALKBH5 is a mammalian RNA demethylase that impacts RNA
metabolism and mouse fertility. Mol. Cell 49, 18–29. doi: 10.1016/j.molcel.2012.
10.015

Zhou, C., Molinie, B., Daneshvar, K., Pondick, J. V., Wang, J., Van, W. N.,
et al. (2017). Genome-Wide Maps of m6A circRNAs Identify Widespread and
Cell-Type-Specific Methylation Patterns that Are Distinct from mRNAs. Cell
Rep. 20, 2262–2276. doi: 10.1016/j.celrep.2017.08.027

Zhou, J., Wan, J., Gao, X., Zhang, X., Jaffrey, S. R., Qian, S. B., et al. (2015). Dynamic
m6A mRNA methylation directs translational control of heat shock response.
Nature 526, 591–594. doi: 10.1038/nature15377

Zhu, T., Yong, X. L. H., Xia, D., Widagdo, J., and Anggono, V. (2018).
Ubiquitination regulates the proteasomal degradation and nuclear
translocation of the fat mass and obesity-associated (FTO) protein. J. Mol. Biol.
430, 363–371. doi: 10.1016/j.jmb.2017.12.003

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Zhang, Zhai, Zhang, Dai and Li. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 15 August 2020 | Volume 8 | Article 782

https://doi.org/10.1074/jbc.M109.011973
https://doi.org/10.1126/sciadv.aax0250
https://doi.org/10.1038/s41588-020-0644-z
https://doi.org/10.1038/s41588-020-0644-z
https://doi.org/10.1038/nature21355
https://doi.org/10.1038/nature21355
https://doi.org/10.1038/cr.2014.151
https://doi.org/10.1038/cr.2014.151
https://doi.org/10.1016/j.molcel.2012.10.015
https://doi.org/10.1016/j.molcel.2012.10.015
https://doi.org/10.1016/j.celrep.2017.08.027
https://doi.org/10.1038/nature15377
https://doi.org/10.1016/j.jmb.2017.12.003
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	Roles of N6-Methyladenosine (m6A) in Stem Cell Fate Decisions and Early Embryonic Development in Mammals
	Introduction
	Overview of Rna m6A Modification
	Characteristics of m6A Modification and Related Enzymes
	The Effects of m6A on RNA Metabolism
	m6A Affects Pre-mRNA Splicing, Polyadenylation and Export
	m6A Affects mRNA Decay, Stabilization and Translation


	Role of m6A in Stem Cell Fate
	Role of m6A in Pluripotent Stem Cell Fate Decisions
	Role of m6A in Cell Reprogramming
	Role of m6A in the Differentiation of Other Stem and Progenitor Cells

	m6A Modification and Mammalian Embryonic Development
	The Influences of m6A on Preimplantation Embryo Development
	The Influences of m6A on Postimplantation Embryo Development

	Perspectives
	Author Contributions
	Funding
	References


