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N6-Methyladenosine Overview

N6-methyladenosine (m6A), a major modification of messenger
RNA (mRNA) and long non-coding RNA, plays critical roles in RNA
metabolism and function [1]. Among the many types of RNA
modification, m6A is the most frequent and abundant chemical
post-transcriptional RNA modification [2]. Methylated RNA
immunoprecipitation followed by sequencing (MeRIP-Seq) is a
comprehensive assay to determine the presence of m6A [1]. Since
the development of this assay, the functions of m6A have gradually
become clearer m6A within coding mRNA are most abundantly
observed in the vicinity of the stop codon, especially within the
3'UTR, and they have a consensus sequence of RRACH, where R
is a purine and H is any base except for G [1]. m6A is involved
in post-transcriptional regulation, especially in determining the
stability and lifespan of mRNA [3]. Furthermore, several m6A
regulators have been reported, such as the methylating enzyme
m6A writer proteins (METTL3, METTL14, METTL16, WTAP), the
demethylating enzyme m6A eraser proteins (FTO, ALKBH5), and
m6A reader proteins (YTH family) that recognize m6A [3]. The
m6A site in mRNA of the same gene differs between cell and tissue
types; m6A levels change in response to external stimuli, thereby
functioning as a dynamic type of modification that fine-tunes
gene expression [4]. Notably, although the levels of mRNA (arising
from gene expression) and protein are positively correlated, the
correlation is weak; it is not a perfect correlation [5]. Therefore,
elucidation of post-transcriptional mRNA regulation through m6A
modifications can help clarify the role of genes involved in various
cellular events.

Abbreviations

AFD: Appropriate For Date; E: Embryonic Day; m6A: N6-
methyladenosine; mMRNA: messenger RNA; MeRIP-Seq:
Methylated RNA Immunoprecipitation followed by Sequencing;
PE: Preeclampsia; SNPs: Single Nucleotide Polymorphisms; SFD:
Small For Date.

Development and m6A in Reproductive
Stage

So far, several cellular events that are essential for life have been

suggested to be under the regulation of m6A modification. For
example, Mettl3-null mutant mouse embryos died by embryonic
day (E) 6.5, whereas E3.5 knockout blastocysts retained normal
characteristics [6]. Depletion of Mettl14, another component
of the m6A writer complex, could only develop embryos up to
E6.5 [7]. Similarly, knockout of newly identified Mettl16 in mice
allows embryonic development until the blastocyst stage, but
causes development arrest around the time of implantation
[8]. These studies suggest that m6A methyltransferases are
indispensable for early development. However, the m6A reader
YTHDF2 is intrinsically required for female fertility. Oocyte-
specific deletion of Ythdf2 produced normal numbers of MIl
oocytes, and was fertilized. However, development was derailed
at or prior to the two-cell stage in zygotes derived from Ythdf2-
deleted oocytes. YTHDF2 is required to instruct the appropriate
transcript dosage during oocyte maturation [9], which suggests
that m6A modification and recognition are essential within this
process as well. Moreover, it was revealed that mice deficient in
Alkbh5 have compromised spermatogenesis, which likely results
in apoptosis of pachytene and metaphase-stage spermatocytes
[10]. This suggests that m6A demethylation is required for
spermatogenesis. These studies all suggested essential roles of
m6A in the reproductive stage.

Human Placenta and m6A

The placenta is an essential organ of the clade Eutheria (including
humans), which forms a barrier between the body of the mother
and the fetus, and functions to provide nutrition, gas exchange,
and elimination of waste products. Placental single-cell analysis
revealed that proliferation, differentiation, and regeneration
are maintained even in normal placenta [11]. Therefore, cellular
and molecular analyses of postpartum placentas provide useful
information regarding the tissue differentiation process, which
could include the long-term functions of the placenta throughout
pregnancy. FTO (fat mass and obesity-associated gene) is the first
GWAS-identified obesity-susceptibility gene. A cluster of single
nucleotide polymorphisms (SNPs) in the firstintron of FTO showed
a highly significant association with the body mass index [12].
However, these SNPs were revealed to regulate the expression of
distal genes IRX3 and IRX5, rather than FTO [13]. In addition, as
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mentioned above, FTO was identified as a demethylase of m6A
[14]. Expression levels of FTO in placentas are positively correlated
with birth weight [15] and prenatal fetal head circumference at 34
weeks gestation [16]. Considering the aforementioned findings,
we hypothesized that m6A in placental mRNA constituted an
important mechanism in post-transcriptional regulation, and was
related to fetal development and pregnancy-associated diseases.
Therefore, we conducted MeRIP-Seq on human placental villi
obtained from mothers of infants of various birth weights and a
representative pregnancy-associated disease, Preeclampsia (PE),
profiled the m6A epi-transcriptome of these specimens, and
investigated the relationship between fetal development or PE
and placental m6A. Through MeRIP-Seq of 17 placentas derived
from Appropriate For Date (AFD), Small For Date (SFD), and heavy
for date, and PE with SFD, we revealed that m6A at the 5’UTR was
unique in each phenotype. In concordance with the results from
other types of tissue and cells, m6As are also most abundant in
the vicinity of the stop codon in placental mRNAs. Although the
total levels of m6A at the 5’UTR were much lower than those in
the vicinity of the stop codon, we thought that the unique m6A
pattern at the 5’UTR in placental mRNAs could characterize
fetal growth and PE. m6A at the 5’UTR reported to have most
tissue-specific m6A sites compared with other transcript regions
[17]. As one of the examples is m6A modifications at the 5’-UTR
mMRNA could fine-tune the protein level in accordance with the
pathology, we found that placenta from PE had more abundant
m6A at SMPD1 (sphingomyelin phosphodiesterase 1) mRNA.
Between PE and normal placentas, the expression levels of
SMPD1 transcripts were similar. However, the protein level of
SMPD1 was significantly higher in placentas from PE (Figure 1).
We revealed that m6A modifications within two GGACH motifs
at the 5’UTR of SMPD1 mRNA positively regulate SMPD1 protein
expression. SMPD1 is an enzyme involved in ceramide synthesis.
Ceramides are known to modulate cell signalling and drive insulin
resistance, apoptosis, and fibrosis [18]. Our study suggests that
there are many unknown disease-related candidate genes that
m6A can regulate translation efficiency in accordance with the
onset of disease without changing the amount of transcript.
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In addition to our study, several studies examining m6A mRNAs
of human placenta have been published. Yang et al. [3] revealed
that the cytotrophoblast and syncytiotrophoblast layers of the
placenta of PE with SFD had more abundant m6A in mRNAs than
that of normal pregnant women. They revealed that METTL3, one
of the m6A writer proteins, and hnRNPC1/C2, one of the m6A
reader proteins, was significantly upregulated in the PE placenta,
especially in the cytotrophoblast and syncytiotrophoblast layers,
but m6A eraser FTO and ALKBH5 did not change. METTL3
knockdown in primarily isolated trophoblasts from PE placentas
significantly reduced the total amount of m6A and hnRNPC1/C2
expression. On the other hand, Wang et al. conducted MeRIP-
seq for PE without SFD, and healthy pregnant women using
placenta villi [19]. They also revealed that METTL3 and METTL14
expression were significantly upregulated in PE placental villi,
and that mRNA derived from PE placental villi had much more
abundant m6A. They finally detected upregulation of m6A
methylation, mRNA expression, and protein expression of
HSPA1A in PE placentas [20]. Jin et al. revealed that HSPA1A
MRNA newly received m6A within the 5'UTR under heat shock
stress response, which enabled translation initiation by a cap-
independent manner [21]. In Wang’s study, HSPA1A had much
m6A within its coding sequence in PE placenta. Depending on
where the transcript is modified, m6A might have a different
post-transcriptional effect. On the other hand, Xiao et al.
reported m6A function in villi of recurrent miscarriage patients
[22]. They revealed that one of the m6A erasers, ALKBH5, was
upregulated in recurrent miscarriage patient villi, especially in the
cytotrophoblast and syncytiotrophoblast layers, and global mRNA
m6A methylation levels were lower in the RM villi. They clarified
that ALKBHS5 inhibited trophoblast invasion by regulating CYR61
mRNA stability, which depended on the m6A methylation state in
the 3’UTR of CYR61. Based on these results, human trophoblasts
might be well functionally regulated and controlled by m6A.
Because a recent study revealed that the placenta had the most
tissue-specific m6A modification peaks [22], the placenta may
also be unique in terms of epi-transcriptome. Syncytiotrophoblast
dysfunction can cause PE and fetal growth restriction [23], and
further investigations are needed to reveal m6A and pregnancy-

Surol/18SranA
=) “ ES
AAC vare
~
L]

Me thylated mRNA

m&A modification level

N

t Trandatan
efficacy "
—_—

SWPRIFACTE
o
o

\_ n.s.—no significance and *** — ‘P value < 1.0*10-3".

1| ——
. .
AFD PE AFD PE AFD PE

Figure 1: Concept of up-regulating translation efficacy by m6A modification. Comparison of SMPD1 RNA, m6A and
protein level between AFD and PE. RNA expression was not different and m6A and protein level of SMPD1 were
significantly upregulated in PE placenta. The molecular images are from TogoTV (©2016 DBCLS TogoTV/CC-BY-4.0).
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associated diseases through trophoblast research.

Discussion and Conclusion

Seventy percent of mMRNAs were methylated by m6A. Moreover,
some researchers are trying to reveal the association between
m6A site, and eQTL and SNPs; the m6A site had many eQTL.
According to GWAS studies, m6A sites also had SNPs associated
with HDL cholesterol levels, body mass index, and atherosclerosis.
As mentioned above, we may have many important candidate
genes that are missed without epi-transcriptome analysis. We
have to integrate transcriptome data and post-transcriptional
analysis to reveal molecular biology and pathology.
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