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N6-methyladenosine (m6A) represents the most abundantly occurring mRNA modification and is
involved in the regulation of skeletal muscle development. However, the status and function of m6A
methylation in prenatal myogenesis remains unclear. In this study, we first demonstrated that knock-
down of METTL14, an m6A methyltransferase, inhibited the differentiation and promoted the prolifera-
tion of C2C12 myoblast cells. Then, using a refined m6A-specific methylated RNA immunoprecipitation
(RIP) with next generation sequencing (MeRIP-seq) method that is optimal for use with samples con-
taining small amounts of RNA, we performed transcriptome-wide m6A profiling for six prenatal skeletal
muscle developmental stages spanning two important waves of porcine myogenesis. The results revealed
that, along with a continuous decrease in the mRNA expression of the m6A reader protein insulin-like
growth factor 2 mRNA-binding protein 1 (IGF2BP1), the m6A methylome underwent highly dynamic
changes across different development stages, with most of the affected genes being enriched in pathways
related to skeletal muscle development. RNA immunoprecipitation confirmed that IGF2BP1 targets 76
genes involved in pathways associated with muscle development, including the key marker genes MYH2
and MyoG. Moreover, small interfering RNA (siRNA)-mediated knockdown of IGF2BP1 induced pheno-
typic changes in C2C12 myoblasts similar to those observed with knockdown of METTL14. In conclusion,
we clarified the dynamics of m6A methylation and identified key genes involved in the regulatory
network of porcine skeletal muscle development.
Copyright © 2020, The Authors. Institute of Genetics and Developmental Biology, Chinese Academy of

Sciences, and Genetics Society of China. Published by Elsevier Limited and Science Press. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Understanding skeletal muscle development is crucial for
unraveling the molecular basis underlying the formation and dis-
eases of skeletal muscle (Buckingham, 2001; Al-Qusairi and
Laporte, 2011). Skeletal muscle formation is regulated by both ge-
netic and epigenetic factors (Bharathy et al., 2013; Carrio and
Suelves, 2015), including N6-methyladenosine (m6A) methylation
(Dominissini et al., 2012; Meyer et al., 2012). Dynamic m6A
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regulation during development is achieved through the interplay
between the METTL3/METTL14/WTAP m6A methyltransferase
complex and demethylases such as FTO and ALKBH5 (Jia et al.,
2011; Liu et al., 2014; Ping et al., 2014). Although METTL3 is
required for MyoD expression in myoblasts and for establishing the
transcriptome-wide m6A profile of porcine muscle tissue, relatively
few studies have investigated the role of m6A in prenatal myo-
genesis (Kudou et al., 2017; Tao et al., 2017).

The difficulty of sampling prenatal human tissue, as well as the
lack of technology that can be used to analyze them6A status from a
small amount of RNA, limits m6A screening during prenatal myo-
genesis (Zeng et al., 2018). To overcome these limitations, animal
iology, Chinese Academy of Sciences, and Genetics Society of China. Published by
D license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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models can be used to study the underlying mechanisms. The
similarity between porcine and human anatomy, physiology/pa-
thology, and even the genome (Schook et al., 2005; Tang et al.,
2007) makes the pig an ideal model animal to study skeletal
muscle development. Like humans, porcine myogenesis takes place
in two distinct waves before birth, which ultimately determine the
total number of fibers. The first wave occurs at 35e64 days post
coitus (dpc) and leads to the formation of primary myofibers,
whereas the second wave happens at 54e90 dpc, resulting in
secondarymyofiber formation (Wigmore and Strickland,1983). The
profiling of m6A maps of adult porcine muscle tissues from three
different breeds (Tao et al., 2017) provided a valuable reference for
further study of the dynamic regulation and biological significance
of m6A in myogenesis using the pig as a model.

In the present study, we confirmed that the knockdown of
METTL14 led to impaired differentiation and enhanced prolifera-
tion of C2C12 myoblasts. A refined MeRIP-seq (R-MeRIP-seq) (Zeng
et al., 2018) was then applied to profile the m6A epitranscriptomes
of pig skeletal muscle tissues during six prenatal life stages (33, 40,
50, 60, 70, and 95 dpc) spanning two important waves of pig
myogenesis. There was a significant correlation between interstage
fold changes in m6A modification and gene expression levels. The
expression of insulin-like growth factor 2 mRNA-binding protein 1
(IGF2BP1), an m6A reader protein, continuously decreased during
prenatal skeletal muscle development, while siRNA-mediated
knockdown of IGF2BP1 inhibited myotube formation and pro-
moted myoblast proliferation. During skeletal muscle develop-
ment, we observed that both them6Amethylation andmRNA levels
of myosin heavy chain 2 (MYH2) increased significantly from 40 dpc
to 50 dpc and from 70 dpc to 95 dpc, and these changes were
simultaneously mediated by the m6A status and by IGF2BP1.
Consistent with these results, the expression of MyoG was also
regulated in an m6A-IGF2BP1-dependent manner. In conclusion,
our findings indicated that m6A is a crucial epigenetic factor in
porcine prenatal myogenesis.

2. Results

2.1. METTL14 regulates the proliferation and differentiation of
C2C12 myoblasts

To investigate the role of m6A modification in myogenesis, we
performed siRNA-mediated knockdown of the adenosine methyl-
transferase METTL14 (Liu et al., 2014). siMETTL14-1 successfully
suppressed the mRNA expression of the METTL14 target gene in
C2C12myoblasts, validating the knockdown efficiency of this siRNA
(Fig. 1A). Myosin immunofluorescence staining was used to analyze
the role of METTL14 in the regulation of myotube fusion. METTL14
knockdown clearly suppressed myotube formation (Fig. 1B) and
decreased the expression of the differentiation marker gene MyHC
(myosin heavy chain) as well as that of the muscle-specific MyoD
(myogenic differentiation 1) andMyoG (myogenin) (Tapscott, 2005;
Wannenes et al., 2008; Jin et al., 2018) (Fig. 1C), indicating that
METTL14 can modulate the differentiation of C2C12 myoblasts. To
examine the role of METTL14 in myoblast proliferation, 5-ethynyl-
2-deoxyuridine (EdU) staining was used to analyze the prolifera-
tion of C2C12 cells treated with si-METTL14-1. The results showed
that METTL14 knockdown significantly increased EdU incorpora-
tion (Fig. 1D and E), suggesting that METTL14 is involved in regu-
lating C2C12 myoblast proliferation. Considering that METTL14 is
an m6A writer, these observations suggested that m6A plays an
important role in myogenesis by regulating myoblast proliferation
and differentiation.
2.2. The longitudinal transcriptomes and epitranscriptomes of six
stages of prenatal skeletal muscle development

To further delineate the functional implications of m6A
methylation during skeletal muscle development, we profiled the
transcriptome-wide m6A status in prenatal skeletal muscle in the
pig. Because of the limited amount of available prenatal skeletal
muscle, we first tested R-MeRIP-seq approach that can be used to
analyze as little as 5 mg of total RNA per sample (see Materials and
methods) (Zeng et al., 2018) using the porcine PK15 cell line
(Table S1). R-MeRIP and conventional MeRIP sequencing were both
performed twice on the cell line, and the m6A profiles generated
were analyzed using the same analytical pipeline. A high correla-
tion coefficient (R2 ~ 0.9) was achieved between the two inde-
pendent tests for the twomethods, indicating the both were highly
reproducible (Fig. S1A). Furthermore, 66.22% of the m6A peaks
called for the two approaches were consistent (Fig. S1) as defined
by a previously published algorithm (Materials and methods).

Therefore, R-MeRIP was subsequently used to examine the
transcriptomes and m6A epitranscriptomes of prenatal skeletal
muscle at six stages of development (33, 40, 50, 60, 70, and 95 dpc)
spanning two important waves of porcine myogenesis (Table S2).
Based on these data, m6A peaks were annotated for all the tran-
scripts. We found that most (99.47%) of the peaks were associated
with coding genes (Fig. S2A). A similar pattern of m6A distribution
was also observed from 33 dpc to 95 dpc. These m6A peaks were
preferentially located in coding sequences (CDSs) and 30 untrans-
lated regions (30-UTRs) rather than in 50-UTRs (Fig. S2B and C), and
the m6A peaks contained conservative RRACH sequence motifs, in
agreement with previous studies (Dominissini et al., 2012; Meyer
et al., 2012) (Fig. S2D). Nevertheless, differing numbers of m6A
peaks and methylated genes were identified among the different
stages (Fig. 2A). Gene Ontology (GO) term enrichment analyses
revealed that the m6A-modified genes were commonly associated
with RNA binding, nucleoplasm, and macromolecule metabolic
process, but relatively more divergent for the functions of regula-
tion of the nuclear body and protein binding (Fig. 2B). Furthermore,
we also observed a gradual decrease in the numbers of expressed
genes across the six stages (Fig. 2C) and a clear classification of the
gene expression profile based on hierarchical clustering analysis
(Fig. 2D). These results suggested an ongoing reprogramming of the
epitranscriptome during prenatal myogenesis that might be asso-
ciated with the altered gene expression profiles in these samples.

2.3. Transcriptome dynamics during porcine prenatal skeletal
muscle development

To investigate the genome-wide gene expression during prenatal
skeletal muscle development in the pig, we further performed pair-
wise comparisons between consecutive stages to identify differen-
tially expressed genes (DEGs). Interestingly, a greater number of
DEGs were detected in the 33 dpc vs. 40 dpc and the 70 dpc vs. 90
dpc comparisons (3471 and 2312 DEGs, respectively) than in the
other comparisons (~500 DEGs), as shown in Fig. 3A. These results of
changes in gene expression were in accordance with previous re-
ports indicating that the onset of primary myofiber formation in
Landrace pigs occurs at 35 dpc, while muscle fiber numbers increase
between 77 dpc and 91 dpc (Zhao et al., 2011). To identify additional
key regulatory genes during muscle development, we used
weighted gene coexpression network analysis (WGCNA) for all the
DEGs identified across these stages of skeletal muscle development,
taking into consideration their correlation with body weight, body
length, and the developmental stage (Ponsuksili et al., 2015). We



Fig. 2. Characterization of the longitudinal transcriptome and epitranscriptome of the six prenatal stages of porcine skeletal muscle development. A: The number of genes con-
taining m6A peaks and the number of m6A peaks in the six developmental stages. B: The top 5 GO biological processes among m6A-enriched genes in each of the six developmental
stages. C: The number of expressed genes (transcripts per million reads [TPM] >1 in each sample) in the six developmental stages. D: Unsupervised hierarchical clustering of the six
developmental stages based on the transcriptomes. E33: 33 days post coitus (dpc); E40: 40 dpc; E50: 50 dpc; E60: 60 dpc; E70: 70 dpc; E95: 95 dpc. m6A, N6-methyladenosine; GO,
Gene Ontology.

Fig. 1. Knockdown of METTL14 inhibited the differentiation and promoted the proliferation of myoblast cells. A and B: RT-qPCR for METTL14 expression (A) and MyHC immu-
nofluorescence staining (�40) (B) in C2C12 cells differentiated for 4 days. C: siRNA-mediated METTL14 knockdown reduced the mRNA expression levels of MyHC, MyoD, and MyoG.
D and E: METTL14 knockdown significantly increased EdU incorporation ( � 40). RT-qPCR, quantitative real-time PCR; siRNA, small interfering RNA; NC, negative control; DAPI, 4',6-
Diamidino-2-Phenylindole, Dihydrochloride; EdU, 5-ethynyl-2-deoxyuridine; SD, standard deviation; MyHC, myosin heavy chain. The data represent means ± SD of three inde-
pendent experiments. *, P < 0.05, **, P < 0.01.
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Fig. 3. WGCNA analyses of expressed genes in the six prenatal stages of skeletal muscle development. A: The number of differentially expressed genes (DEGs) calculated from
interstage comparisons. B: Heatmap showing the correlation between module eigengenes and traits (each cell contains the corresponding correlation coefficients and P-values). C:
Heatmap showing the expression levels of genes in the dark gray and magenta modules during prenatal skeletal muscle development; the top 5 GO biological process terms are
indicated on the right. D: Heatmap showing the expression levels of genes that are either continuously upregulated or downregulated across the six developmental stages. GO, Gene
Ontology; WGCNA, weighted gene coexpression network analysis; IGF2BP1, insulin-like growth factor 2 mRNA-binding protein 1.
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identified seven modules among these DEGs, with the magenta and
dark gray modules showing a significant correlation with all phe-
notypes (P < 0.05) (Fig. 3B). In the dark gray module, the expression
levels of the DEGs showed a gradual increase from 33 dpc to 95 dpc,
and these DEGs were mainly associated with skeletal muscle
development (the top 5 significant biological processes). In contrast,
the DEGs in the magenta module showed a gradual decrease in
expression levels and were mainly involved in the development of
the embryo (Fig. 3C). Among all the DEGs, 5 were continuously
upregulated and 3 were downregulated during development
(Fig. 3D). Notably, IGF2BP1, coding for a key m6A reader that regu-
lates mRNA stability and translation (Huang et al., 2018), was one of
the continuously downregulated genes. These results again sug-
gested that m6A may play a key role in prenatal myogenesis.

2.4. Dynamics of the m6A epitranscriptome during skeletal muscle
development

Next, we characterized the dynamics of m6A modifications
occurring during prenatal skeletal muscle development in the pig.
We first assessed the expression levels of genes encoding m6A
writers (METTL3/METTL14/WTAP) and erasers (FTO/ALKBH5) and
observed highly dynamic but similar expression levels of these
genes during prenatal myogenesis (Fig. 4A). Furthermore, most
(2,466) of the m6A-modified genes were commonly methylated
genes (CMGs) throughout prenatal skeletal muscle development,
whereas only 414, 24, 95, 114, 244, and 312 specifically methylated
genes (SMGs) were identified at 33, 40, 50, 60, 70, and 95 dpc,
respectively (Fig. 4B). On average, compared with SMGs, CMGs
exhibited a higher peak number and a lower ratio of peaks located
in 30-UTRs (Fig. S3A and B). Further unsupervised clustering of the
CMGs based on them6A levels led to the identification of twomajor
clusters. GO analyses of the CMGs indicated that they were
enriched for terms related to transcriptional regulation of gene
expression, such as regulation by RNA polymerase II, transcription
regulator activity, and RNA processing (Fig. 4C). A different pattern
of enrichment was observed for SMGs, which showed a greater
enrichment for genes in pathways related to tissue genesis at the
early stage of embryo development (Fig. S3C). To further explore
the stepwise changes in the m6A status during prenatal skeletal
muscle development, m6A peaks were subjected to pair-wise
comparisons between every two adjacent stages. In total, we
identified 434 differentially methylated genes (DMGs), including
297 hypermethylated genes and 137 hypomethylated genes, across
the six stages (Fig. 4D). Consistent with DEG data (Fig. 3A), the
greatest dynamic variation in m6A levels occurred in the transition
from 33 dpc to 40 dpc (Fig. 4D). Only a few genes were common
between either of the two sets of interstage DMGs, indicating that
highly dynamic changes in m6A levels take place during skeletal
muscle development (Fig. 4E). GO analyses for each set of interstage



Fig. 4. Characterization of the dynamic m6A modifications occurring in the six prenatal stages of skeletal muscle development. A: Expression of the genes coding for the m6A
methyltransferases (METTL3/METTL14/WTAP) and demethylases (FTO and ALKBH5). B: Numbers of commonly (m6A) methylated genes (CMGs) and temporal-specific (m6A)
methylated genes (SMGs) in the six prenatal stages evaluated. C: Heatmap showing the methylation levels of CMGs during prenatal skeletal muscle development as identified by
unsupervised clustering; the top 5 GO biological process terms are indicated on the right. D: The numbers of differentially methylated genes (DMGs; hypermethylated or hypo-
methylated) from interstage comparisons across the six prenatal stages. E: Venn diagram showing the number of overlapping DMGs. F: The top 5 GO biological process terms of
each interstage DMG. No enrichment was found for E70eE95. m6A, N6-methyladenosine; GO, Gene Ontology; TPM, transcripts per million reads.
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DMGs showed that there was a divergent enrichment of DMGs,
which also suggested stage-specific changes in the dynamics of
m6A modifications during muscle development (Fig. 4F).
2.5. m6A methylation regulates gene expression in prenatal skeletal
muscle

To further address the potential role of m6A methylation in the
regulation of mRNA expression in prenatal myogenesis, we focused
on the m6A variation in genes from the dark gray and magenta
modules, which showed gradually increased or decreased expres-
sion during skeletal muscle development, respectively. Consistent
with the changes in the gene expression pattern, the percentage of
m6A-modified genes (Fig. 5A) and the average peak number of
m6A-modified genes (Fig. 5B) both presented a similar tendency to
that observed for mRNA levels in the dark gray and magenta
modules. We then cross-matched the DEGs from these two mod-
ules with the 434 identified DMGs and found 97 and 30 overlapping
genes from the magenta and dark gray modules, respectively
(Fig. 5C). These 127 genes were further filtered for those genes
containing significantly differential m6A modifications and tran-
script levels at the same interstage. These genes were classified into
two categories based on whether the interstage fold changes of
m6A or gene expression levels displayed the same (27 genes) or
opposite (42 genes) tendency. Furthermore, correlation analysis
indicated that the correlation between the fold changes in m6A
methylation and gene expression levels for both categories was
significant, either positively or negatively (Figs. 5D and S4A). One
gene category was enriched in GO terms for energy metabolism,
and the other was enriched for muscle development (Figs. 5E and
S4B). Specifically, we found that the positively correlated genes
(Table S3) were mainly from two interstages (33e40 dpc and 70 to



Fig. 5. m6A characteristics of genes in the two modules showed significant correlation between gene expression and phenotype. A and B: The ratio of m6A-modified genes (A) and
average peak number of all m6A-modified genes (B) for the dark gray and magenta gene modules in each developmental stage analyzed. C: Venn diagram showing the overlapping
each significant correlation module genes and DMGs. D: Correlation between the fold changes (FCs) in m6A methylation and gene expression (GE) levels for genes showing the same
tendency. E: Part genes and top 5 GO biological process terms are depicted (GO:0015980:energy derivation by oxidation of organic compounds; GO:0042773:ATP synthesis coupled
electron transport; GO:0006091:generation of precursor metabolites and energy; GO:0022904:respiratory electron transport chain; GO:0098803:respiratory chain complex). m6A,
N6-methyladenosine; GO, Gene Ontology; DMG, differentially methylated gene.
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95 dpc), whereas most of the negatively correlated genes (Table S4)
were from the 33 to 40 dpc interstage (Figs. 5E and S4B). Together,
these results indicated that m6A methylation was involved in the
regulation of gene expression during prenatal skeletal muscle
development in the pig. As one example, the levels of m6A
methylation and gene expression of MYH2, which encodes an iso-
form of MyHC (Mascarello et al., 2016), were significantly increased
from 40 dpc to 50 dpc and from 70 dpc to 95 dpc (Fig. 5E).
2.6. Identification of IGF2BP1- and m6A-coregulated genes involved
in muscle development

We next aimed to identify potential target genes of the m6A
reader protein IGF2BP1 by RNA immunoprecipitation sequencing
(RIP-seq), using a 50-dpc skeletal muscle sample (Table S5;
Fig. S5A). Consistent with the genome-wide distribution of m6A
sites, the IGF2BP1 binding regions were mostly enriched in CDSs
and 30-UTRs and were less abundant in 50-UTRs (Fig. S5B and C).
Furthermore, IGF2BP1 displayed a sequence-structure motif similar
to that of m6A-modified regions (Fig. S5D). We further identified
5490 genes containing IGF2BP1 binding regions, 2281 of which
shared peak positions with m6A-modified genes (Fig. 6A). GO
enrichment analyses indicated that 76 of these 2281 genes were
enriched in diverse pathways involved in muscle development
(Fig. 6B). A protein-protein interaction (PPI) network of these genes
was then constructed and showed extensive interactions (Fig. 6C).
We further performed RNA Immunoprecipitation-Quantitative
Real-time PCR (RIP-qPCR) to validate MYH2 and MyoG as IGF2BP1
target genes as these two genes might serve as hub genes in the PPI
network. BothMYH2 andMyoG possessed IGF2BP1 binding regions
and m6A sites (Fig. 6D and E).
2.7. IGF2BP1 regulates C2C12 myoblast differentiation and
proliferation

Next, we knocked down the reader protein IGF2BP1 in C2C12
myoblasts to further confirm whether IGF2BP1 is involved in the
regulation of myogenesis (Fig. 7A). We found that the expression of



Fig. 6. m6A and IGF2BP1 coregulated gene in prenatal skeletal muscle. A: Venn diagram showing the overlapping IGF2BP1 target genes and m6A-modified genes in E50 skeletal
muscle and the 2281 genes with overlapping peaks. B: GO terms of skeletal muscle development related biological processes of 2281 genes. C: Protein-protein interaction network
of 76 genes involved in skeletal muscle development. D: Distribution of m6A and IGF2BP1 RIP in the MyoG and MYH2 genes; IP, immunoprecipitation. E: MYH2 and MyoG are direct
targets of IGF2BP1. The data represent means ± SD of three independent experiments. *, P < 0.05, **, P < 0.01. SD, standard deviation; m6A, N6-methyladenosine; GO, Gene
Ontology; IGF2BP1, insulin-like growth factor 2 mRNA-binding protein 1; RIP, RNA immunoprecipitation.
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MyHC was significantly decreased at both the protein and mRNA
level after knockdown of the IGF2BP1 gene (Fig. 7B and C). We also
found that the mRNA expression level of MyoD was significantly
reduced (Fig. 7C), whereas EdU incorporation was significantly
increased (Fig. 7D and E). These results indicated that knockdown
of IGF2BP1 suppressed the differentiation and promoted the pro-
liferation of C2C12 myoblasts, consistent with the results of
METTL14 knockdown. In addition, we examined the expression of
MYH2 and MyoG, known IGF2BP1 target genes. The knockdown of
IGF2BP1 led to a significant reduction in the mRNA levels of both
these genes (Fig. 7C). Taken together, these results suggested that
IGF2BP1 plays an important role in the regulation of myogenesis via
binding to m6A-modified target genes.

3. Discussion

Skeletal muscle development is known to be regulated in a
complex spatiotemporal manner. Previously identified changes in
gene expression and epigenetic modifications during skeletal
muscle development have greatly improved our understanding of
the mechanism related to myogenesis (Bharathy et al., 2013; Tang
et al., 2015). In the present study, we hypothesized that m6A
methylationmight also have a role in skeletal muscle development,
given that m6A has been shown to be involved in regulating diverse
developmental processes (Zhao et al., 2014; Li et al., 2018; Ma et al.,
2018). We knocked down METTL14, a key m6A methyltransferase,
and demonstrated that METTL14 affects myoblast differentiation
and regulates the mRNA expression of MyoD (Fig. 1), consistent
with previous results obtained with knockdown of METTL3 (Kudou
et al., 2017). MELL14 has been shown to form a stable heterodimeric
core complex with METTL3 and to have a more significant effect
than METTL3 on the level of the m6A level (Liu et al., 2014). These
results demonstrated that both METTL3 and METTL14 are involved
in the regulation of skeletal muscle differentiation. In our study, we
showed that both the transcriptome and m6A epitranscriptome
underwent highly dynamic changes throughout porcine skeletal



Fig. 7. IGF2BP1 regulates the proliferation and differentiation of C2C12 myoblasts. A: IGF2BP1 expression was significantly reduced in C2C12 cells transfected with siRNA targeting
IGF2BP1. B and C: Images of MyHC immunofluorescence staining (�20) and RT-qPCR in C2C12 cells differentiated for 4 days. IGF2BP1 knockdown inhibited the protein expression of
MyHC and the mRNA levels of Myhc, MyoD, MyoG, andMYH2. D and E: Images of EdU staining showing that IGF2BP1 knockdown significantly increased EdU incorporation in C2C12
myoblasts ( � 20). EdU, 5-ethynyl-2-deoxyuridine; IGF2BP1, insulin-like growth factor 2 mRNA-binding protein 1; MyHC, myosin heavy chain; RT-qPCR, quantitative real-time PCR;
NC, negative control; DAPI, 4',6-Diamidino-2-Phenylindole, Dihydrochloride.
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muscle development, which is in line with results from other
studies investigating the regulatory role of m6A in tissue develop-
ment, such as those for porcine postnatal liver development (He et
al., 2017) and mouse cerebellum development (Ma et al., 2018).
Specifically, we observed that the most divergent stage interval
during the two important waves of prenatal fiber formation was
from 33 to 40 dpc, which is during primary fiber formation. As
previously confirmed, changes in gene expression were also more
intense during primary fiber formation than during secondary fiber
formation (Pas et al., 2005). These results imply that the m6A
methylation status also regulates the development of prenatal
skeletal muscle.

Previous studies have suggested that m6A modifications medi-
ated by the m6A reader protein IGF2BP1 can help maintain RNA
stability (Huang et al., 2018). In our study, myosin immunofluo-
rescence and EdU staining assays indicated that IGF2BP1 also par-
ticipates in the regulation of myoblast proliferation and
differentiation (Fig. 7). We found that the transcription of IGF2BP1
exhibited a continuous decrease during prenatal skeletal muscle
development. Subsequently, we identified a set of genes that pre-
sented a significant positive correlation between the interstage fold
changes in the levels of m6A methylation and gene expression.
Among these genes, MYH2, encoding an isoform of MyHC,
appeared twice in the positive-correlation gene list (Fig. 5D). The
mRNA level of MYH2 was significantly decreased in IGF2BP1-
knockdown C2C12 myoblasts (Fig. 7C). As a target for IGF2BP1 and
m6A methylation (Fig. 6D and E), MYH2 presented significantly
higher levels of m6A methylation and gene expression from 40 dpc
to 50 dpc and from70 dpc to 95 dpc during prenatal skeletal muscle
development (Fig. 5E). Several studies have unraveled the impor-
tant role played by MyoD in controlling the specification and dif-
ferentiation of the muscle lineage (Weintraub et al., 1991; Rudnicki
and Jaenisch, 1995). MyoG, an essential regulator of muscle devel-
opment, can promote terminal differentiation and active genes
required in this developmental process (Davie et al., 2007;
Meadows et al., 2008; Zhang et al., 2018). The knockdown of
METTL14 led to a decrease in the expression of MyoD and MyoG
(Fig. 1C) in C2C12 myoblasts. Furthermore, IGF2BP1 can directly
bind toMyoG and regulate its expression (Figs. 6D and 7C).MyoG is
an m6A-modified target in C2C12 myoblasts, and its mRNA level
was regulated with m6A methylation (Kudou et al., 2017; Chen et
al., 2019). These results suggested that the expression of the
MyoG gene is modulated through an m6A-IGF2BP1-dependent
pathway, which provides a foundation for further elucidation of
the mechanisms involved in myoblast differentiation and skeletal
muscle development.

In summary, we described the m6A methylation landscape dur-
ing prenatal skeletal muscle development and revealed the features
of continuously decreased expression of m6A binding protein
IGF2BP1. Our results indicated that m6A methylation and IGF2BP1
play important roles in the regulation of prenatal myogenesis.
4. Materials and methods

4.1. Cell culture

C2C12 cells and PK15 cells were cultured in Dulbecco's
modified Eagle's medium (DMEM) supplemented with 10% fetal
bovine serum (Gibco, USA) and grown in an incubator at 37 �C
and 5% CO2. For myogenic differentiation, the cells were trans-
ferred to DMEM containing 2% horse serum (Gibco, USA). All cells
were grown to 80%e90% confluence before differentiation was
induced.
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4.2. Animals and sample collection

All animal procedures were performed as per the protocols
approved by the Animal Care and Use Committee for Biological
Studies of Hubei Province, People's Republic of China. After mating
with boars of the respective breed, Landrace sows were euthanized
at six stages (33, 40, 50, 60, 70, and 95 dpc) at a commercial
slaughterhouse. The uteri containing the fetuses were immediately
collected, and longissimus muscle tissue was manually and rapidly
dissected from each fetus. At each time point, three randomly
chosen embryos were used for subsequent experiments. In total, 18
samples were snap frozen in liquid nitrogen and stored at �80 �C
until further use.

4.3. siRNA synthesis and cell transfection

The sequencesof the siRNAs targetingMETTL14and IGF2BP1were
as follows: METTL14 siRNA (sense): CAGUACCUUUCUUAAGGGATT,
METTL14 siRNA (antisense): UCCCUUAAGAAAGGUACUGTT and
IGF2BP1 siRNA (sense):GAGCACAAGAUCUCCUACATT, IGF2BP1 siRNA
(antisense): UGUAGGAGAUCUUGUGCUCTT. Transfection of
C2C12 cells was performed using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA, USA). Approximately 10 mL of siRNA oligo was added to
wells of a 6-well plate.

4.4. EdU and immunofluorescence staining

Cell immunofluorescence staining was performed as per a pre-
viously published method (Chen et al., 2017) using an anti-MyHC
primary antibody (sc-376157; Santa Cruz Biotechnology, USA) and
an antimouse CY3 secondary antibody (Beyotime Biotechnology,
Shanghai, China). 4',6-Diamidino-2-Phenylindole, Dihydrochloride
(DAPI)was used to visualize cell nuclei. Imageswere obtained using a
fluorescence microscope (DP80; OLYMPUS, Tokyo, Japan).

4.5. RNA immunoprecipitation

RIP was performed using the Megna RIP RNA-binding Protein
Immunoprecipitation Kit (17e700; Millipore, Billerica, MA). In
brief, 50-dpc skeletal muscle was ground and was lysed in lysis
buffer. Five percent of the supernatant was used as the input, while
the remaining supernatant was incubated with an anti-IGF2BP1
antibody (RN007P; MBL, Nagoya, Japan) or IgG (antibody control)
at 4

�
C overnight, followed by conjugation to protein A/G magnetic

beads (Invitrogen) by incubation for 1 h at 4
�
C. Input and coim-

munoprecipitated RNAs were recovered by TRIzol (Invitrogen)
extraction and analyzed by qPCR and RIP-seq. A KC-Digital Stranded
mRNA Library Prep Kit (DR08502; Seqhealth, Wuhan, China) was
used for RIP-seq library preparation.

4.6. Quantitative Real-time PCR

Total RNA was extracted using TRIzol reagent (Invitrogen) and
then reverse transcribed using HiScript III RT SuperMix for qPCR
(R323-01; Vazyme, Nanjing, China). qPCR was performed using the
Applied Biosystems StepOnePlus RealTime PCR system (Applied
Biosystems, Foster City, CA). All primers used in the study are pre-
sented in Table S6. The relative RNA expression levels were calcu-
lated using the Ct (2eDDCt) method (Livak and Schmittgen, 2001).

4.7. MeRIP sequencing

Total RNA was immediately isolated using Trlzol reagent ac-
cording to the manufacturer's instructions (AM8740; Invitrogen).
To avoid DNA contamination, all samples were treated with DNase
(M0303L, NEB, Ipswich, MA). Profiling of m6A sites for each mRNA
was performed as previously described in the study by Dominissini
et al., 2012. For isolation of mRNA, total RNA was subjected to two
rounds of purification using oligo(dT)-coupled magnetic beads ac-
cording to the manufacturer's instructions (Invitrogen). mRNA
samples were fragmented into ~100-nucleotide fragments by
incubating in fragmentation buffer (Invitrogen) at 90 �C for 1 min.
Samples of fragmented mRNA (approximately 50 ng) were used to
construct the input library. The remaining mRNA fragments were
incubated for 4 h at 4 �C with 3 mg of antiem6A polyclonal antibody
(202003; Synaptic Systems, Goettingen, Germany) combined with
protein A beads (Invitrogen) at room temperature for 1 h in
Immunoprecipitation purification (IPP) buffer (150 mmol/L NaCl,
0.1% NP-40, 10 mmol/L Tris-HCl). Bound mRNAwas eluted from the
beads with 0.5 mg/ml of m6A in IPP buffer. Eluted mRNA was
precipitated using an ethanol-sodium acetate solution and
glycogen (R0551; Thermo FisherScientific,Waltham,MA) overnight
at �80 �C. mRNA was resuspended in water and used for library
generation. Input mRNA and IP mRNA sequencing libraries were
generated using a Vazyme mRNA-seq Kit for Illumina (NR601;
Vazyme, China). Sequencing was carried out using an Illumina
HiSeq X Ten system (HiSeq X Ten; Illumina, San Diego, CA).

4.8. R-MeRIP sequencing

Total RNA was fragmented to 100e150 nucleotides by 15 min of
incubation at 70 �C in fragmentation buffer (Invitrogen). Approxi-
mately 10 ng of fragmented RNA was used to construct the input
library. The remaining RNA was immunoprecipitated with an m6A
antibody as for the MeRIP-seq to obtain m6A-modified mRNA.
When successful immunoprecipitation of methylated RNA was
confirmed, input and IP libraries were constructed using the
SMARTer Stranded Total RNA-seq Kit (635007; Takara/Clontech ,
Japan). This kit enables the removal of ribosomal cDNA after reverse
transcription and amplification using probes specific for mamma-
lian rRNA. Sequencingwas also carried out using the Illumina HiSeq
X Ten system.

4.9. Analysis of sequencing data

For each sample, paired-end reads were used for bioinformatics
analysis. Quality control of raw data was performed using FastQC
software (version 0.11.3). Sequencing data were trimmed using
Trimmomatic (version 0.36) (Bolger et al., 2014) to remove the
adapter and low-quality data. These high-quality reads were
mapped against the ensemble pig genome (Sscrofa11.1) using
hisat2 software (version 2.0.1) (Kim et al., 2015).

For RNA-seq data, salmonwas used to calculate TPM (transcripts
per million reads) values of annotated genes in ensemble
(Sscrofa11.1) (Patro et al., 2017). Genes with a TPM value >1 were
identified as expressed genes. DEGs were identified using DESeq2
(version 1.22.2) (Love et al., 2014). The WGCNA (version 1.28.1) R
packagewas used to construct the unsigned coexpression networks
based on gene expression (Langfelder and Horvath, 2008). All
software applications were run with default parameters.

4.10. Peak calling and motif analysis

For R-MeRIP-seq/RIP-seq, m6A-modified RNA regions (m6A
peaks) and IGF2BP1 binding regions were identified using exo-
mePeak software (version 2.16.0) (Meng et al., 2013, 2014). To
improve m6A peak identification, m6A peaks appearing in three
biological replicates identified with exomePeak were regarded as
highly enriched and selected for further analysis (P < 0.05). The
consensus sequence motif enriched in m6A peaks and IGF2BP1
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binding regions were identified by MEME (version 5.1.1) (Bailey
et al., 2009).

4.11. Characterization of the distribution patterns of m6A peaks and
IGF2BP1 binding regions

The distribution of m6A peaks and IGF2BP1 binding regions in
mRNAs were obtained as previously described in the study by
Meyer et al., 2012; 50-UTR, CDS, and 30-UTR regions of the longest
transcript of each gene were divided into 100 bins with equal
length. The read counts in each bin were calculated to represent
the occupancy of m6A and IGF2BP1 peaks along the whole
transcript.

4.12. GO analysis

The clusterProfiler (version 3.16.0) R package was used for GO
analysis, which was performed using default parameters (Luo and
Brouwer, 2013). A plot was generated using the ggplot2 R pack-
age based on the enriched GO terms.

5. Data availability

The high-throughput m6A sequencing data have been deposited
in the GEO database under the accession code GSE141943. m6A
peaks in the six developmental stages are included in the processed
data.
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