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Embryonic myogenesis is a temporally and spatially regulated process that generates
skeletal muscle of the trunk and limbs. During this process, mononucleated myoblasts
derived from myogenic progenitor cells within the somites undergo proliferation,
migration and differentiation to elongate and fuse into multinucleated functional
myofibers. Skeletal muscle is the most abundant tissue of the body and has the
remarkable ability to self-repair by re-activating the myogenic program in muscle
stem cells, known as satellite cells. Post-transcriptional regulation of gene expression
mediated by RNA-binding proteins is critically required for muscle development
during embryogenesis and for muscle homeostasis in the adult. Differential subcellular
localization and activity of RNA-binding proteins orchestrates target gene expression
at multiple levels to regulate different steps of myogenesis. Dysfunctions of these
post-transcriptional regulators impair muscle development and homeostasis, but
also cause defects in motor neurons or the neuromuscular junction, resulting in
muscle degeneration and neuromuscular disease. Many RNA-binding proteins, such
as members of the muscle blind-like (MBNL) and CUG-BP and ETR-3-like factors
(CELF) families, display both overlapping and distinct targets in muscle cells. Thus they
function either cooperatively or antagonistically to coordinate myoblast proliferation and
differentiation. Evidence is accumulating that the dynamic interplay of their regulatory
activity may control the progression of myogenic program as well as stem cell
quiescence and activation. Moreover, the role of RNA-binding proteins that regulate
post-transcriptional modification in the myogenic program is far less understood
as compared with transcription factors involved in myogenic specification and
differentiation. Here we review past achievements and recent advances in understanding
the functions of RNA-binding proteins during skeletal muscle development, regeneration
and disease, with the aim to identify the fundamental questions that are still open for
further investigations.

Keywords: RNA-binding protein, post-transcriptional regulation, myoblast, skeletal myogenesis, muscle
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INTRODUCTION

Muscle progenitor cells in vertebrates derive from the paraxial
mesoderm located on both sides of the neural tube and the
notochord. During early development, the paraxial mesoderm
condenses to form segmented somites in an anterior to
posterior sequence (McGrew and Pourquié, 1998). The somite
undergoes epithelial to mesenchymal transition (EMT) as it
matures and further divides into different compartments along
dorso-ventral and rostro-caudal axes to form dermatome,
myotome and sclerotome, which eventually differentiate into
dermis, skeletal muscle, and vertebrae with associated tendons
and rib cartilage (Buckingham, 2006). The commitment of
progenitor cells to the myogenic lineage and the control of
myogenic differentiation depend on the coordinated action
of paired box (PAX) transcription factors, like PAX3 and
PAX7 (Buckingham and Relaix, 2015), and myogenic regulatory
factors (MRFs) of the basic helix-loop-helix (bHLH) family,
including MYF5, MYOD, myogenin (MYOG), and MRF4
(Buckingham and Rigby, 2014; Hernández-Hernández et al.,
2017; Zammit, 2017). The sine oculis homeodomain (SIX)
transcriptional complex, such as SIX1/4, and the bicoid family
of homeodomain transcription factor PITX2, also play essential
role in this process (Kumar, 2009; Hernandez-Torres et al.,
2017; Maire et al., 2020). The PAX3-positive progenitor cells
enter into the differentiation program to become MYOD-
expressing myoblasts, which proliferate and migrate to their final
positions within the body to mature into myogenin-expressing
contractile myofibers with syncytial nuclei located at the
periphery (Comai and Tajbakhsh, 2014).

Adult skeletal muscle tissue has the remarkable ability to
self-repair upon injury by re-activating the myogenic program
(Motohashi and Asakura, 2014; Relaix et al., 2021). Although
there may be distinct transcriptional regulatory networks in
embryonic, fetal, post-natal and adult myogenesis, the process of
adult skeletal muscle regeneration recapitulates to a large extent
embryonic myogenesis, during which most embryonic muscle
regulatory factors are sequentially re-expressed in regenerating
muscle fibers with centralized nuclei (Schmidt et al., 2019).
This powerful regenerative capacity depends essentially on the
activation, proliferation, and differentiation of quiescent muscle
stem cells, termed satellite cells (Montarras et al., 2013; Giordani
et al., 2018). They are located between the plasma membrane or
sarcolemma of each myofiber and its surrounding basal lamina.
Their presence within this unique microenvironment or stem cell
niche in mature muscles maintains them in a mitotically dormant
or quiescent state during tissue homeostasis. These satellite cells
are primed for myogenesis with the characteristics of expressing
PAX7, so they provide the myogenic precursors that have the
capacity of rebuilding functional myofibers to repair the damaged
muscle tissue (Chang and Rudnicki, 2014; Dumont et al., 2015;
Mashinchian et al., 2018; Ancel et al., 2021).

Thus, critical roles of transcriptional control in the
specification, differentiation and regeneration of muscle
cells have been well documented in the past decades. At the
meantime, the contribution of post-transcriptional regulation
to muscle development becomes increasingly important and

gains growing interest. RNA-binding proteins (RBPs) are
crucial post-transcriptional regulators of gene expression and
function in a wide variety of physiological and pathological
processes (Glisovic et al., 2008; Ye and Blelloch, 2014; Chen
and Hu, 2017). Through temporally and spatially controlled
expression, dynamic shuttling between different cellular
compartments, and context-dependent interactions with specific
partners and mRNA targets, they control RNA metabolism
at multiple levels during myogenesis, from pre-mRNA
splicing to mRNA transport, localization, stability/degradation,
polyadenylation and translation (Apponi et al., 2011; Fujita
and Crist, 2018). Mutations or dysfunctions of many RBPs are
either directly or indirectly linked to various muscle disorders
or neuromuscular diseases in humans, such as myotonic
dystrophy (dystrophia myotonica) type 1 and 2 (DM1 and
DM2), amyotrophic lateral sclerosis (ALS), spinal muscular
atrophy (SMA), facioscapulohumeral muscular dystrophy
(FSHD), oculopharyngeal muscular dystrophy (OPMD), fragile
X syndrome (FXS), to cite a few examples (Brinegar and
Cooper, 2016; Conlon and Manley, 2017; Hinkle et al., 2019;
Weskamp et al., 2020). Dynamic changes in the expression of
RBPs also regulate muscle adaptive processes in response to
disuse, aging and exercise (Van Pelt et al., 2019). Functional
analyses using cultured cell lines and different vertebrate models
have identified increasing numbers of RBPs with conserved
and essential functions in embryonic and adult myogenesis.
Clearly, cooperative or antagonistic interactions between RBPs
in regulating multiple aspects of RNA metabolism tightly
coordinate different steps of myogenesis. Thus it is important to
gain an overall picture of post-transcriptional circuits exerted by
RBPs in muscle physiopathology. The implication of several best-
characterized RBPs in muscle development and neuromuscular
disease has been discussed in more detail (Apponi et al., 2011;
Dasgupta and Ladd, 2012; Raz and Raz, 2014; Hinkle et al.,
2019; Nikonova et al., 2019; Sznajder and Swanson, 2019;
López-Martínez et al., 2020; Malik and Barmada, 2021). This
review attempts to provide a comprehensive outline of studies
in understanding functional roles of RBPs during vertebrate
embryonic myogenesis and adult skeletal muscle regeneration,
with the aim to identify the unanswered questions that merit
further investigations.

AN OVERVIEW OF
POST-TRANSCRIPTIONAL REGULATION
IN MUSCLE DEVELOPMENT

Myogenesis during pre-natal development and post-natal life is a
highly coordinated process controlled by an elaborated interplay
of extrinsic and intrinsic regulatory networks (Bentzinger et al.,
2012). Proliferating myoblasts derived from progenitor cells
in the somites withdraw from the cell cycle and enter into
the differentiation program, they eventually fuse with each
other to form multinucleated contractile myofibers harboring
mitotically quiescent satellite cells in the stem cell niche
between the sarcolemma and the basal lamina (Figure 1).
Temporally and spatially controlled gene functions are critical
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FIGURE 1 | Transcriptional regulation of embryonic myogenesis. Muscle progenitor cells in the somites are committed to the myogenic lineage by the action of
PAX3, PAX7, SIX1/4, and PITX2. Mononucleated myoblasts proliferate and differentiate into multinucleated myotubes under the sequential regulation of myogenic
transcription factors at different steps of myogenesis. Quiescent satellite cells or muscle stem cells are located between the sarcolemma (plasma membrane) of
myofibers and the basal lamina. These cells contribute to muscle regeneration by re-activating the myogenic program.

for each step of myogenesis. Transcriptional regulation mediated
by myogenic transcription factors plays an essential role to
commit precursor cells into the myogenic lineage and trigger
myoblast terminal differentiation (Buckingham and Rigby, 2014;
Hernández-Hernández et al., 2017; Zammit, 2017). However,
post-transcriptional regulation of gene expression at multiple
levels is also of crucial importance for the progression of
myogenesis and the maintenance of muscle homeostasis (Apponi
et al., 2011; Hinkle et al., 2019; Nikonova et al., 2019).
Throughout myogenesis, proper RNA processing coordinates
gene expression and activity required for myoblast proliferation
or differentiation (Weskamp et al., 2020). Ultimately, abundant
muscle contractile and structural proteins are generated by
muscle-specific alternative splicing from genes that normally
display wide expression in embryonic or fetal tissues (Llorian
and Smith, 2011). Alternative splicing that produces different
actin and myosin isoforms also contributes to the development
of muscle fiber diversity and the refinement of muscle function
(Nikonova et al., 2020). In addition, all stages of myogenesis
critically involve the regulation of mRNA stability, localization,
polyadenylation and translation to modulate protein synthesis
or maintain proteostasis (Figure 2). The interaction between
cis-regulatory elements present in RNA transcripts and trans-
acting regulators preferentially expressed in muscle cells tightly
controls muscle gene functions and myoblast behaviors at
different steps of myogenesis to promote terminal differentiation
of functional myofibers.

Thus, post-transcriptional regulation of gene expression
orchestrated by RBPs but also other factors, such as non-coding
RNAs and even MRFs (Panda et al., 2016; Luo et al., 2021),
plays crucial roles in muscle development and regeneration.
Many RBPs are differentially associated with target mRNAs in
proliferating myoblasts or differentiated myotubes to regulate
distinct aspects of RNA metabolism in a stage-dependent
manner (Hiller et al., 2020). As will be discussed below, this is
often correlated with their dynamic expression and subcellular
localization during myogenesis. There are also physical and
functional interactions among RBPs in muscle cells, thus they

act either cooperatively or antagonistically to determine the
activity of target genes for inducing muscle cell proliferation
and differentiation or maintaining muscle homeostasis. Mis-
regulation in the subcellular accumulation and activity of many
RBPs, such as CELF1 and MBNL1, disrupts the expression of
muscle-specific protein isoforms and affects either embryonic
or adult myogenesis, leading to specific forms of muscular
disorders. Altogether, these observations definitely illustrate
the importance of RBPs-regulated networks in skeletal muscle
physiopathology. Thus, they present the potential to be served as
clinically relevant disease-related biomarkers and as therapeutics
(Shotwell et al., 2020).

RNA-BINDING PROTEINS INVOLVED IN
SKELETAL MUSCLE DEVELOPMENT,
REGENERATION AND DISEASE

Muscle Blind-Like Proteins Regulate
Post-natal Switch of Muscle-Specific
Alternative Splicing Patterns
Muscle blind-like (MBNL) protein family members (MBNL1,
MBNL2, and MBNL3) are conserved tissue-specific splicing
factors involved in the post-transcriptional regulation of gene
expression. They recognize YGCY consensus sequence (GC
dinucleotides flanked by two pyrimidines) in pre-mRNA and
mRNA targets through four highly conserved CCCH-type
zinc finger domains (Pascual et al., 2006; Konieczny et al.,
2014). Disrupted functions of MBNL proteins, in particular
MBNL1 and MBNL2, are associated with DM disease, caused
by CUG expansions in the 3′-untranslated region (3′-UTR)
of dystrophia myotonica protein kinase gene (DMPK) for
DM1 or by CCUG expansions in the first intron of cellular
nucleic acid-binding protein gene (CNBP or ZNF9) for DM2.
After transcription, these abnormal transcripts form double-
stranded hairpins and sequester MBNL proteins into nuclear
foci, thus affecting both their cytoplasmic and nuclear pools
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FIGURE 2 | Post-transcriptional regulation of gene expression by RBPs. Following transcription, the dynamic interactions of RBPs (colored forms) with pre-mRNAs
or mRNAs in the nucleus and in the cytoplasm regulate their alternative splicing, polyadenylation, export, localization, stability/degradation, and translation. These
processes involve a large number of RBPs that function either cooperatively or antagonistically to produce tissue-specific protein isoforms and determine protein
levels within a cell.

(Miller et al., 2000) and preventing them from performing
normal cellular function as regulators of alternative splicing
switch during post-natal development (Pettersson et al., 2015;
Sznajder and Swanson, 2019). In addition, likely as an indirect
consequence, the massive expansion of toxic CUG repeats also
causes abnormal splicing of MBNL1 and MBNL2 pre-mRNAs,
further adding to changes in the subcellular partitioning and
expression of the corresponding proteins in both proliferating
myoblasts and differentiating myotubes (André et al., 2019). As
a result, multiple aspects of post-transcriptional control are mis-
regulated in DM1, including a global disruption of alternative
splicing events with abnormal inclusion or exclusion of specific
exons as well as defective mRNA localization and translation
(Wang et al., 2012).

The three MBNL proteins are differentially expressed during
muscle cell differentiation. In C2C12 cells and in mice, MBNL1
protein level remains constant during myogenesis, whereas the
expression of MBNL2 and MBNL3 decreases during myogenic
differentiation (Holt et al., 2009; Bland et al., 2010). Both MBNL1
and MBNL2 also show translocation from the cytoplasm to the
nucleus during myoblast culture and post-natal development
(Lin et al., 2006; Holt et al., 2009). This change in subcellular
localization may be associated with their activity to switch
adult alternative splicing patterns. Functional studies in animal

models have provided evidence on the implication of MBNL
proteins in muscular dystrophy but also revealed their functional
redundancy and specificity in myogenesis. Single knockout or
combined loss of Mbnl genes in mice disrupts alternative splicing
events and polyadenylation patterns, leading to abnormal
expression of fetal or non-muscle protein isoforms in adult
tissues, which is characteristic of DM disease (Kanadia et al.,
2003; Lin et al., 2006; Suenaga et al., 2012; Lee et al., 2013; Batra
et al., 2014; Thomas et al., 2017). One of the best-described
targets affected by reduced activity of MBNL proteins is the
muscle-specific chloride voltage-gated channel 1 gene (CLCN1)
that functions to regulate muscle contraction and relaxation.
Reversion of its fetal splicing pattern in skeletal muscle causes a
failure to express the adult isoform of the CLCN1 protein, thus
leading to prolonged muscle contractions, which is the hallmark
of DM (Charlet-B et al., 2002; Mankodi et al., 2002; Kanadia et al.,
2003). Another established target of disrupted MBNL1 function
is the bridging integrator-1 gene (BIN1) encoding a protein
involved in tubular invaginations of muscle membranes and the
biogenesis of muscle T tubules, which are specialized membrane
structures essential for excitation-contraction coupling. The
defective alternative splicing of BIN1 pre-mRNA in DM1 and
DM2 causes muscle weakness due to the expression of an
inactive form of BIN1 protein lacking phosphatidylinositol

Frontiers in Cell and Developmental Biology | www.frontiersin.org 4 September 2021 | Volume 9 | Article 738978

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-738978 September 14, 2021 Time: 19:23 # 5

Shi and Grifone RNA-Binding Proteins in Myogenesis

5-phosphate-binding and membrane-tubulating activities
(Fugier et al., 2011). Nevertheless, RNA processing events are
also differentially affected by deficiency of individual MBNL
proteins (Lin et al., 2006; Poulos et al., 2013), suggesting that
they display both redundant and distinct activities in muscle
differentiation and function.

Since inhibition of MBNL1 or MBNL2 function disrupts the
fetal to adult transition of muscle-specific alternative splicing
events, this suggests that they may be required for myogenic
differentiation and muscle function. In zebrafish, loss of different
mbnl genes replicates major features of DM, with altered splicing
patterns of muscle function genes, disrupted organization of
myofibrils, and reduced amounts of myofibers (Machuca-Tzili
et al., 2011; Hinman et al., 2021). By contrast, consistent with
its lack of expression in differentiated myofibers and in adult
muscle (Lee et al., 2007), MBNL3 promotes myoblast growth
and proliferation but inhibits myogenic differentiation. Indeed,
constitutive expression of MBNL3 in C2C12 cells prevents
myotube formation by suppressing the expression of MYOD,
myogenin, and MEF2D (myocyte enhancer factor 2D) through
different post-transcriptional mechanisms (Squillace et al., 2002;
Lee et al., 2008, 2010), whereas Mbnl3 knockout myoblasts show
defective myogenesis and precocious expression of transcripts
associated with terminal differentiation (Poulos et al., 2013;
Thomas et al., 2017). Thus MBNL3 normally represses the
expression of differentiation-related genes by regulating either
pre-mRNA splicing or mRNA levels, an activity that may be
partially attributed to its differences in the number of tandem
zinc-finger RNA-binding motifs with respect to MBNL1 and
MBNL2. In the adult, MBNL3 is transiently expressed during
injury-induced skeletal muscle regeneration and is present
in activated PAX7-positive satellite cells (Poulos et al., 2013;
Thomas et al., 2017). Deletion of the second exon in Mbnl3
gene, which prevents the expression of the major MBNL3
nuclear isoform, leads to age-dependent delays of muscle
regeneration and disrupted muscular function in mice, implying
that its mis-regulated expression by toxic CUG repeats may be
responsible for the progressive skeletal muscle weakness in DM1
(Poulos et al., 2013).

CELF1 Functions in Muscle Fiber Type
Differentiation
The family of CUG-BP and ETR-3-like factors (CELF) comprises
six members (CELF1-6) of structurally related proteins in
vertebrates. They possess three RNA recognition motifs (RRMs)
that preferentially bind to UG dinucleotide repeats within
target transcripts and are involved in multiple aspects of
RNA processing, including alternative splicing, RNA editing,
deadenylation, mRNA decay and translation (Dasgupta and
Ladd, 2012). Most of studies have focused on the function of
CELF1, commonly called CUGBP1, because it is also a CUG-
binding RBP involved in the pathogenesis of DM (Timchenko
et al., 1996; Philips et al., 1998). Unlike MBNL1, CELF1
protein is up-regulated in DM1 myoblasts due to increased
stability following hyperphosphorylation by protein kinase C
(Lee and Cooper, 2009), but it does not seem to complex

with CUG-containing nuclear foci (Timchenko et al., 2001a).
CELF1 protein is highly expressed in embryonic and fetal
skeletal muscles but dramatically decreases during post-natal
development (Brinegar et al., 2017). In C2C12 cells, it is mainly
accumulated in the nucleus of undifferentiated myoblasts but
is predominantly localized in the cytoplasm of differentiated
myotubes (Picchio et al., 2018). The dynamic expression
and subcellular localization of CELF1 during skeletal muscle
development suggest a role in regulating embryonic splicing
patterns of its target transcripts. Consistently, overexpression
or increased nuclear expression of CELF1 in adult skeletal
muscle leads to changes in alternative splicing events and causes
pathological conditions, such as DM and muscle wasting (Ho
et al., 2005; Ward et al., 2010; Dasgupta and Ladd, 2012; Cox
et al., 2020). Also of note, CELF1 shares both overlapping and
distinct RNA targets with MBNL1, but the two proteins function
as antagonistic regulators of pre-mRNA splicing and mRNA
stability (Ho et al., 2004; Kino et al., 2009; Wang et al., 2015;
Brinegar et al., 2017). Thus, gain of CELF1 function and loss
of MBNL1 activity collectively lead to the reversion of fetal-
specific splicing patterns in adult muscle and contribute to DM
pathologies. As an example, overexpressing CELF1 in transgenic
mice induces the inclusion of the fetal-specific exon 7a in Clcn1
transcripts similar to deficiency of MBNL1, both recapitulating
the splicing defects in DM (Ho et al., 2005).

CELF1 also regulates the translation of various target mRNAs
during muscle development through multiple mechanisms.
Xenopus CELF1, also known as EDEN-BP, is expressed in
the presomitic mesoderm at late stages of development.
Inhibition of its activity using morpholinos or neutralizing
antibodies impairs somitic segmentation, likely through
deadenylation and translational repression of mRNAs encoding
Notch pathway proteins (Gautier-Courteille et al., 2004). In
contrast to the inhibitory role of increased nuclear CEFL1 on
myogenic differentiation, cytoplasmic CELF1 seems to promote
myogenesis, although overexpression of CELF1 specifically in
the cytoplasm of adult skeletal muscle does not induce muscle
defects (Cox et al., 2020). In cultured myoblasts, CELF1 binds
to a GC-rich sequence within the 5′ region of p21 mRNA
and induces its translation, thus promoting cell cycle arrest
for skeletal muscle differentiation (Timchenko et al., 2001b).
In mice, skeletal muscle-specific transgenic overexpression of
CELF1 leads to elevated protein levels of MEF2A and p21, which
correlates with increased amounts of slow-twitch myofibers
and recapitulates alterations of muscle fiber types as well as
the muscular dystrophic phenotype of DM1 (Timchenko et al.,
2004). Conversely, inhibition of CELF function by muscle-
specific expression of a dominant negative CELF protein also
causes changes in muscle fiber types and disrupts muscle
organization (Berger et al., 2011). Thus, there is a possibility that
expression of CELF proteins at the correct time and place during
myogenesis regulates the differentiation or proportion of fast
and slow myofibers, whereas mis-regulation of CELF1 activity
in DM1 myoblasts alters fiber type composition. Since CELF1
is a shuttling protein, it remains to be determined whether
its nuclear or cytoplasmic activity, or both, contributes to the
development of fiber type diversity. The temporal requirement
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of CELF proteins for fiber type specification during embryonic
myogenesis and the underlying post-transcriptional mechanisms
also await further investigations.

Multiple Heterogeneous Nuclear
Ribonucleoproteins Are Involved in
Embryonic Myogenesis and Adult
Skeletal Muscle Regeneration
Heterogeneous nuclear ribonucleoproteins (hnRNPs) represent
a large family of RBPs that share common general features but
differ in structural domains, recognition of target sequences,
and functional properties. They undergo nucleus to cytoplasm
translocation triggered by post-translational modification or by
interaction with other hnRNPs, thus their post-transcriptional
regulatory functions depend on subcellular localization.
Most hnRNPs are predominantly localized in the nucleus of
differentiated cells, but they shuttle to the cytoplasm under
cellular stress to regulate mRNA turnover and translation.
As key proteins involved in RNA metabolism, mutations
or dysfunctions of many hnRNPs are linked to various
neuromuscular diseases, such as ALS, SMA, and FXS (Geuens
et al., 2016), suggesting that they may play important roles in
embryonic and adult myogenesis.

One of the major hnRNP, hnRNP D, also known as AU-
binding factor 1 (AUF1), comprises four isoforms generated
by alternative pre-mRNA splicing. All these isoforms contain
two central RRMs and can complex with AU-rich elements
(AREs) within the 3′-UTR of target mRNAs to promote their
degradation (White et al., 2013). The expression level of AUF1
remains low in adult skeletal muscle but its transcription
is activated by CCCTC-binding factor (CTCF) in activated
satellite cells during muscle regeneration (Chenette et al.,
2016; Abbadi et al., 2019). Consistent with its function as an
mRNA decay factor, AUF1 destabilizes several fate-determining
checkpoint mRNAs that encode proteins regulating satellite cell
proliferation and differentiation, such as twist, cyclin D1, and the
sonic hedgehog pathway inhibitor RGS5 (Abbadi et al., 2019).
Conversely, in C2C12 myoblasts, it binds to the 3′-UTR of
Mef2C mRNA and enhances its translation, without affecting
its stability; consequently, reducing the expression level of
AUF1 delays myogenesis (Panda et al., 2014). Thus, AUF1
promotes muscle development and regeneration by regulating
stage-specific targeted degradation of checkpoint mRNAs and by
increasing the synthesis of MEF2C protein, a critical regulator of
skeletal muscle differentiation (Taylor and Hughes, 2017).

Transactive response DNA binding protein 43 (TDP43
or TARDBP) binds both single stranded DNA and RNA.
This hnRNP family protein is predominantly localized in
the nucleus but also shuttles to the cytoplasm, thus it may
regulate various steps of RNA biogenesis during muscle
development and in neuromuscular disease (Picchiarelli and
Dupuis, 2020). Mutations in TARDBP lead to familial ALS
and frontotemporal dementia (FTD), indirectly affecting muscle
function (Klim et al., 2021). In zebrafish, knockout of
tardbp causes muscle degeneration, suggesting that it may be
involved in muscle maintenance (Schmid et al., 2013), but the

post-transcriptional mechanism remains unclear. C2C12 cells
with loss of TARDBP function display impaired myogenesis
(Militello et al., 2018; Vogler et al., 2018), and mice lacking
one allele of Tardbp form smaller myofibers during muscle
regeneration, further supporting a requirement of TARDBP
for myogenic differentiation and adult skeletal muscle repair
(Vogler et al., 2018). In addition, TARDBP can form myo-
granules that contain mRNAs encoding sarcomeric proteins
and localize to sites of neoforming sarcomeres. These myo-
granules are normally cleared in mature myofibers. However,
they become abnormally increased in pathological muscle tissues
with elevated regeneration, and as a consequence, there is an
enhanced formation of amyloid fibers (Vogler et al., 2018).
Thus, inappropriate accumulation of myo-granules may lead
to the formation of pathological TARDBP aggregates as found
in the sarcoplasm of inclusion body myopathy (Salajegheh
et al., 2009) and may disrupt muscle structure and function
(Tawara et al., 2018).

Guanine-rich RNA sequence binding factor 1 (GRSF1)
belongs to the hnRNP F/H subfamily and has high affinity to
G-rich RNA sequences susceptible to form G-quadruplexes. It
plays an important role in maintaining mitochondrial function.
GRSF1 is highly expressed in both differentiating myoblasts
and mature muscles (Driscoll et al., 2021). In C2C12 cells, there
is evidence that overexpression of GRSF1 inhibits myoblast
differentiation by increasing the translational efficiency of
mitochondrial Gpx4 (glutathione peroxidase 4) mRNA through
binding to AGGGGA site within the 5′-UTR, while inhibition
of GRSF1 promotes myogenesis and accelerates skeletal
muscle regeneration probably by preventing GPX4-mediated
mitochondrial ROS (reactive oxygen species) elimination (Yin
et al., 2019). However, there is also report that loss of GRSF1
does not affect muscle development but reduces the endurance
of aged muscles by regulating multiple effector proteins involved
in mitochondrial function, inflammation, and ion transport
(Driscoll et al., 2021).

Poly(C)-binding protein 1 (PCBP1), also known as hnRNP E1,
binds to poly(C) sequence through KH RNA-binding domains
and interacts with components of miRNA-processing pathways,
such as argonaute 2. It is highly expressed in skeletal muscle
during embryonic stages, and inhibition of its function in C2C12
cells promotes myogenesis by modulating the maturation of
muscle-enriched miR-1, miR-133, and miR-206, which play a role
in skeletal muscle proliferation and differentiation (Espinoza-
Lewis et al., 2017). Consistent with an inhibitory role in myogenic
specification and differentiation, reduction of PCBP1 expression
in mice enhances the differentiation of activated satellite cells
into multinucleated myofibers and induces a shift from slow- to
fast-twitch myofibers (Espinoza-Lewis et al., 2017).

Polypyrimidine tract binding protein 1 (PTBP1), also known
as hnRNP I, is widely expressed and shuttles between the
nucleus and the cytoplasm. Its N-terminal region contains a
nuclear localization signal and four RRMs that bind UC-rich
motifs and mediate homodimer formation (Oberstrass et al.,
2005). PTBP1 competes with other RBPs for binding to intronic
elements adjacent to regulated exons and acts as a repressor
of alternative splicing events. During myogenic differentiation,
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it antagonizes the activity of RBM4 and CELF1 for switching
the myotube-specific inclusion of skeletal muscle exons in
α-tropomyosin and β-tropomyosin mRNAs, respectively (Lin and
Tarn, 2005; Sureau et al., 2011). Similarly, PTBP1 represses the
inclusion of exon 9 from the capping actin protein of muscle
Z-line subunit beta gene (Capzb) in opposition to Quaking
protein (Hall et al., 2013). These observations suggest that
PTBP1 inhibits myogenic differentiation and that overlapping
splicing regulatory activities control muscle gene expression
during myogenesis.

Several other hnRNPs are also involved in myogenic
differentiation or muscle diseases. The N-terminal half of hnRNP
A1 contains two RRMs that bind to the UAGGGA/U sequence
in target transcripts. Its expression decreases during post-
natal development, but increases in regenerating and DM1
skeletal muscles. Overexpression of hnRNP A1 in differentiated
myoblasts leads to muscle pathology by antagonizing the
activity of MBNL1 and inducing DM1-associated fetal-specific
alternative splicing patterns, suggesting that it may function
to promote myoblast proliferation and inhibit myogenic
differentiation (Li et al., 2020). The functionally versatile hnRNP
K contains three KH domains and recognizes poly(C) repeats in
target transcripts. As hnRNP A1, its expression is also down-
regulated during myogenesis. Knockout of hnRNP K in C2C12
myoblasts has been shown to delay cell cycle progression and
muscle differentiation by preventing the expression of cell cycle
regulators and myogenic factors, raising the possibility that it
may be required for myoblast proliferation and differentiation
(Xu et al., 2018). The hnRNP L protein contains four RRMs
and recognizes CA repeats. Its expression level increases
during myogenic differentiation in normal human myoblasts.
Knockdown of hnRNP L in zebrafish and human cell lines reduces
muscle birefringence and impairs myoblast fusion, respectively
(Alexander et al., 2021). Moreover, hnRNP L may be also involved
in maintaining muscle homeostasis and in modulating DM1
pathologies because it complexes with MBNL1 and forms nuclear
protein aggregates in DM1 myoblasts, which partially colocalize
with toxic CUG repeats. Bioinformatic analysis reveals that
hnRNP L may regulate the expression of multiple target genes
that are aberrantly spliced due to loss of MBNL1 activity in DM1
muscle (Alexander et al., 2021), but these in silico data need
experimental validation.

Fragile X Mental Retardation Protein and
FXR1P Are Critically Implicated in
Muscle Development and Disease
The fragile X-related (FXR) family of RBPs include FMRP
(fragile X mental retardation protein) encoded by fragile X
mental retardation 1 gene (FMR1), FXR1P (fragile X-related
protein 1) and FXR2P (fragile X-related protein 2) encoded
by FXR1 and FXR2 genes, respectively (Majumder et al.,
2020). They are highly homologous and bind target transcripts
through two central KH domains. FMRP and FXR1P also
display a C-terminal arginine–glycine–glycine (RGG) box that
may be involved in RNA binding as well as homologous and
heterologous interactions with other RBPs (Siomi et al., 1994;

Winograd and Ceman, 2011). FMRP interacts with argonaute
2 and remodels the ARE complex to activate translation
upon serum starvation (Vasudevan and Steitz, 2007). Both
FMRP and FXR1P also bind G-quadruplex structures, and they
form heterodimer that can increase the dynamics of protein-
mRNA interaction (Bechara et al., 2007). Interestingly, the
3′-UTR of FXR1 mRNA also contains G-quadruplex structures,
which stimulate alternative polyadenylation and cause 3′-UTR
shortening, thereby preventing microRNA regulation and
increasing protein expression (Beaudoin and Perreault, 2013).

In vertebrate embryos, strong expression of Fmr1 is detected
in the developing nervous system, while predominant expression
of Fxr1 and Fxr2 can be found in the somitic mesoderm
(Bourdelas et al., 2004; Tucker et al., 2004). Nevertheless, in
contrast to FXR1P, FXR2P shows no or weak expression in adult
muscle (Bakker et al., 2000; Huot et al., 2005). Mutations of FMR1
gene due to unstable expansions of CGG repeats in its non-coding
exon cause FXS with mild to moderate intellectual disability,
and indirectly lead to muscle pathology (Richter and Zhao,
2021). There is evidence that FMRP is required for maintaining
muscle stem cell homeostasis. Loss of its function in mice affects
satellite cell differentiation, self-renewal and regeneration to form
myofibers. Mechanistically, FMRP regulates the stability and
translation of Myf5 mRNA by releasing the repression of miR-31
(Crist et al., 2012) and by modulating its poly(A) tail length
through binding to G-quadruplex structures (Fujita et al., 2017).
Thus, these observations suggest a role for FMRP in the repair
process of adult skeletal muscle.

Two isoforms of FXR1P (82 and 84 kDa) produced by the
incorporation of exon 15 in FXR1 pre-mRNA are specifically
expressed in muscle cells (Khandjian et al., 1998; Dubé
et al., 2000). Abnormal splicing of this highly conserved
exon 15 in muscle cells is linked to FSHD (Davidovic et al.,
2008), although aberrant adult expression of the transcription
factor DUX4 is the principal genetic basis of this late onset
autosomal dominant muscular dystrophy (Banerji and Zammit,
2021). Recessive mutations in this exon lead to congenital
multiminicore myopathy of variable severity in humans and
mice, depending on the specific effect of each mutation on
FXR1P subcellular localization and function (Estañ et al., 2019).
Functional studies suggest that FXR1P is required for muscle
development. Blockade of FXR1P activity in Xenopus and
zebrafish produces muscle-specific effects, resulting in disruption
of MyoD expression, inhibition of somitic myotomal cell rotation
and segmentation, and abnormal dermatome formation (Huot
et al., 2005; Van’t Padje et al., 2009). Loss of FXR1P in mice
leads to a reduction of limb musculature and a decreased
amount of contractile filaments in skeletal muscle (Mientjes
et al., 2004). The post-transcriptional mechanisms underlying
FXR1P regulatory functions in muscle development need further
investigations. However, there is evidence that FXR1P promotes
myogenic differentiation in C2C12 cells and in human myoblasts
by regulating the stability of p21 mRNA, thus its loss of
function causes an up-regulation of p21 activity and induces a
premature cell-cycle arrest that impairs myogenesis (Davidovic
et al., 2013). Recently, It has been shown that the developmentally
regulated muscle-specific inclusion of exon 15 in Fxr1 mRNA
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is required for the formation of biomolecular condensates in
differentiating C2C12 myoblasts and for somite organization in
Xenopus embryos (Smith et al., 2020). The property of FXR1P
to undergo liquid–liquid phase separation is dependent on its
intrinsically disordered domain (IDD) encoded by exon 15 and
on its RNA-binding function. It is possible that these liquid-like
assemblies may pattern the developing muscle by modulating
FXR1P interaction with other RBPs or mRNA targets (Smith
et al., 2020). Contrary to FXR1P, there is at present no functional
evidence of FXR2P in muscle development.

RNA Binding Forkhead Box Homolog
Family Proteins Regulate
Muscle-Enriched Alternative Splicing
Patterns
The RNA binding forkhead box homolog (RBFOX) family of
RBPs include three members in vertebrates (RBFOX1, RBFOX2,
and RBFOX3). They contain an evolutionarily conserved RRM
that binds to UGCAUG motif at regulatory sites in pre-mRNAs
and mRNAs with high affinity and specificity (Conboy, 2017). At
present, no skeletal muscle disease has been directly associated
with mutations of RBFOX genes. However, in an FSHD mouse
model and in FSHD patients, the down-regulated expression
of RBFOX1 protein due to decreased mRNA stability causes
defective splicing of calpain 3 pre-mRNA, which generates
a protein isoform that disrupts the balance between global
protein synthesis and degradation in adult muscle (Pistoni
et al., 2013). In C2C12 cells, RBFOX1 expression is up-regulated
in differentiated myotubes, while RBFOX2 (also known as
RBM9) expression level remains constant during myogenesis
(Bland et al., 2010). This suggests that they may be distinctly
involved in the post-transcriptional regulation of myoblast
proliferation and differentiation. Functional analyses show that
both proteins are required for myoblast fusion during C2C12
differentiation by binding to Mef2D pre-mRNA and promoting
its muscle-specific alternative splicing (Singh et al., 2014;
Runfola et al., 2015). In mice, conditional knockout of Rbfox1
gene in skeletal muscle impairs muscular function but not
skeletal muscle regeneration, by disrupting alternative splicing of
multiple genes encoding proteins involved in myofibril structure,
cytoskeletal organization, and calcium signaling (Pedrotti et al.,
2015). Combined loss of Rbfox1 and Rbfox2 genes in adult
mouse skeletal muscle disrupts a large number of alternative
splicing events, resulting in the absence of muscle-specific
isoforms of MEF2A and MEF2D, which are required for late
stages of muscle differentiation, but also leading to increased
expression of an active form of the calpain 3 protease that
alters proteostasis in muscle cells. As a result, double knockout
mice show severe loss of skeletal muscle mass and strength,
suggesting an important role for these two RBPs in maintaining
muscle homeostasis (Singh et al., 2018). At present, no muscle
developmental role has been ascribed to RBFOX3, also known as
NEUN (NEUronal Nuclei), likely because it mainly functions in
neuronal differentiation.

The function of RBFOX proteins in muscle physiology is
also conserved in other vertebrates. In zebrafish, there are five

rbfox paralogs (rbfox1, rbfox1l, rbfox2, rbfox3a, and rbfox3b).
Each rbfox gene can generate multiple splice variants1. During
early development, rbfox1l is expressed in adaxial somitic
mesodermal cells corresponding to the precursors of slow-twitch
muscle fibers, while rbfox2 shows more broad expression in the
presomitic mesoderm and in the somites (Gallagher et al., 2011).
Individual knockdown of rbfox1l or rbfox2 does not affect muscle
development; however, rbfox1l and rbfox2 double morphants
show alterations of a subset of muscle-specific splicing events
and display defective myofibril assembly, suggesting that the
Rbfox regulatory network is required for the expression of genes
with important muscular functions (Gallagher et al., 2011). In
zebrafish adult muscle, Rbfox1l and Rbfox2 also exhibit partial
overlapping and distinct expression patterns in Pax7-positive
satellite-like cells. Both proteins are rapidly up-regulated in
satellite-like cells and in neoforming myofibers during skeletal
muscle regeneration, with the expression of Rbfox2 preceding
that of Rbfox1l (Berberoglu et al., 2017). These observations
imply that Rbfox1 may promote myogenic differentiation, while
Rbfox2 may function to regulate satellite cell specification and
maintenance in zebrafish. However, there is at present no
direct functional evidence regarding their requirement for the
development of fiber types and for the muscle repair process.

STAU1 Inhibits Embryonic Myogenesis
and Maintains Satellite Cell Quiescence
Vertebrate Staufen proteins (STAU1 and STAU2) contain four
double-stranded RNA-binding domains and play an important
role in regulating mRNA localization and stability through a
STAU1-mediated mRNA decay (SMD) mechanism (Miki et al.,
2005). STAU1 has complex roles in the pathology of DM1 and
is associated with muscle atrophy by interfering with multiple
post-transcriptional processes. In transgenic mice, sustained
expression of STAU1 in post-natal skeletal muscle causes a
myopathy phenotype by increasing the expression of phosphatase
tensin homolog (PTEN) and by inhibiting phosphoinositide-
3-kinase (PI3K)/AKT signaling (Crawford Parks et al., 2017).
Further overexpression of STAU1 in a mouse model of
DM1 exacerbates the myopathy phenotype through a similar
mechanism, suggesting that STAU1 is an atrophy-associated gene
with impact on progressive muscle wasting in DM1 (Crawford
Parks et al., 2020). However, there is also evidence indicating
that increased expression of STAU1 may have a beneficial
effect on DM1. Likely representing an adaptive response to
muscle pathology, the expression of STAU1 is strongly increased
in DM1 muscle cells where it interacts with CUG-expanded
mutant mRNAs, resulting in their enhanced nuclear export.
As a consequence, this may mitigate the combined negative
consequences of reduced MBNL1 function and increased CELF1
activity on the reversion of fetal splicing patterns in adult muscle
(Ravel-Chapuis et al., 2012). Further studies indicate that STAU1
exerts broad effects on alternative splicing events that have
either positive or negative impact on the DM1 pathology, thus
it may function as a disease modifier with both beneficial and
detrimental outcomes (Bondy-Chorney et al., 2016).

1www.ensembl.org
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STAU1 protein highly accumulates in the cytoplasm of
proliferating myoblasts during early stages of myogenic
differentiation and muscle regeneration but is present at a
low level in the nucleus of mature muscles (Ravel-Chapuis
et al., 2014). Knockdown of Stau1 in C2C12 cells triggers
myogenic differentiation independently of SMD, but the
exact mechanism remains unclear (Yamaguchi et al., 2008).
Conversely, overexpression of STAU1 prevents myogenesis
by promoting the translation of c-myc mRNA (Ravel-Chapuis
et al., 2014). These observations seem to suggest that STAU1
functions to inhibit myogenic differentiation. Consistently, in
muscle satellite cells, STAU1 has been shown to mediate stem
cell quiescence through translational repression of MyoD mRNA
by binding to its 3′-UTR, thereby preventing cell cycle entry
and satellite cell activation, while reducing the expression level
of STAU1 leads to increased MYOD protein synthesis and
promotes myoblast proliferation (de Morrée et al., 2017). Thus,
STAU1 regulates embryonic and adult myogenesis through
translational activation and repression of distinct mRNAs.
Functional implication of STAU2 in muscle development has
not been demonstrated at present. Nevertheless, it has been
shown that both STAU1 and STAU2 preferentially localize to the
neuromuscular junction and are expressed at higher levels in
slow-twitch muscles. Their expression also increases in C2C12
myoblasts during differentiation and in adult muscle following
denervation (Bélanger et al., 2003).

Nuclear Poly(A)-Binding Protein 1
Regulates Poly(A) Tail Length and
Polyadenylation Site Utilization in Muscle
Cells
Nuclear poly(A)-binding protein 1 (PABPN1) functions in
the nuclear cleavage and polyadenylation complex. It is an
abundant nuclear protein that plays an essential role in mRNA
polyadenylation (Charlesworth et al., 2013). The N-terminal
domain of PABPN1 contains a stretch of 10 alanine residues and
a coiled–coiled region that is required for binding to poly(A)
polymerase. These are followed by a single RRM involved in
polyadenylated mRNA binding and PABPN1 oligomerization.
The C-terminal region contains a nuclear localization signal and
also contributes to PABPN1 oligomerization (Banerjee et al.,
2013). A short expansion of the polyalanine tract in PABPN1
leads to a mis-folded protein prone to form nuclear insoluble
aggregates and is considered as the main cause of OPMD, a
late onset autosomal dominant myopathy (Brais et al., 1998;
Vest et al., 2017). The expression of both PABPN1 mRNA
and PABPN1 protein becomes decreased in OPMD-affected
muscles, but is increased after muscle injury, suggesting that
it may play a role in muscle regeneration and homeostasis
(Apponi et al., 2013). Indeed, inhibition of PABPN1 function in
primary mouse myoblasts derived from extraocular, pharyngeal
and limb muscles impairs proliferation and differentiation by
inducing a general shortening of mRNA poly(A) tail length
and by preventing the export of polyadenylated mRNAs from
the nucleus, thus altering gene expression during myogenesis
(Apponi et al., 2010). Moreover, reduced PABPN1 levels in mouse

adult skeletal muscle affect polyadenylation site utilization within
the 3′-UTR of several mRNAs associated with OPMD, resulting
in the usage of more proximal alternative polyadenylation sites
(de Klerk et al., 2012; Abbassi-Daloii et al., 2017; Raz et al.,
2017). For examples, this causes increased expression of the
muscle atrophy regulator atrogin-1, and impairs cytoskeletal
organization, sarcomeric protein expression, and myogenic
differentiation, leading to muscle pathology (Riaz et al., 2016;
Olie et al., 2020). PABPN1 also functions with other proteins
in regenerating skeletal muscle and in differentiating C2C12
cells. In particular, it interacts with matrin3, an RNA- and
DNA-binding nuclear matrix protein whose mutations are
associated with a rare late-onset distal myopathy and ALS
(Iradi et al., 2018; Malik and Barmada, 2021). The two proteins
colocalize in discrete nuclear foci and promote myogenesis by
regulating polyadenylation site selection in myogenic transcripts
(Banerjee et al., 2017).

Human Antigen R Regulates mRNA
Stability to Promote Myogenic
Differentiation
Human antigen R (HuR) or ELAV-like protein 1 (ELAVL1)
is a ubiquitously expressed protein that belongs to the ELAV
(embryonic lethal abnormal vision in Drosophila) family. It
contains three RNA-binding domains and recognizes AREs
within the 3′-UTR of mRNAs (Ma et al., 1996). During myogenic
differentiation, this protein shuttles from the nucleus to the
cytoplasm through the HuR nuclear-cytoplasmic shuttling (HNS)
motif and regulates the expression of several myogenic factors
by stabilizing their mRNAs (von Roretz et al., 2011). Thus,
the nucleus to cytoplasm translocation of HuR is critical for
myogenesis. This is achieved by caspase-dependent cleavage
of the full-length HuR to generate HuR-CP1 and HuR-CP2
fragments. HuR-CP1 expression level increases during myoblast
differentiation and complexes with the HuR import factor
transportin-2 (TRN2) to prevent TRN2-mediated import of the
full-length HuR into the nucleus, thereby allowing HuR to
promote myogenesis by stabilizing muscle-specific mRNAs in
the cytoplasm (van der Giessen and Gallouzi, 2007; Beauchamp
et al., 2010). At the onset of myogenic differentiation in C2C12
cells and at early stages of skeletal muscle regeneration in
mice, HuR is abundantly localized to the cytoplasm, while it
returns to the nucleus in differentiated myotubes (Figueroa et al.,
2003). The cytoplasmic accumulation of HuR in differentiating
myoblasts promotes the fusion of myoblasts to form myotubes
by increasing the expression and half-life of several mRNAs
encoding regulators of cell cycle withdrawal and muscle
differentiation or function, such as p21, MYOD, myogenin, and
acetylcholinesterase (Figueroa et al., 2003; van der Giessen et al.,
2003; Deschênes-Furry et al., 2005; Beauchamp et al., 2010).
These mRNAs are normally degraded in proliferating myoblasts
by K-homology (KH)-type splicing regulatory protein (KSRP), an
ARE-directed mRNA decay-promoting RBP (Briata et al., 2005).
Thus, the coordinated activity of HuR and KSRP regulates the
progression of myoblast differentiation. Conversely, HuR forms a
complex with KSRP to destabilize nucleophosmin mRNA, which
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encodes a regulator of cell cycle progression, thus promoting
early steps of myogenesis in C2C12 cells (Cammas et al., 2014).

Human Antigen R also interacts with non-coding RNAs to
regulate the stability and translation of its target mRNAs. In
C2C12 cells, it binds to and enhances the translation of Hmgb1
mRNA by preventing the translational repressive activity of
miR-1192, thereby promoting the commitment of myoblasts into
the myogenic program (Dormoy-Raclet et al., 2013). In human
myoblasts, HuR triggers myogenic differentiation by stabilizing
MEF2C mRNA with the aid of IncRNA OIP5-AS1 (Yang et al.,
2020). However, under inflammation-induced muscle wasting of
C2C12 myotubes, HuR activates the translation of Stat3 (signal
transducer and activator of transcription 3) mRNA and acts as
an inducer of muscle loss by preventing the inhibitory effect of
miR-330 on Stat3 mRNA translation (Mubaid et al., 2019).

Constitutive knockout of HuR gene in mice is embryonic
lethal due to defects in extraembryonic placenta, but HuR-null
embryos rescued from the placental failure display reduced
limb size and impaired endochondral ossification (Katsanou
et al., 2009). Although the developmental gene programs affected
by loss of HuR function are complex, it seems that only
mRNA stability is affected, either positively or negatively. For
example, embryonic fibroblasts derived from HuR-null mice
show a decreased half-life of Ets2, Hoxd13, and Tbx4 mRNAs,
which encode transcription factors involved in limb patterning,
identity and outgrowth, but they also exhibit an increased
expression of Hoxb9 mRNA encoding a homeodomain protein
that participates in skeletal development, suggesting a role of
HuR in orchestrating gene expression programs for skeletal
specification patterns (Katsanou et al., 2009). Unexpectedly,
conditional knockout of HuR gene in mouse skeletal muscle does
not cause muscular defects; however, this induces an increased
proportion of oxidative type I fibers, thus enhancing exercise
endurance by increasing the steady-state level of Ppargc1a
(peroxisome proliferator-activated receptor-gamma coactivator-
1α) mRNA (Janice Sánchez et al., 2019). Since PPARGC1A, also
called PGC1α, functions as a key regulator of cellular energy
metabolism, this observation suggests that HuR may regulate the
formation or maintenance of type II fibers in adult skeletal muscle
by inhibiting the expression of PPARGC1A. Indeed, HuR acts
together with KSRP to destabilize Ppargc1a mRNA in muscle
cells (Janice Sánchez et al., 2019). Thus, HuR may be involved
in muscle development and function by regulating the stability of
its mRNA targets in a context-dependent manner.

RNA Binding Motif Protein 24 Is Required
for Embryonic Myogenesis and Adult
Skeletal Muscle Regeneration
RNA binding motif protein 24 (RBM24) contains a single RRM
at the N-terminus that is highly conserved from Caenorhabditis
elegans to humans and binds to GU-rich sequences in target
transcripts (Grifone et al., 2020). In all vertebrate species, it
is strongly expressed in the paraxial mesoderm and in the
heart, as well as in differentiating cells of various head sensory
organs (Grifone et al., 2014, 2018). Moreover, RBM24 protein
displays characteristic cytoplasm to nucleus translocation during

muscle cell development. In the early myotome of mouse
embryos at E11.5 stage of development, it is accumulated in
the cytoplasm of MYOD-expressing myoblasts, but is absent
in dermomyotomal and migrating PAX3-positive premyogenic
progenitor cells (Grifone et al., 2014). However, it becomes
restricted in periphery nuclei of adult skeletal muscle fibers but
is not expressed in satellite cells (Grifone et al., 2021). This
translocation from the cytoplasm of myoblasts to the nucleus
of myotubes is also evident during differentiation of C2C12
cells, suggesting dynamic functions of this RBP in myogenesis
(Grifone et al., 2021). Consistently, Xenopus Rbm24 (also known
as Xseb4) gene is a direct transcriptional target of MYOD and
early B cell factor (EBF), suggesting that it functions in the
differentiation step of myogenesis (Li et al., 2010; Green and
Vetter, 2011). This regulatory hierarchy is in agreement with the
binding of MYOD to Rbm24 genomic sequence (Maguire et al.,
2012), and is at least partially conserved in other vertebrates.
Indeed, Rbm24 expression in homozygous MyoD mutant mice
is completely lost in head muscles and strongly reduced in
limb muscles, but seems to be unaffected in the myotomes
(Grifone et al., 2014). The zebrafish genome harbors two rbm24
paralogs, rbm24a and rbm24b, which show highly overlapping
expression patterns in the somites. Knockdown of either rbm24a
or rbm24b impairs somitogenesis by inducing the expression of
aberrantly spliced isoforms of Notch pathway ligands (Maragh
et al., 2014). In chick embryos, inhibition of RBM24 function
in the somites severely reduces the expression of muscle-specific
myosin and impairs myogenic differentiation (Grifone et al.,
2014). Nevertheless, the post-transcriptional mechanisms by
which RBM24 regulates early stages of embryonic myogenesis
remain elusive. In C2C12 cells, RBM24 promotes myoblast fusion
by inducing cell cycle arrest, but its targets are not clear. However,
the highly related RBM38 exerts similar activity by directly
stabilizing p21 mRNA (Miyamoto et al., 2009). On the other
hand, RBM24 binds to and stabilizes myogenin mRNA to induce
the formation of myotubes (Jin et al., 2010). These results suggest
that RBM24 may function to initiate myogenic differentiation by
activating the translation of myogenic mRNAs. However, analysis
of alternative splicing changes in Rbm24 mutant mice also shows
reduced inclusion of muscle-specific exons involved in muscle
structure and functionality, suggesting that it is required for
muscle terminal differentiation through regulation of muscle-
specific alternative splicing (Yang et al., 2014). Consistently,
RBM24 regulates similar muscle-specific alternative splicing
events during differentiation of primary mouse satellite cells,
in which down-regulation of RBM24 by miRNA-222 inhibits
myoblast fusion (Cardinali et al., 2016).

Recent works indicate that a majority of muscle-specific
splicing defects caused by loss of Rbm24 in mice are also
present in zebrafish rbm24a mutants, suggesting conserved
mechanisms underlying RBM24 function in muscle development
(Shao et al., 2020). However, the stability of several mRNAs
encoding proteins critically involved in muscular function is
also reduced in rbm24a mutants (Cheng et al., 2020), such
as Smpx (small muscle protein X-linked) that functions to
promote myocyte fusion by increasing the activity of NFAT
(nuclear factor of activated T cells) and MEF2 transcription
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factors via IGF1 (insulin-like growth factor 1) signaling (Palmer
et al., 2001). Smpx plays important roles in muscle fiber
organization and distal myopathy (Ghilardi et al., 2021; Johari
et al., 2021). This illustrates the functional implication of RBM24
in maintaining the stability and/or promoting the translation
of muscle-specific mRNAs independently of alternative splicing.
Consistently, RBM24 physically interacts with components of
the cytoplasmic polyadenylation complex, including members
of the cytoplasmic poly(A)-binding protein (PABPC) and the
cytoplasmic polyadenylation element-binding protein (CPEB)
families, which also show strong expression in the somites
(Shao et al., 2020). Thus, RBM24 may be sequentially implicated
in various post-transcriptional processes during myogenesis,
which is likely dependent on its dynamic cytoplasm to nucleus
translocation and on the differentiation state of muscle cells.

In adult mice, nuclear RBM24 is enriched in slow-twitch
muscles along with myogenin (Grifone et al., 2021). Conditional
knockout of Rbm24 disrupts myoblast fusion and delays muscle
regeneration by inhibiting muscle-specific alternative splicing
events essentially as observed during embryonic myogenesis
(Zhang et al., 2020). Further studies indicate that RBM24 also
exhibits dynamic expression and activity during the muscle repair
process, with the protein level rapidly increased in neoforming
myofibers (Grifone et al., 2021). Knockdown of Rbm24 in
satellite cells impairs myogenin expression at early stages of
muscle injury but affects muscle-specific splicing at late stages of
regeneration, thereby preventing the differentiation of activated
satellite cells into multinucleated myofibers (Grifone et al., 2021).
Thus, RBM24 functions as a multifaceted regulator of muscle
cell development and may be involved in maintaining the
homeostasis of adult muscle. At present, although no mutation of
the human RBM24 gene has been directly associated with skeletal
muscle disease, there is evidence that its expression is mis-
regulated in DM muscular cells (Arandel et al., 2017; Wang et al.,
2019), which may impair the proper function of its target genes
and lead to defective muscle regeneration in diseased conditions.

Tristetraprolin Family of Proteins
Maintain Satellite Cell Homeostasis
Tristetraprolin (TTP), also known as zinc finger protein 36
homolog (ZFP36), is a founding member of the TPA-inducible
sequence 11 (TIS11) family of RBPs. It binds to AREs present
in target mRNAs through its two CCCH zinc-finger domains
and promotes rapid mRNA decay. The other two members of
the TIS11 family are ZFP36L1 (TIS11B) and ZFP36L2 (TIS11D).
TTP may play a role in regulating satellite cell homeostasis
and skeletal muscle regeneration as its expression is rapidly
induced following muscle injury, before the activation of MyoD
gene (Sachidanandan et al., 2002). Like STAU1 protein that
maintains muscle stem cell quiescence by inhibiting MyoD
mRNA translation (de Morrée et al., 2017), TTP promotes
the decay of MyoD mRNA by binding to the 3′-UTR in
mitotically dormant satellite cells, but it is rapidly phosphorylated
and inactivated by p38α/β MAP kinase upon satellite cell
activation, thus allowing the stabilization of MyoD mRNA and
the differentiation of myofibers (Hausburg et al., 2015). ZFP36L1

and ZFP36L2 are also expressed in mouse satellite cells, with
redundant function in maintaining the satellite cell population.
Their simultaneous loss of function in PAX7-expressing satellite
cells impairs muscle regeneration, resulting in decreased skeletal
muscle mass and reduced body weight (Bye-A-Jee et al., 2018).
In addition, the expression of ZFP36L1, but not TTP and
ZFP36L2, is strongly induced during myogenic differentiation
in C2C12 cells (Busse et al., 2008), but how it affects myogenic
differentiation remains unclear. Thus, functional studies of TIS11
family members of RBPs in embryonic myogenesis are still
lacking, and it would be of interest to determine their functional
implication in myoblast proliferation and differentiation during
early development.

Other RNA-Binding Proteins Potentially
Implicated in Diverse Aspects of Muscle
Development
There are also many other RBPs that have been shown to play
a role in embryonic myogenesis or skeletal muscle regeneration,
although their post-transcriptional regulatory functions in
myoblast proliferation and differentiation may be less extensively
studied in comparison with the above-described RBPs. This
section presents a non-exhaustive catalog of additional RBPs that
are potentially implicated in muscle development and function in
the embryo or in the adult.

ErbB3-binding protein 1 (EBP1) participates in ErbB3
receptor signaling. It is mainly accumulated in the nucleus of
differentiating C2C12 myoblasts and activated mouse satellite
cells, but preferentially localized in the cytoplasm of differentiated
myotubes. Knockdown of Ebp1 inhibits the proliferation and
differentiation of C2C12 myoblasts and activated satellite cells
(Figeac et al., 2014). In chick embryos, EBP1 is predominantly
expressed in the epithelial dermomyotome and is required
for myogenic differentiation of muscle progenitor cells (Figeac
et al., 2014). Nevertheless, the role of EBP1 in embryonic
myogenesis may be independent of its interaction with the
ErbB3 receptor as the two proteins are expressed in distinct
domains within the somite. Consistently, there is evidence
that it promotes differentiation of chicken myoblasts through
inhibition of SMAD2/3 signaling (Yu et al., 2017), but the exact
post-transcriptional mechanism remains unclear.

IGF2 mRNA-binding protein 2 (IGF2BP2 or IMP2) may
be important for myoblast growth and muscle regeneration
independently of IGF2. It contains two RRMs and four KH
domains, which can bind to various target transcripts. The
expression of IGF2BP2 is increased in primary myoblasts
and decreased in adult muscle, but it is re-activated during
muscle regeneration (Boudoukha et al., 2010; Zhou et al.,
2016). Knockdown of Igf2bp2 in C2C12 myoblasts has been
shown to decrease cell motility and migration capacity through
up-regulation of PINCH2, a mediator of cell adhesion, and
down-regulation of MURF3, a microtubule-stabilizing protein
(Boudoukha et al., 2010). IGF2BP2 also promotes myoblast
proliferation through up-regulation of N-RAS, MYC, MYF5,
and cyclin A2, by increasing the stability or translation of their
mRNAs (Li et al., 2012; Zhou et al., 2016). Consistent with
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its implication in the maintenance of myoblast proliferation,
knockdown of Igf2bp2 in C2C12 myoblasts and mouse satellite
cells triggers myogenic differentiation (Zhou et al., 2016).

LIN28 is a highly conserved small cytoplasmic RBP regulating
the transition from pluripotency to a differentiated cell fate
(Tsialikas and Romer-Seibert, 2015). Its expression is strongly
activated in differentiating myoblasts and in regenerating skeletal
muscle fibers, but is barely detectable in proliferating myoblasts
(Polesskaya et al., 2007). It functions as a positive factor of
myogenesis through regulation of IGF2 expression by binding to
its mRNA. In differentiating C2C12 myoblasts, LIN28 interacts
with the translation initiation complex in an RNA-dependent
manner and colocalizes with eukaryote initiation factor 3ß
(eIF3ß) to enhance the translation of Igf2 mRNA and promote
myoblast differentiation (Polesskaya et al., 2007). However,
further studies are needed to provide mechanistic insight into
LIN28 function in embryonic myogenesis and adult skeletal
muscle regeneration.

Quaking (QKI or QK) proteins are a family of RBPs with
STAR (signal transduction and activation of RNA) domain
and bind to AUCAA motifs in the 3′-UTR to regulate mRNA
function. QKI-5 is predominantly localized in the nucleus,
and its increased expression during myoblast differentiation
regulates a large number of alternative splicing events involved
in muscle function, among which the inclusion of muscle-
specific exon from Capzb gene encoding a protein that regulates
the growth of actin filament (Hall et al., 2013). QKI-5 also
regulates the expression of Duchenne muscular dystrophy gene
(DMD) in skeletal muscle by promoting the inclusion of its
muscle-specific exon (Miro et al., 2020). Other QKI proteins
may display cytoplasmic functions in fiber type specification.
For example, zebrafish qkia is required for fast fiber maturation
by regulating gli2a mRNA stability and translation (Lobbardi
et al., 2011), while qkia and qkic functionally interact to control
early myofibril assembly and sarcomere formation in slow muscle
by regulating the accumulation of tropomyosin-3.12 transcripts
through binding to the 3′-UTR (Bonnet et al., 2017).

Transactivation response (TAR) RBP (TRBP) binds to
double-stranded RNAs (dsRNAs). It acts as a regulator
of miRNA pathway but also functions through miRNA-
independent mechanisms. In C2C12 cells, TRBP regulates the
expression of myogenic miRNAs, such as miR-1a and miR-133a,
and is required for myoblast differentiation (Ding et al., 2016).
Although mice with knockout of Trbp in skeletal muscle show no
defective myogenesis, they display impaired muscle regeneration
and increased fibrosis upon cardiotoxin-induced muscle injury,
suggesting that it may play a role in promoting muscle
regeneration and homeostasis (Ding et al., 2016). However, gene
networks regulated by TRBP in the muscle repair process need
further investigations.

DDX5 (p68) and its paralog DDX17 (p72) belong to a
subfamily of DEAD-box RNA helicases that regulate multiple
steps of RNA metabolism and display RNP chaperone activity
(Xing et al., 2019). The expression of these RBPs decreases
during differentiation of C2C12 cells (Dardenne et al., 2014).
Interestingly, at early stages of myogenesis and at the beginning
of EMT in cultured cells, they cooperate with hnRNP F/H

to define myoblast-specific alternative splicing patterns, but
upon induction of myoblast differentiation, they exert a
differentiation-promoting activity by functioning as a partner
and transcriptional coactivator of MYOD (Caretti et al.,
2006; Dardenne et al., 2014). DDX5 may also modify RNA
secondary structures and facilitate or stabilize MBNL1 binding
to CUG repeats, thus contributing to the pathogenesis of DM1
(Laurent et al., 2012). The function of DDX5 and DDX17 in
developmental myogenesis remains unknown, and it will be
of interest to determine whether they regulate EMT during
somite maturation. Another member of the DEAD-box family,
DDX27, is required for skeletal muscle growth and regeneration
during development. Mutation of ddx27 in zebrafish leads
to skeletal muscle hypotrophy and precocious skeletal muscle
differentiation by disrupting ribosomal RNA maturation and
thus the translation of a specific subset of transcripts during
myogenesis (Bennett et al., 2018).

As the cold-inducible RNA-binding protein (CIRP), RBM3 is
a highly conserved cold shock protein that shows transcriptional
up-regulation in response to cold-stressed conditions (Zhu et al.,
2016). In C2C12 myoblasts, overexpression of RBM3 is capable
of counteracting the deteriorate effects of low temperature on
myoblasts by preventing necrosis and by increasing viability, thus
promoting survival of muscle cells (Ferry et al., 2011). RBM3
also functions as a potential regulator of skeletal muscle mass
and may confer resistance to age- or disease-related muscle
atrophy, because its increased expression in C2C12 myoblasts
and in adult skeletal muscle enhances the formation of myotubes
and myofibers, respectively (Van Pelt et al., 2018). Although
RBM3 exerts multiple functions in the post-transcriptional
regulation of gene expression, it plays a central role in muscle
adaptive processes essentially by stabilizing target mRNAs and
maintaining protein synthesis (Van Pelt et al., 2019).

Finally, the rising impact of post-transcriptional regulation on
myogenesis is further illustrated by the unexpected observation
that even MRFs, such as MYF5, can function as a RBP to
promote mRNA translation. In proliferating and differentiating
C2C12 myoblasts, MYF5 is localized in both the nucleus and the
cytoplasm. It moderately activates the transcription of cyclin D1
gene but mostly enhances the translation of cyclin D1 mRNA
by binding to the 3′-UTR and the coding region through the
bHLH domain (Panda et al., 2016). These observations suggest
that MYF5 regulates myoblast growth at the post-transcriptional
level as well, in addition to its activity as a transcription factor.

FUNCTIONAL INTERACTIONS BETWEEN
RNA-BINDING PROTEINS COORDINATE
GENE EXPRESSION DURING
MYOGENESIS

Transcriptome and proteome studies have not only identified
hundreds of muscle-specific RBPs but also revealed changes in
the interactome during muscle differentiation (Hiller et al., 2020).
With so many RBPs dynamically implicated in different steps
of myogenesis and in multiple aspects of post-transcriptional
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regulation of gene expression, it is not surprising that they
functionally interact in a tight network to coordinate muscle
development and maintain muscle homeostasis. Thus RBPs are
multifaceted regulators that function either cooperatively or
antagonistically to orchestrate the myogenic program during
embryonic and adult myogenesis. The modes and outcomes of
their interactions are complex and context-dependent. Here we
present a few better-described examples to illustrate the interplay
between RBPs in different aspects of post-transcriptional
regulation (Figure 3). Interference with RBFOX1 or MBNL1
function in normal embryonic muscle cells indicates that they co-
regulate a common subset of muscle-specific alternative splicing
events with either inclusion or exclusion of exons, depending on
upstream or downstream binding of RBFOX1 to the pre-mRNA
(Conboy, 2017). This raises the possibility that the combined
loss of their activity in DM1 may further compromise the
expression of genes involved in muscle function (Klinck et al.,
2014). However, RBFOX1 can also compete with MBNL1 for
binding to CCUG repeats in myoblasts, thus partially correcting
alternative splicing defects of CLCN1 and to some extent rescuing
muscle atrophy (Sellier et al., 2018). As highlighted above,
functional antagonism clearly exists between CELF1 and MBNL1

FIGURE 3 | Functional interactions between RBPs in the post-transcriptional
regulation of myogenic gene expression. RBPs (colored forms) act either
cooperatively or antagonistically to control muscle-specific alternative splicing,
cytoplasmic polyadenylation, mRNA stability and translation (arrows represent
positive regulation; bars represent negative regulation; RBPs that display
antagonistic activity in alternative splicing and mRNA stability are shown by
identical colors). The activity of a particular RBP is also dependent on its
interaction with the pre-mRNA. RBFOX1 inhibits or promotes inclusion of the
adjacent exon upon upstream or downstream binding, respectively.
RBPs-mediated mRNA degradation or translation either positively or
negatively regulates myogenic differentiation, depending on the targets.
RBM24-mediated cytoplasmic polyadenylation of muscle-specific target
mRNAs also await further investigation.

in regulating mRNA localization, stabilization and translation
(Wang et al., 2015). CELF1 binds to the 3′-UTR of mRNAs
and promotes destabilization, while MBNL1 binds to other
regions of the same 3′-UTR to promote stabilization (Vlasova
and Bohjanen, 2008; Wang et al., 2012). The two proteins
also function as antagonistic regulators of alternative splicing
in DM1 (Wang et al., 2015), with gain of CELF1 and loss of
MBNL1 collectively contributing to the reversion of fetal-specific
splicing patterns in adult skeletal muscle. As CELF1, hnRNP A1
antagonizes the activity of MBNL1 in DM1 muscle by promoting
the inclusion of fetal exons, but the exclusion of adult exons (Li
et al., 2020). Similarly, there is also a widespread antagonism
between CELF2 and RBFOX2 in regulating the expression of
muscle-specific protein isoforms, such as members of the MEF2
family (Gazzara et al., 2017). The cooperation or antagonism
between RBPs helps to fine-tune each step of myogenesis, thus
unbalanced interactions lead to defective muscle development
and occurrence of muscle disease.

In addition to these cross-regulatory interactions, there exists
also expression antagonism between RBPs during myogenesis.
This is important for RBPs to function at the right time
and place in muscle cells. For example, PABPN1 mRNA is
highly expressed in primary myoblasts but its stability is
strongly reduced in mature muscle, resulting in reduced protein
expression (Apponi et al., 2013). HuR may be involved in
regulating the decay of PABPN1 mRNA by binding to AREs
within its 3’-UTR, thus preventing its translation at the end
of myogenesis, suggesting that HuR functions as a negative
regulator of PABPN1 expression to control its activity in adult
muscles (Phillips et al., 2018). Similarly, PTBP1 expression level
is strongly reduced during C2C12 myoblast differentiation (Boutz
et al., 2007). This suppression in differentiated muscle cells
may involve RBM4-mediated alternative exon skipping of Ptbp1
transcripts, indicating that RBM4 promotes myogenesis in part
by antagonizing the activity of PTBP1 through down-regulation
of its expression (Lin and Tarn, 2011). Therefore, RBPs display
both distinct and redundant functions in muscle biology. While
some of them promote myogenesis either in vivo or in vitro,
others function to inhibit myogenic differentiation or maintain
stem cell quiescence (Figure 4).

RNA-binding proteins also physically interact and form
complexes to regulate gene expression in myogenic cells.
KSRP is an RBP that serves as an mRNA decay-promoting
factor. During muscle differentiation, it is phosphorylated by
p38 MAP kinase, preventing its interaction with myogenic
transcripts and its mRNA destabilizing function (Briata et al.,
2005). In undifferentiated muscle cells, the C-terminus of HuR
mediates the formation of the HuR-KSRP complex, which
destabilizes nucleophosmin and Ppargc1a mRNAs encoding
a regulator of cell cycle progression and a coactivator of
cellular energy metabolism, respectively, thus promoting the
commitment of muscle cells during early steps of myogenesis
(Cammas et al., 2014; Janice Sánchez et al., 2019). DDX5 may
directly interact with hnRNP F/H and facilitate its binding to
highly structured G-quadruplex-enriched regions, thus initiating
myoblast-specific splicing programs and regulating myogenic
differentiation (Dardenne et al., 2014). In DM1 muscles, hnRNP
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FIGURE 4 | Differential functions of RBPs in myogenesis. Many RBPs promote the differentiation of proliferating myoblasts into functional myofibers, while others
either inhibit myogenic differentiation or maintain satellite cell quiescence. Note that cytoplasmic CELF1 (blue) promotes, while nuclear CELF1 (orange) inhibits,
muscle differentiation by regulating the stability of myogenic mRNAs or by repressing the inclusion of muscle-specific exons, respectively. RBPs in bold indicate their
potential implication in muscle disease, such as MD, FSHD, or OPMD.

L may regulate the same targets as MBNL1, which is consistent
with the their physical interaction (Alexander et al., 2021). It
is also of note that RBM24 interacts with several RBPs of the
cytoplasmic polyadenylation complex, including PABPC1 and
CPEB4, to regulate poly(A) tail length (Shao et al., 2020). Given
the important function of RBM24 in muscle differentiation
and regeneration, it will be of interest to examine how this
interaction regulates the stability and translation of muscle-
specific mRNAs. Therefore, further investigations of the complex
interplay between RBPs should shed light on the gene regulatory
networks orchestrating muscle development and homeostasis.

CONCLUDING REMARKS

The RBP world is expanding rapidly with proteome-wide
identification of proteins involved in RNA binding and function
(Hentze et al., 2018). It is clear that RBPs function sequentially to
post-transcriptionally regulate gene expression at different steps
of myogenesis, in much the similar manner as different myogenic
transcription factors that promote myoblast proliferation,
myogenic differentiation and satellite cell quiescence at the
transcription level. Given the growing number of muscular
disorders associated with RNAs and RBPs, understanding the
functional implication of RBPs in different steps of muscle
development may have the potential to use them as therapeutics
(Shotwell et al., 2020). However, there are also many fundamental
questions that remain open for further investigations.

At present, muscle functions of RBPs have been mostly studied
in diseased conditions or in cultured cell lines, while their
regulatory roles during embryonic myogenesis and adult skeletal
muscle regeneration remain largely elusive. Many RBPs display
dynamic expression and subcellular localization during skeletal
muscle differentiation, while inappropriate regulation of their
expression and cytoplasm to nucleus or nucleus to cytoplasm
translocation contributes to muscle disease. Using appropriate
animal models such as the transparent zebrafish embryos,
CRISPR/Cas9-mediated gene-tagging approach combined with
time-lapse live imaging could help to define the dynamic
characteristics of RBPs subcellular partitioning during embryonic
myogenesis and their spatiotemporal activation in neoforming

myofibers during muscle regeneration. Besides the importance
to decipher the mechanism underlying RBP shuttling between
different cellular compartments, which should provide insight
into the regulation of myoblast proliferation and differentiation,
it is also of interest to understand the nuclear versus cytoplasmic
function of RBPs during normal myogenic differentiation and
in diseased conditions. A close related intriguing question is
the dynamic and distinct functions of RBPs in the proliferation
or differentiation of muscle cells. Several RBPs, such as HuR
and RBM24, are first localized in the cytoplasm of myoblasts to
regulate mRNA stability and then accumulated in the nucleus
in matured muscles to regulate alternative splicing. These
characteristics may be regulated by the formation of protein-
protein and RNA-protein complexes, but the identity of protein
partners and mRNA targets for different RBPs remains to
be characterized in future study. Moreover, it is important
to elucidate how functional interactions, either cooperative
or antagonistic, contribute to fine-tune target gene expression
patterns and myogenic networks. There is also mutually exclusive
expression between RBPs, with some being expressed in early
steps of myogenesis, while other being activated in differentiated
muscles. These differential associations of RBPs in myoblast and
myotube interactomes regulate different steps of myogenesis.

The expression and activity of different RBPs are tightly
controlled in mature myofibers under steady state as well as
in stressed conditions. Accordingly, RBPs stabilizing myogenic
mRNAs are rapidly up-regulated while splicing factors are down-
regulated during satellite cell activation (Farina et al., 2012). This
critically contributes to the maintenance of muscle homeostasis
and satellite cell quiescence or activation. Imbalance of either
their early or late function leads to muscle atrophy. Another
important aspect that is briefly introduced in this review concerns
the functional interactions between RBPs and non-coding
RNAs, such as miRNAs, circRNAs, and IncRNAs. Their mutual
regulations have either positive or negative impact on myogenic
gene expression, further adding complexity to the control of
developmental myogenesis and progression of muscle disease.
Moreover, even MRFs can get involved in mRNA translation,
thus the implication of post-transcriptional regulation in muscle
biology will continue to provide surprises and breakthroughs
in the future. System-wide identification of interactome in
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muscle cells can advance our knowledge of RBP functional
interactions. Bioinformatic analyses combined with experimental
validations of RBPs-regulated networks should provide a better
understanding of post-transcriptional mechanisms underlying
myogenic differentiation and muscle disease.

AUTHOR CONTRIBUTIONS

D-LS and RG performed literature analyses and prepared figures.
D-LS wrote the manuscript. D-LS and RG reviewed and edited

the final version of the manuscript. Both authors contributed to
the article and approved the submitted version.

FUNDING

This work was supported by the National Natural Science
Foundation of China (grant number 32070813), the French
Muscular Dystrophy Association (AFM-Téléthon grant number
23545), the Centre National de la Recherche Scientifique (CNRS),
and the Sorbonne University.

REFERENCES
Abbadi, D., Yang, M., Chenette, D. M., Andrews, J. J., and Schneider,

R. J. (2019). Muscle development and regeneration controlled by AUF1-
mediated stage-specific degradation of fate-determining checkpoint mRNAs.
Proc. Natl. Acad. Sci. U.S.A. 116, 11285–11290. doi: 10.1073/pnas.190116
5116

Abbassi-Daloii, T., Yousefi, S., de Klerk, E., Grossouw, L., Riaz, M., ‘t Hoen, P. A. C.,
et al. (2017). An alanine expanded PABPN1 causes increased utilization of
intronic polyadenylation sites. NPJ Aging Mech. Dis. 3:6.

Alexander, M. S., Hightower, R. M., Reid, A. L., Bennett, A. H., Iyer, L., Slonim,
D. K., et al. (2021). hnRNP L is essential for myogenic differentiation and
modulates myotonic dystrophy pathologies. Muscle Nerve 63, 928–940. doi:
10.1002/mus.27216

Ancel, S., Stuelsatz, P., and Feige, J. N. (2021). Muscle stem cell quiescence:
controlling stemness by staying asleep. Trends Cell Biol. 31, 556–568. doi: 10.
1016/j.tcb.2021.02.006

André, L. M., van Cruchten, R. T. P., Willemse, M., and Wansink, D. G. (2019).
(CTG)n repeat-mediated dysregulation of MBNL1 and MBNL2 expression
during myogenesis in DM1 occurs already at the myoblast stage. PLoS One
14:e0217317. doi: 10.1371/journal.pone.0217317

Apponi, L. H., Corbett, A. H., and Pavlath, G. K. (2011). RNA-binding proteins
and gene regulation in myogenesis. Trends Pharmacol. Sci. 32, 652–658. doi:
10.1016/j.tips.2011.06.004

Apponi, L. H., Corbett, A. H., and Pavlath, G. K. (2013). Control of mRNA stability
contributes to low levels of nuclear poly(A) binding protein 1 (PABPN1) in
skeletal muscle. Skelet. Muscle 3:23.

Apponi, L. H., Leung, S. W., Williams, K. R., Valentini, S. R., Corbett, A. H.,
and Pavlath, G. K. (2010). Loss of nuclear poly(A)-binding protein 1 causes
defects in myogenesis and mRNA biogenesis. Hum. Mol. Genet. 19, 1058–1065.
doi: 10.1093/hmg/ddp569

Arandel, L., Polay Espinoza, M., Matloka, M., Bazinet, A., De Dea Diniz, D.,
Naouar, N., et al. (2017). Immortalized human myotonic dystrophy muscle
cell lines to assess therapeutic compounds. Dis. Model Mech. 10, 487–497.
doi: 10.1242/dmm.027367

Bakker, C. E., de Diego Otero, Y., Bontekoe, C., Raghoe, P., Luteijn, T., Hoogeveen,
A. T., et al. (2000). Immunocytochemical and biochemical characterization of
FMRP, FXR1P, and FXR2P in the mouse. Exp. Cell Res. 258, 162–170. doi:
10.1006/excr.2000.4932

Banerjee, A., Apponi, L. H., Pavlath, G. K., and Corbett, A. H. (2013). PABPN1:
molecular function and muscle disease. FEBS J. 280, 4230–4250. doi: 10.1111/
febs.12294

Banerjee, A., Vest, K. E., Pavlath, G. K., and Corbett, A. H. (2017). Nuclear poly(A)
binding protein 1 (PABPN1) and Matrin3 interact in muscle cells and regulate
RNA processing. Nucleic Acids Res. 45, 10706–10725. doi: 10.1093/nar/gk
x786

Banerji, C. R. S., and Zammit, P. S. (2021). Pathomechanisms and biomarkers in
facioscapulohumeral muscular dystrophy: roles of DUX4 and PAX7. EMBO
Mol. Med. 13:e13695.

Batra, R., Charizanis, K., Manchanda, M., Mohan, A., Li, M., Finn, D. J., et al.
(2014). Loss of MBNL leads to disruption of developmentally regulated
alternative polyadenylation in RNA-mediated disease. Mol. Cell 56, 311–322.
doi: 10.1016/j.molcel.2014.08.027

Beauchamp, P., Nassif, C., Hillock, S., van der Giessen, K., von Roretz, C., and
Jasmin, B. J. (2010). The cleavage of HuR interferes with its transportin-2-
mediated nuclear import and promotes muscle fiber formation. Cell Death
Differ. 17, 1588–1599. doi: 10.1038/cdd.2010.34

Beaudoin, J. D., and Perreault, J. P. (2013). Exploring mRNA 3’-UTR
G-quadruplexes: evidence of roles in both alternative polyadenylation and
mRNA shortening. Nucleic Acids Res. 41, 5898–5911. doi: 10.1093/nar/gkt265

Bechara, E., Davidovic, L., Melko, M., Bensaid, M., Tremblay, S., Grosgeorge, J.,
et al. (2007). Fragile X related protein 1 isoforms differentially modulate the
affinity of fragile X mental retardation protein for G-quartet RNA structure.
Nucleic Acids Res. 35, 299–306. doi: 10.1093/nar/gkl1021

Bélanger, G., Stocksley, M. A., Vandromme, M., Schaeffer, L., Furic, L.,
DesGroseillers, L., et al. (2003). Localization of the RNA-binding proteins
Staufen1 and Staufen2 at the mammalian neuromuscular junction.
J. Neurochem. 86, 669–677. doi: 10.1046/j.1471-4159.2003.01883.x

Bennett, A. H., O’Donohue, M. F., Gundry, S. R., Chan, A. T., Widrick, J.,
Draper, I., et al. (2018). RNA helicase. DDX27 regulates skeletal muscle
growth and regeneration by modulation of translational processes. PLoS Genet.
14:e1007226. doi: 10.1371/journal.pgen.1007226

Bentzinger, C. F., Wang, Y. X., and Rudnicki, M. A. (2012). Building muscle:
molecular regulation of myogenesis. Cold Spring Harb. Perspect. Biol.
4:a008342.

Berberoglu, M. A., Gallagher, T. L., Morrow, Z. T., Talbot, J. C., Hromowyk, K. J.,
Tenente, I. M., et al. (2017). Satellite-like cells contribute to pax7-dependent
skeletal muscle repair in adult zebrafish. Dev. Biol. 424, 162–180. doi: 10.1016/j.
ydbio.2017.03.004

Berger, D. S., Moyer, M., Kliment, G. M., van Lunteren, E., and Ladd, A. N. (2011).
Expression of a dominant negative CELF protein in vivo leads to altered muscle
organization, fiber size, and subtype. PLoS One 6:e19274. doi: 10.1371/journal.
pone.0019274

Bland, C. S., Wang, E. T., Vu, A., David, M. P., Castle, J. C., Johnson, J. M.,
et al. (2010). Global regulation of alternative splicing during myogenic
differentiation. Nucleic Acids Res. 38, 7651–7664. doi: 10.1093/nar/gkq614

Bondy-Chorney, E., Crawford Parks, T. E., Ravel-Chapuis, A., Klinck, R.,
Rocheleau, L., Pelchat, M., et al. (2016). Staufen1 regulates multiple alternative
splicing events either positively or negatively in DM1 indicating its role as a
disease modifier. PLoS Genet. 12:e1005827. doi: 10.1371/journal.pgen.1005827

Bonnet, A., Lambert, G., Ernest, S., Dutrieux, F. X., Coulpier, F., Lemoine, S., et al.
(2017). Quaking RNA-binding proteins control early myofibril formation by
modulating tropomyosin. Dev. Cell 42, 527.e–541.e. doi: 10.1016/j.devcel.2017.
08.004

Boudoukha, S., Cuvellier, S., and Polesskaya, A. (2010). Role of the RNA-binding
protein IMP-2 in muscle cell motility. Mol. Cell. Biol. 30, 5710–5725. doi:
10.1128/MCB.00665-10

Bourdelas, A., Li, H. Y., Boucaut, J. C., and Shi, D. L. (2004). Identification of
distinct genes with restricted expression in the somitic mesoderm in Xenopus
embryo. Gene Expr. Patterns 4, 695–699. doi: 10.1016/j.modgep.2004.04.004

Boutz, P. L., Chawla, G., Stoilov, P., and Black, D. L. (2007). MicroRNAs
regulate the expression of the alternative splicing factor nPTB during muscle
development. Genes Dev. 21, 71–84. doi: 10.1101/gad.1500707

Brais, B., Bouchard, J. P., Xie, Y. G., Rochefort, D. L., Chrétien, N., Tomé, F. M.,
et al. (1998). Short GCG expansions in the PABP2 gene cause oculopharyngeal
muscular dystrophy. Nat. Genet. 18, 164–167. doi: 10.1038/ng0298-164

Frontiers in Cell and Developmental Biology | www.frontiersin.org 15 September 2021 | Volume 9 | Article 738978

https://doi.org/10.1073/pnas.1901165116
https://doi.org/10.1073/pnas.1901165116
https://doi.org/10.1002/mus.27216
https://doi.org/10.1002/mus.27216
https://doi.org/10.1016/j.tcb.2021.02.006
https://doi.org/10.1016/j.tcb.2021.02.006
https://doi.org/10.1371/journal.pone.0217317
https://doi.org/10.1016/j.tips.2011.06.004
https://doi.org/10.1016/j.tips.2011.06.004
https://doi.org/10.1093/hmg/ddp569
https://doi.org/10.1242/dmm.027367
https://doi.org/10.1006/excr.2000.4932
https://doi.org/10.1006/excr.2000.4932
https://doi.org/10.1111/febs.12294
https://doi.org/10.1111/febs.12294
https://doi.org/10.1093/nar/gkx786
https://doi.org/10.1093/nar/gkx786
https://doi.org/10.1016/j.molcel.2014.08.027
https://doi.org/10.1038/cdd.2010.34
https://doi.org/10.1093/nar/gkt265
https://doi.org/10.1093/nar/gkl1021
https://doi.org/10.1046/j.1471-4159.2003.01883.x
https://doi.org/10.1371/journal.pgen.1007226
https://doi.org/10.1016/j.ydbio.2017.03.004
https://doi.org/10.1016/j.ydbio.2017.03.004
https://doi.org/10.1371/journal.pone.0019274
https://doi.org/10.1371/journal.pone.0019274
https://doi.org/10.1093/nar/gkq614
https://doi.org/10.1371/journal.pgen.1005827
https://doi.org/10.1016/j.devcel.2017.08.004
https://doi.org/10.1016/j.devcel.2017.08.004
https://doi.org/10.1128/MCB.00665-10
https://doi.org/10.1128/MCB.00665-10
https://doi.org/10.1016/j.modgep.2004.04.004
https://doi.org/10.1101/gad.1500707
https://doi.org/10.1038/ng0298-164
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-738978 September 14, 2021 Time: 19:23 # 16

Shi and Grifone RNA-Binding Proteins in Myogenesis

Briata, P., Forcales, S. V., Ponassi, M., Corte, G., Chen, C. Y., Karin, M., et al.
(2005). p38-dependent phosphorylation of the mRNA decay-promoting factor
KSRP controls the stability of select myogenic transcripts. Mol. Cell 20, 891–903.
doi: 10.1016/j.molcel.2005.10.021

Brinegar, A. E., and Cooper, T. A. (2016). Roles for RNA-binding proteins in
development and disease. Brain Res. 1647, 1–8. doi: 10.1016/j.brainres.2016.0
2.050

Brinegar, A. E., Xia, Z., Loehr, J. A., Li, W., Rodney, G. G., and Cooper, T. A. (2017).
Extensive alternative splicing transitions during postnatal skeletal muscle
development are required for calcium handling functions. Elife 6:e27192.

Buckingham, M. (2006). Myogenic progenitor cells and skeletal myogenesis in
vertebrates. Curr. Opin. Genet. Dev. 16, 525–532. doi: 10.1016/j.gde.2006.08.008

Buckingham, M., and Relaix, F. (2015). PAX3 and PAX7 as upstream regulators
of myogenesis. Semin. Cell Dev. Biol. 44, 115–125. doi: 10.1016/j.semcdb.2015.0
9.017

Buckingham, M., and Rigby, P. W. (2014). Gene regulatory networks and
transcriptional mechanisms that control myogenesis. Dev. Cell 28, 225–238.
doi: 10.1016/j.devcel.2013.12.020

Busse, M., Schwarzburger, M., Berger, F., Hacker, C., and Munz, B. (2008). Strong
induction of the Tis11B gene in myogenic differentiation. Eur. J. Cell Biol. 87,
31–38. doi: 10.1016/j.ejcb.2007.07.005

Bye-A-Jee, H., Pugazhendhi, D., Woodhouse, S., Brien, P., Watson, R., Turner, M.,
et al. (2018). The RNA-binding proteins Zfp36l1 and Zfp36l2 act redundantly
in myogenesis. Skelet. Muscle 8:37.

Cammas, A., Sanchez, B. J., Lian, X. J., Dormoy-Raclet, V., van der Giessen, K.,
López de Silanes, I., et al. (2014). Destabilization of nucleophosmin mRNA by
the HuR/KSRP complex is required for muscle fibre formation. Nat. Commun.
5:4190.

Cardinali, B., Cappella, M., Provenzano, C., Garcia-Manteiga, J. M., Lazarevic, D.,
Cittaro, D., et al. (2016). MicroRNA-222 regulates muscle alternative splicing
through Rbm24 during differentiation of skeletal muscle cells. Cell Death Dis.
7:e2086.

Caretti, G., Schiltz, R. L., Dilworth, F. J., Di Padova, M., Zhao, P., Ogryzko, V.,
et al. (2006). The RNA helicases p68/p72 and the noncoding RNA SRA are
coregulators of MyoD and skeletal muscle differentiation. Dev. Cell 11, 547–560.
doi: 10.1016/j.devcel.2006.08.003

Chang, N. C., and Rudnicki, M. A. (2014). Satellite cells: the architects of skeletal
muscle. Curr. Top. Dev. Biol. 107, 161–181. doi: 10.1016/B978-0-12-416022-4.
00006-8

Charlesworth, A., Meijer, H. A., and de Moor, C. H. (2013). Specificity factors
in cytoplasmic polyadenylation. Wiley Interdiscip. Rev. RNA 4, 437–461. doi:
10.1002/wrna.1171

Charlet-B, N., Savkur, R. S., Singh, G., Philips, A. V., Grice, E. A., and Cooper,
T. A. (2002). Loss of the muscle-specific chloride channel in type 1 myotonic
dystrophy due to misregulated alternative splicing. Mol. Cell 10, 45–53. doi:
10.1016/s1097-2765(02)00572-5

Chen, Q., and Hu, G. (2017). Post-transcriptional regulation of the pluripotent
state. Curr. Opin. Genet. Dev. 46, 15–23. doi: 10.1016/j.gde.2017.06.010

Chenette, D. M., Cadwallader, A. B., Antwine, T. L., Larkin, L. C., Wang, J., Olwin,
B. B., et al. (2016). Targeted mRNA decay by RNA binding protein AUF1
regulates adult muscle stem cell fate, promoting skeletal muscle integrity. Cell
Rep. 16, 1379–1390. doi: 10.1016/j.celrep.2016.06.095

Cheng, X., Zhang, J. J., and Shi, D. L. (2020). Loss of Rbm24a causes defective hair
cell development in the zebrafish inner ear and neuromasts. J. Genet. Genomics
47, 403–406. doi: 10.1038/s41598-021-88563-3

Comai, G., and Tajbakhsh, S. (2014). Molecular and cellular regulation of skeletal
myogenesis. Curr. Top. Dev. Biol. 110, 1–73. doi: 10.1016/B978-0-12-405943-6.
00001-4

Conboy, J. G. (2017). Developmental regulation of RNA processing by Rbfox
proteins. Wiley Interdiscip. Rev. RNA 8. 8:e1398. doi: 10.1002/wrna.1398

Conlon, E. G., and Manley, J. L. (2017). RNA-binding proteins in
neurodegeneration: mechanisms in aggregate. Genes Dev. 31, 1509–1528.
doi: 10.1101/gad.304055.117

Cox, D. C., Guan, X., Xia, Z., and Cooper, T. A. (2020). Increased nuclear but not
cytoplasmic activities of CELF1 protein leads to muscle wasting. Hum. Mol.
Genet. 29, 1729–1744. doi: 10.1093/hmg/ddaa095

Crawford Parks, T. E., Marcellus, K. A., Péladeau, C., Jasmin, B. J., and Ravel-
Chapuis, A. (2020). Overexpression of Staufen1 in DM1 mouse skeletal muscle

exacerbates dystrophic and atrophic features. Hum. Mol. Genet. 29, 2185–2199.
doi: 10.1007/s13402-021-00607-y

Crawford Parks, T. E., Ravel-Chapuis, A., Bondy-Chorney, E., Renaud, J. M., Côté,
J., and Jasmin, B. J. (2017). Muscle-specific expression of the RNA-binding
protein Staufen1 induces progressive skeletal muscle atrophy via regulation of
phosphatase tensin homolog. Hum. Mol. Genet. 26, 1821–1838. doi: 10.1093/
hmg/ddx085

Crist, C. G., Montarras, D., and Buckingham, M. (2012). Muscle satellite cells
are primed for myogenesis but maintain quiescence with sequestration of
Myf5 mRNA targeted by microRNA-31 in mRNP granules. Cell Stem Cell 11,
118–126. doi: 10.1016/j.stem.2012.03.011

Dardenne, E., Polay Espinoza, M., Fattet, L., Germann, S., Lambert, M. P., Neil,
H., et al. (2014). RNA helicases DDX5 and DDX17 dynamically orchestrate
transcription, miRNA, and splicing programs in cell differentiation. Cell Rep.
7, 1900–1913. doi: 10.1016/j.celrep.2014.05.010

Dasgupta, T., and Ladd, A. N. (2012). The importance of CELF control: molecular
and biological roles of the CUG-BP, Elav-like family of RNA-binding proteins.
Wiley Interdiscip. Rev. RNA 3, 104–121. doi: 10.1002/wrna.107

Davidovic, L., Durand, N., Khalfallah, O., Tabet, R., Barbry, P., Mari, B., et al.
(2013). A novel role for the RNA-binding protein FXR1P in myoblasts cell-
cycle progression by modulating p21/Cdkn1a/Cip1/Waf1 mRNA stability. PLoS
Genet. 9:e1003367. doi: 10.1371/journal.pgen.1003367

Davidovic, L., Sacconi, S., Bechara, E. G., Delplace, S., Allegra, M., Desnuelle,
C., et al. (2008). Alteration of expression of muscle specific isoforms of
the fragile X related protein 1 (FXR1P) in facioscapulohumeral muscular
dystrophy patients. J. Med. Genet. 45, 679–685. doi: 10.1136/jmg.2008.06
0541

de Klerk, E., Venema, A., Anvar, S. Y., Goeman, J. J., Hu, O., Trollet, C., et al. (2012).
Poly(A) binding protein nuclear 1 levels affect alternative polyadenylation.
Nucleic Acids Res. 40, 9089–9101. doi: 10.1093/nar/gks655

de Morrée, A., van Velthoven, C. T. J., Gan, Q., Salvi, J. S., Klein, J. D. D.,
Akimenko, I., et al. (2017). Staufen1 inhibits MyoD translation to actively
maintain muscle stem cell quiescence. Proc. Natl. Acad. Sci. U.S.A. 114, E8996–
E9005. doi: 10.1073/pnas.1708725114

Deschênes-Furry, J., Bélanger, G., Mwanjewe, J., Lunde, J. A., Parks, R. J.,
Perrone-Bizzozero, N., et al. (2005). The RNA-binding protein HuR binds to
acetylcholinesterase transcripts and regulates their expression in differentiating
skeletal muscle cells. J. Biol. Chem. 280, 25361–25368. doi: 10.1074/jbc.
M410929200

Ding, J., Nie, M., Liu, J., Hu, X., Ma, L., Deng, Z. L., et al. (2016). Trbp Is required for
differentiation of myoblasts and normal regeneration of skeletal muscle. PLoS
One 11:e0155349. doi: 10.1371/journal.pone.0155349

Dormoy-Raclet, V., Cammas, A., Celona, B., Lian, X. J., van der Giessen, K.,
Zivojnovic, M., et al. (2013). HuR and miR-1192 regulate myogenesis by
modulating the translation of HMGB1 mRNA. Nat. Commun. 4:2388.

Driscoll, R. K., Krasniewski, L. K., Cockey, S. G., Yang, J. H., Piao, Y., Lehrmann,
E., et al. (2021). GRSF1 deficiency in skeletal muscle reduces endurance in aged
mice. Aging (Albany N. Y.) 13, 14557–14570. doi: 10.18632/aging.203151

Dubé, M., Huot, M. E., and Khandjian, E. W. (2000). Muscle specific fragile X
related protein 1 isoforms are sequestered in the nucleus of undifferentiated
myoblast. BMC Genet. 1:4. doi: 10.1186/1471-2156-1-4

Dumont, N. A., Wang, Y. X., and Rudnicki, M. A. (2015). Intrinsic and extrinsic
mechanisms regulating satellite cell function. Development 142, 1572–1581.
doi: 10.1242/dev.114223

Espinoza-Lewis, R. A., Yang, Q., Liu, J., Huang, Z. P., Hu, X., Chen, D., et al. (2017).
Poly(C)-binding protein 1 (Pcbp1) regulates skeletal muscle differentiation by
modulating microRNA processing in myoblasts. J. Biol. Chem. 292, 9540–9550.
doi: 10.1074/jbc.M116.773671

Estañ, M. C., Fernández-Núñez, E., Zaki, M. S., Esteban, M. I., Donkervoort, S.,
Hawkins, C., et al. (2019). Recessive mutations in muscle-specific isoforms of
FXR1 cause congenital multi-minicore myopathy. Nat. Commun. 10:797.

Farina, N. H., Hausburg, M., Betta, N. D., Pulliam, C., Srivastava, D., Cornelison,
D., et al. (2012). A role for RNA post-transcriptional regulation in satellite cell
activation. Skelet. Muscle 2:21.

Ferry, A. L., Vanderklish, P. W., and Dupont-Versteegden, E. E. (2011). Enhanced
survival of skeletal muscle myoblasts in response to overexpression of cold
shock protein RBM3. Am. J. Physiol. Cell. Physiol. 301, C392–C402. doi: 10.
1152/ajpcell.00098.2011

Frontiers in Cell and Developmental Biology | www.frontiersin.org 16 September 2021 | Volume 9 | Article 738978

https://doi.org/10.1016/j.molcel.2005.10.021
https://doi.org/10.1016/j.brainres.2016.02.050
https://doi.org/10.1016/j.brainres.2016.02.050
https://doi.org/10.1016/j.gde.2006.08.008
https://doi.org/10.1016/j.semcdb.2015.09.017
https://doi.org/10.1016/j.semcdb.2015.09.017
https://doi.org/10.1016/j.devcel.2013.12.020
https://doi.org/10.1016/j.ejcb.2007.07.005
https://doi.org/10.1016/j.devcel.2006.08.003
https://doi.org/10.1016/B978-0-12-416022-4.00006-8
https://doi.org/10.1016/B978-0-12-416022-4.00006-8
https://doi.org/10.1002/wrna.1171
https://doi.org/10.1002/wrna.1171
https://doi.org/10.1016/s1097-2765(02)00572-5
https://doi.org/10.1016/s1097-2765(02)00572-5
https://doi.org/10.1016/j.gde.2017.06.010
https://doi.org/10.1016/j.celrep.2016.06.095
https://doi.org/10.1038/s41598-021-88563-3
https://doi.org/10.1016/B978-0-12-405943-6.00001-4
https://doi.org/10.1016/B978-0-12-405943-6.00001-4
https://doi.org/10.1002/wrna.1398
https://doi.org/10.1101/gad.304055.117
https://doi.org/10.1093/hmg/ddaa095
https://doi.org/10.1007/s13402-021-00607-y
https://doi.org/10.1093/hmg/ddx085
https://doi.org/10.1093/hmg/ddx085
https://doi.org/10.1016/j.stem.2012.03.011
https://doi.org/10.1016/j.celrep.2014.05.010
https://doi.org/10.1002/wrna.107
https://doi.org/10.1371/journal.pgen.1003367
https://doi.org/10.1136/jmg.2008.060541
https://doi.org/10.1136/jmg.2008.060541
https://doi.org/10.1093/nar/gks655
https://doi.org/10.1073/pnas.1708725114
https://doi.org/10.1074/jbc.M410929200
https://doi.org/10.1074/jbc.M410929200
https://doi.org/10.1371/journal.pone.0155349
https://doi.org/10.18632/aging.203151
https://doi.org/10.1186/1471-2156-1-4
https://doi.org/10.1242/dev.114223
https://doi.org/10.1074/jbc.M116.773671
https://doi.org/10.1152/ajpcell.00098.2011
https://doi.org/10.1152/ajpcell.00098.2011
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-738978 September 14, 2021 Time: 19:23 # 17

Shi and Grifone RNA-Binding Proteins in Myogenesis

Figeac, N., Serralbo, O., Marcelle, C., and Zammit, P. S. (2014). ErbB3 binding
protein-1 (Ebp1) controls proliferation and myogenic differentiation of muscle
stem cells. Dev. Biol. 386, 135–151. doi: 10.1016/j.ydbio.2013.11.017

Figueroa, A., Cuadrado, A., Fan, J., Atasoy, U., Muscat, G. E., Muñoz-Canoves, P.,
et al. (2003). Role of HuR in skeletal myogenesis through coordinate regulation
of muscle differentiation genes. Mol. Cell. Biol. 23, 4991–5004. doi: 10.1128/
MCB.23.14.4991-5004.2003

Fugier, C., Klein, A. F., Hammer, C., Vassilopoulos, S., Ivarsson, Y., Toussaint,
A., et al. (2011). Misregulated alternative splicing of BIN1 is associated with
T tubule alterations and muscle weakness in myotonic dystrophy. Nat. Med. 17,
720–725. doi: 10.1038/nm.2374

Fujita, R., and Crist, C. (2018). Translational control of the myogenic program in
developing, regenerating, and diseased skeletal muscle. Curr. Top. Dev. Biol.
126, 67–98. doi: 10.1016/bs.ctdb.2017.08.004

Fujita, R., Zismanov, V., Jacob, J. M., Jamet, S., Asiev, K., and Crist, C. (2017).
Fragile X mental retardation protein regulates skeletal muscle stem cell activity
by regulating the stability of Myf5 mRNA. Skelet. Muscle 7:18.

Gallagher, T. L., Arribere, J. A., Geurts, P. A., Exner, C. R., McDonald, K. L., Dill,
K. K., et al. (2011). Rbfox-regulated alternative splicing is critical for zebrafish
cardiac and skeletal muscle functions. Dev. Biol. 359, 251–261. doi: 10.1016/j.
ydbio.2011.08.025

Gautier-Courteille, C., Le Clainche, C., Barreau, C., Audic, Y., Graindorge, A.,
Maniey, D., et al. (2004). EDEN-BP-dependent post-transcriptional regulation
of gene expression in Xenopus somitic segmentation. Development 131, 6107–
6117. doi: 10.1242/dev.01528

Gazzara, M. R., Mallory, M. J., Roytenberg, R., Lindberg, J. P., Jha, A., Lynch, K. W.,
et al. (2017). Ancient antagonism between CELF and RBFOX families tunes
mRNA splicing outcomes. Genome Res. 27, 1360–1370. doi: 10.1101/gr.22051
7.117

Geuens, T., Bouhy, D., and Timmerman, V. (2016). The hnRNP family: insights
into their role in health and disease. Hum. Genet. 135, 851–867. doi: 10.1007/
s00439-016-1683-5

Ghilardi, A., Diana, A., Bacchetta, R., Santo, N., Ascagni, M., Prosperi, L., et al.
(2021). Inner ear and muscle developmental defects in Smpx-deficient zebrafish
embryos. Int. J. Mol. Sci. 22:6497.

Giordani, L., Parisi, A., and Le Grand, F. (2018). Satellite cell self-renewal. Curr.
Top. Dev. Biol. 126, 177–203. doi: 10.1016/bs.ctdb.2017.08.001

Glisovic, T., Bachorik, J. L., Yong, J., and Dreyfuss, G. (2008). RNA-binding
proteins and post-transcriptional gene regulation. FEBS Lett. 582, 1977–1986.
doi: 10.1016/j.febslet.2008.03.004

Green, Y. S., and Vetter, M. L. (2011). EBF proteins participate in transcriptional
regulation of Xenopus muscle development. Dev. Biol. 358, 240–250. doi: 10.
1016/j.ydbio.2011.07.034

Grifone, R., Saquet, A., Desgres, M., Sangiorgi, C., Gargano, C., Li, Z., et al. (2021).
Rbm24 displays dynamic functions required for myogenic differentiation
during muscle regeneration. Sci. Rep. 11:9423.

Grifone, R., Saquet, A., Xu, Z., and Shi, D. L. (2018). Expression patterns of Rbm24
in lens, nasal epithelium, and inner ear during mouse embryonic development.
Dev. Dyn. 247, 1160–1169. doi: 10.1002/dvdy.24666

Grifone, R., Shao, M., Saquet, A., and Shi, D. L. (2020). RNA-binding protein
Rbm24 as a multifaceted post-transcriptional regulator of embryonic lineage
differentiation and cellular homeostasis. Cells 9:1891.

Grifone, R., Xie, X., Bourgeois, A., Saquet, A., Duprez, D., and Shi, D. L. (2014).
The RNA-binding protein Rbm24 is transiently expressed in myoblasts and
is required for myogenic differentiation during vertebrate development. Mech.
Dev. 134, 1–15. doi: 10.1016/j.mod.2014.08.003

Hall, M. P., Nagel, R. J., Fagg, W. S., Shiue, L., Cline, M. S., Perriman, R. J., et al.
(2013). Quaking and PTB control overlapping splicing regulatory networks
during muscle cell differentiation. RNA 19, 627–638. doi: 10.1038/s41588-020-
0700-8

Hausburg, M. A., Doles, J. D., Clement, S. L., Cadwallader, A. B., Hall, M. N.,
Blackshear, P. J., et al. (2015). Post-transcriptional regulation of satellite cell
quiescence by TTP-mediated mRNA decay. Elife 4:e03390.

Hentze, M. W., Castello, A., Schwarzl, T., and Preiss, T. (2018). A brave new
world of RNA-binding proteins. Nat. Rev. Mol. Cell Biol. 19, 327–341. doi:
10.1038/nrm.2017.130

Hernández-Hernández, J. M., García-González, E. G., Brun, C. E., and Rudnicki,
M. A. (2017). The myogenic regulatory factors, determinants of muscle

development, cell identity and regeneration. Semin. Cell Dev. Biol. 72, 10–18.
doi: 10.1016/j.semcdb.2017.11.010

Hernandez-Torres, F., Rodríguez-Outeiriño, L., Franco, D., and Aranega, A. E.
(2017). Pitx2 in embryonic and adult myogenesis. Front. Cell Dev. Biol. 5:46.
doi: 10.3389/fcell.2017.00046

Hiller, M., Geissler, M., Janssen, G., van Veelen, P., Aartsma-Rus, A., and Spitali, P.
(2020). The mRNA binding proteome of proliferating and differentiated muscle
cells. Genomics Proteomics Bioinformatics 18, 384–396. doi: 10.1016/j.gpb.2020.
06.004

Hinkle, E. R., Wiedner, H. J., Black, A. J., and Giudice, J. (2019). RNA processing
in skeletal muscle biology and disease. Transcription 10, 1–20. doi: 10.1080/
21541264.2018.1558677

Hinman, M. N., Richardson, J. I., Sockol, R. A., Aronson, E. D., Stednitz,
S. J., Murray, K. N., et al. (2021). Zebrafish mbnl mutants model physical
and molecular phenotypes of myotonic dystrophy. Dis. Model Mech.
14:dmm045773.

Ho, T. H., Bundman, D., Armstrong, D. L., and Cooper, T. A. (2005). Transgenic
mice expressing CUG-BP1 reproduce splicing mis-regulation observed in
myotonic dystrophy. Hum. Mol. Genet. 14, 1539–1547. doi: 10.1093/hmg/
ddi162

Ho, T. H., Charlet-B, N., Poulos, M. G., Singh, G., Swanson, M. S., and Cooper,
T. A. (2004). Muscleblind proteins regulate alternative splicing. EMBO J. 23,
3103–3112. doi: 10.1038/sj.emboj.7600300

Holt, I., Jacquemin, V., Fardaei, M., Sewry, C. A., Butler-Browne, G. S., Furling, D.,
et al. (2009). Muscleblind-like proteins: similarities and differences in normal
and myotonic dystrophy muscle. Am. J. Pathol. 174, 216–227. doi: 10.2353/
ajpath.2009.080520

Huot, M. E., Bisson, N., Davidovic, L., Mazroui, R., Labelle, Y., Moss, T., et al.
(2005). The RNA-binding protein fragile X-related 1 regulates somite formation
in Xenopus laevis. Mol. Biol. Cell 16, 4350–4361. doi: 10.1091/mbc.e05-0
4-0304

Iradi, M. C. G., Triplett, J. C., Thomas, J. D., Davila, R., Crown, A. M., Brown,
H., et al. (2018). Characterization of gene regulation and protein interaction
networks for Matrin 3 encoding mutations linked to amyotrophic lateral
sclerosis and myopathy. Sci. Rep. 8:4049.

Janice Sánchez, B., Tremblay, A. K., Leduc-Gaudet, J. P., Hall, D. T., Kovacs,
E., Ma, J. F., et al. (2019). Depletion of HuR in murine skeletal muscle
enhances exercise endurance and prevents cancer-induced muscle atrophy. Nat.
Commun. 10:4171.

Jin, D., Hidaka, K., Shirai, M., and Morisaki, T. (2010). RNA-binding motif protein
24 regulates myogenin expression and promotes myogenic differentiation.
Genes Cells 15, 1158–1167. doi: 10.1111/j.1365-2443.2010.01446.x

Johari, M., Sarparanta, J., Vihola, A., Jonson, P. H., Savarese, M., Jokela, M., et al.
(2021). Missense mutations in small muscle protein X-linked (SMPX) cause
distal myopathy with protein inclusions. Acta Neuropathol. 142, 375–393. doi:
10.1007/s00401-021-02319-x

Kanadia, R. N., Johnstone, K. A., Mankodi, A., Lungu, C., Thornton, C. A., Esson,
D., et al. (2003). A muscleblind knockout model for myotonic dystrophy.
Science 302, 1978–1980. doi: 10.1126/science.1088583

Katsanou, V., Milatos, S., Yiakouvaki, A., Sgantzis, N., Kotsoni, A., Alexiou, M.,
et al. (2009). The RNA-binding protein Elavl1/HuR is essential for placental
branching morphogenesis and embryonic development. Mol. Cell. Biol. 29,
2762–2776. doi: 10.1128/MCB.01393-08

Khandjian, E. W., Bardoni, B., Corbin, F., Sittler, A., Giroux, S., Heitz, D., et al.
(1998). Novel isoforms of the fragile X related protein FXR1P are expressed
during myogenesis. Hum. Mol. Genet. 7, 2121–2128. doi: 10.1093/hmg/7.13.
2121

Kino, Y., Washizu, C., Oma, Y., Onishi, H., Nezu, Y., Sasagawa, N., et al. (2009).
MBNL and CELF proteins regulate alternative splicing of the skeletal muscle
chloride channel CLCN1. Nucleic Acids Res. 37, 6477–6490. doi: 10.1093/nar/
gkp681

Klim, J. R., Pintacuda, G., Nash, L. A., Guerra San Juan, I., and Eggan, K. (2021).
Connecting TDP-43 Pathology with Neuropathy. Trends Neurosci. 44, 424–440.
doi: 10.1016/j.tins.2021.02.008

Klinck, R., Fourrier, A., Thibault, P., Toutant, J., Durand, M., Lapointe, E.,
et al. (2014). RBFOX1 cooperates with MBNL1 to control splicing in muscle,
including events altered in myotonic dystrophy type 1. PLoS One 9:e107324.
doi: 10.1371/journal.pone.0107324

Frontiers in Cell and Developmental Biology | www.frontiersin.org 17 September 2021 | Volume 9 | Article 738978

https://doi.org/10.1016/j.ydbio.2013.11.017
https://doi.org/10.1128/MCB.23.14.4991-5004.2003
https://doi.org/10.1128/MCB.23.14.4991-5004.2003
https://doi.org/10.1038/nm.2374
https://doi.org/10.1016/bs.ctdb.2017.08.004
https://doi.org/10.1016/j.ydbio.2011.08.025
https://doi.org/10.1016/j.ydbio.2011.08.025
https://doi.org/10.1242/dev.01528
https://doi.org/10.1101/gr.220517.117
https://doi.org/10.1101/gr.220517.117
https://doi.org/10.1007/s00439-016-1683-5
https://doi.org/10.1007/s00439-016-1683-5
https://doi.org/10.1016/bs.ctdb.2017.08.001
https://doi.org/10.1016/j.febslet.2008.03.004
https://doi.org/10.1016/j.ydbio.2011.07.034
https://doi.org/10.1016/j.ydbio.2011.07.034
https://doi.org/10.1002/dvdy.24666
https://doi.org/10.1016/j.mod.2014.08.003
https://doi.org/10.1038/s41588-020-0700-8
https://doi.org/10.1038/s41588-020-0700-8
https://doi.org/10.1038/nrm.2017.130
https://doi.org/10.1038/nrm.2017.130
https://doi.org/10.1016/j.semcdb.2017.11.010
https://doi.org/10.3389/fcell.2017.00046
https://doi.org/10.1016/j.gpb.2020.06.004
https://doi.org/10.1016/j.gpb.2020.06.004
https://doi.org/10.1080/21541264.2018.1558677
https://doi.org/10.1080/21541264.2018.1558677
https://doi.org/10.1093/hmg/ddi162
https://doi.org/10.1093/hmg/ddi162
https://doi.org/10.1038/sj.emboj.7600300
https://doi.org/10.2353/ajpath.2009.080520
https://doi.org/10.2353/ajpath.2009.080520
https://doi.org/10.1091/mbc.e05-04-0304
https://doi.org/10.1091/mbc.e05-04-0304
https://doi.org/10.1111/j.1365-2443.2010.01446.x
https://doi.org/10.1007/s00401-021-02319-x
https://doi.org/10.1007/s00401-021-02319-x
https://doi.org/10.1126/science.1088583
https://doi.org/10.1128/MCB.01393-08
https://doi.org/10.1093/hmg/7.13.2121
https://doi.org/10.1093/hmg/7.13.2121
https://doi.org/10.1093/nar/gkp681
https://doi.org/10.1093/nar/gkp681
https://doi.org/10.1016/j.tins.2021.02.008
https://doi.org/10.1371/journal.pone.0107324
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-738978 September 14, 2021 Time: 19:23 # 18

Shi and Grifone RNA-Binding Proteins in Myogenesis

Konieczny, P., Stepniak-Konieczna, E., and Sobczak, K. (2014). MBNL proteins
and their target RNAs, interaction and splicing regulation. Nucleic Acids Res.
42, 10873–10887. doi: 10.1093/nar/gku767

Kumar, J. P. (2009). The sine oculis homeobox (SIX) family of transcription factors
as regulators of development and disease. Cell. Mol. Life Sci. 66, 565–583.
doi: 10.1007/s00018-008-8335-4

Laurent, F. X., Sureau, A., Klein, A. F., Trouslard, F., Gasnier, E., Furling, D.,
et al. (2012). New function for the RNA helicase p68/DDX5 as a modifier of
MBNL1 activity on expanded CUG repeats. Nucleic Acids Res. 40, 3159–3171.
doi: 10.1093/nar/gkr1228

Lee, J. E., and Cooper, T. A. (2009). Pathogenic mechanisms of myotonic
dystrophy. Biochem. Soc. Trans. 37, 1281–1286. doi: 10.1042/BST0371281

Lee, K. S., Cao, Y., Witwicka, H. E., Tom, S., Tapscott, S. J., and Wang, E. H.
(2010). RNA-binding protein Muscleblind-like 3 (MBNL3) disrupts myocyte
enhancer factor 2 (Mef2) {beta}-exon splicing. J. Biol. Chem. 285, 33779–33787.
doi: 10.1074/jbc.M110.124255

Lee, K. S., Smith, K., Amieux, P. S., and Wang, E. H. (2008). MBNL3/CHCR
prevents myogenic differentiation by inhibiting MyoD-dependent gene
transcription. Differentiation 76, 299–309. doi: 10.1111/j.1432-0436.2007.
00209.x

Lee, K. S., Squillace, R. M., and Wang, E. H. (2007). Expression pattern of
muscleblind-like proteins differs in differentiating myoblasts. Biochem. Biophys.
Res. Commun. 361, 151–155. doi: 10.1016/j.bbrc.2007.06.165

Lee, K. Y., Li, M., Manchanda, M., Batra, R., Charizanis, K., Mohan, A., et al. (2013).
Compound loss of muscleblind-like function in myotonic dystrophy. EMBO
Mol. Med. 5, 1887–1900. doi: 10.1002/emmm.201303275

Li, H. Y., Bourdelas, A., Carron, C., and Shi, D. L. (2010). The RNA-binding protein
Seb4/RBM24 is a direct target of MyoD and is required for myogenesis during
Xenopus early development. Mech. Dev. 127, 281–291. doi: 10.1016/j.mod.2010.
03.002

Li, M., Zhuang, Y., Batra, R., Thomas, J. D., Li, M., Nutter, C. A., et al. (2020).
HNRNPA1-induced spliceopathy in a transgenic mouse model of myotonic
dystrophy. Proc. Natl. Acad. Sci. U.S.A. 117, 5472–5477. doi: 10.1073/pnas.
1907297117

Li, Z., Gilbert, J. A., Zhang, Y., Zhang, M., Qiu, Q., Ramanujan, K., et al. (2012). An
HMGA2-IGF2BP2 axis regulates myoblast proliferation and myogenesis. Dev.
Cell 23, 1176–1188. doi: 10.1016/j.devcel.2012.10.019

Lin, J. C., and Tarn, W. Y. (2005). Exon selection in alpha-tropomyosin mRNA
is regulated by the antagonistic action of RBM4 and PTB. Mol. Cell. Biol. 25,
10111–10121. doi: 10.1128/MCB.25.22.10111-10121.2005

Lin, J. C., and Tarn, W. Y. (2011). RBM4 down-regulates PTB and antagonizes its
activity in muscle cell-specific alternative splicing. J. Cell Biol. 193, 509–520.
doi: 10.1083/jcb.201007131

Lin, X., Miller, J. W., Mankodi, A., Kanadia, R. N., Yuan, Y., Moxley, R. T.,
et al. (2006). Failure of MBNL1-dependent post-natal splicing transitions in
myotonic dystrophy. Hum. Mol. Genet. 15, 2087–2097. doi: 10.1093/hmg/
ddl132

Llorian, M., and Smith, C. W. (2011). Decoding muscle alternative splicing. Curr.
Opin. Genet. Dev. 21, 380–387. doi: 10.1016/j.gde.2011.03.006

Lobbardi, R., Lambert, G., Zhao, J., Geisler, R., Kim, H. R., and Rosa, F. M. (2011).
Fine-tuning of Hh signaling by the RNA-binding protein Quaking to control
muscle development. Development 138, 1783–1794. doi: 10.1242/dev.059121

López-Martínez, A., Soblechero-Martín, P., de-la-Puente-Ovejero, L., Nogales-
Gadea, G., and Arechavala-Gomeza, V. (2020). An overview of alternative
splicing defects implicated in myotonic dystrophy type I. Genes (Basel) 11:1109.

Luo, H., Lv, W., Tong, Q., Jin, J., Xu, Z., and Zuo, B. (2021). Functional non-coding
RNA during embryonic myogenesis and postnatal muscle development and
disease. Front. Cell Dev. Biol. 9:628339. doi: 10.3389/fcell.2021.628339

Ma, W. J., Cheng, S., Campbell, C., Wright, A., and Furneaux, H. (1996). Cloning
and characterization of HuR, a ubiquitously expressed Elav-like protein. J. Biol.
Chem. 271, 8144–8151. doi: 10.1074/jbc.271.14.8144

Machuca-Tzili, L. E., Buxton, S., Thorpe, A., Timson, C. M., Wigmore, P., Luther,
P. K., et al. (2011). Zebrafish deficient for Muscleblind-like 2 exhibit features of
myotonic dystrophy. Dis. Model Mech. 4, 381–392. doi: 10.1242/dmm.004150

Maguire, R. J., Isaacs, H. V., and Pownall, M. E. (2012). Early transcriptional
targets of MyoD link myogenesis and somitogenesis. Dev. Biol. 371, 256–268.
doi: 10.1016/j.ydbio.2012.08.027

Maire, P., Dos Santos, M., Madani, R., Sakakibara, I., Viaut, C., and Wurmser, M.
(2020). Myogenesis control by SIX transcriptional complexes. Semin. Cell Dev.
Biol. 104, 51–64. doi: 10.1016/j.semcdb.2020.03.003

Majumder, M., Johnson, R. H., and Palanisamy, V. (2020). Fragile X-related
protein family: a double-edged sword in neurodevelopmental disorders and
cancer. Crit. Rev. Biochem. Mol. Biol. 55, 409–424. doi: 10.1080/10409238.2020.
1810621

Malik, A. M., and Barmada, S. J. (2021). Matrin 3 in neuromuscular disease:
physiology and pathophysiology. JCI Insight 6:e143948.

Mankodi, A., Takahashi, M. P., Jiang, H., Beck, C. L., Bowers, W. J., Moxley,
R. T., et al. (2002). Expanded CUG repeats trigger aberrant splicing of ClC-
1 chloride channel pre-mRNA and hyperexcitability of skeletal muscle in
myotonic dystrophy. Mol. Cell 10, 35–44. doi: 10.1016/s1097-2765(02)00563-4

Maragh, S., Miller, R. A., Bessling, S. L., Wang, G., Hook, P. W., and McCallion,
A. S. (2014). Rbm24a and Rbm24b are required for normal somitogenesis. PLoS
One 9:e105460.

Mashinchian, O., Pisconti, A., Le Moal, E., and Bentzinger, C. F. (2018). The
muscle stem cell niche in health and disease. Curr. Top. Dev. Biol. 126, 23–65.
doi: 10.1016/bs.ctdb.2017.08.003

McGrew, M. J., and Pourquié, O. (1998). Somitogenesis: segmenting a vertebrate.
Curr. Opin. Genet. Dev. 8, 487–493. doi: 10.1016/s0959-437x(98)80122-6

Mientjes, E. J., Willemsen, R., Kirkpatrick, L. L., Nieuwenhuizen, I. M., Hoogeveen-
Westerveld, M., Verweij, M., et al. (2004). Fxr1 knockout mice show a striated
muscle phenotype: implications for Fxr1p function in vivo. Hum. Mol. Genet.
13, 1291–1302. doi: 10.1093/hmg/ddh150

Miki, T., Takano, K., and Yoneda, Y. (2005). The role of mammalian Staufen on
mRNA traffic: a view from its nucleocytoplasmic shuttling function. Cell Struct.
Funct. 30, 51–56. doi: 10.1247/csf.30.51

Militello, G., Hosen, M. R., Ponomareva, Y., Gellert, P., Weirick, T., John, D., et al.
(2018). A novel long non-coding RNA Myolinc regulates myogenesis through
TDP-43 and Filip1. J. Mol. Cell. Biol. 10, 102–117. doi: 10.1093/jmcb/mjy025

Miller, J. W., Urbinati, C. R., Teng-Umnuay, P., Stenberg, M. G., Byrne, B. J.,
Thornton, C. A., et al. (2000). Recruitment of human muscleblind proteins
to (CUG)(n) expansions associated with myotonic dystrophy. EMBO J. 19,
4439–4448. doi: 10.1093/emboj/19.17.4439

Miro, J., Bougé, A. L., Murauer, E., Beyne, E., Da Cunha, D., Claustres, M., et al.
(2020). First identification of RNA-binding proteins that regulate alternative
exons in the dystrophin gene. Int. J. Mol. Sci. 21:7803.

Miyamoto, S., Hidaka, K., Jin, D., and Morisaki, T. (2009). RNA-binding proteins
Rbm38 and Rbm24 regulate myogenic differentiation via p21-dependent and
-independent regulatory pathways. Genes Cells 14, 1241–1252. doi: 10.1111/j.
1365-2443.2009.01347.x

Montarras, D., L’Honore, A., and Buckingham, M. (2013). Lying low but ready
for action: the quiescent muscle satellite cell. FEBS J. 280, 4036–4050. doi:
10.1111/febs.12372

Motohashi, N., and Asakura, A. (2014). Muscle satellite cell heterogeneity and
self-renewal. Front. Cell Dev. Biol. 2:1. doi: 10.3389/fcell.2014.00001

Mubaid, S., Ma, J. F., Omer, A., Ashour, K., Lian, X. J., Sanchez, B. J., et al. (2019).
HuR counteracts miR-330 to promote STAT3 translation during inflammation-
induced muscle wasting. Proc. Natl. Acad. Sci. U.S.A. 116, 17261–17270. doi:
10.1073/pnas.1905172116

Nikonova, E., Kao, S. Y., Ravichandran, K., Wittner, A., and Spletter, M. L. (2019).
Conserved functions of RNA-binding proteins in muscle. Int. J. Biochem. Cell
Biol. 110, 29–49. doi: 10.1016/j.biocel.2019.02.008

Nikonova, E., Kao, S. Y., and Spletter, M. L. (2020). Contributions of alternative
splicing to muscle type development and function. Semin. Cell Dev. Biol. 104,
65–80. doi: 10.1016/j.semcdb.2020.02.003

Oberstrass, F. C., Auweter, S. D., Erat, M., Hargous, Y., Henning, A., Wenter, P.,
et al. (2005). Structure of PTB bound to RNA: specific binding and implications
for splicing regulation. Science 309, 2054–2057. doi: 10.1126/science.1114066

Olie, C. S., van der Wal, E., Cikes, D., Maton, L., de Greef, J. C., Lin, I. H., et al.
(2020). Cytoskeletal disorganization underlies PABPN1-mediated myogenic
disability. Sci. Rep. 10:17621.

Palmer, S., Groves, N., Schindeler, A., Yeoh, T., Biben, C., Wang, C. C., et al.
(2001). The small muscle-specific protein Csl modifies cell shape and promotes
myocyte fusion in an insulin-like growth factor 1-dependent manner. J. Cell
Biol. 153, 985–998. doi: 10.1083/jcb.153.5.985

Frontiers in Cell and Developmental Biology | www.frontiersin.org 18 September 2021 | Volume 9 | Article 738978

https://doi.org/10.1093/nar/gku767
https://doi.org/10.1007/s00018-008-8335-4
https://doi.org/10.1093/nar/gkr1228
https://doi.org/10.1042/BST0371281
https://doi.org/10.1074/jbc.M110.124255
https://doi.org/10.1111/j.1432-0436.2007.00209.x
https://doi.org/10.1111/j.1432-0436.2007.00209.x
https://doi.org/10.1016/j.bbrc.2007.06.165
https://doi.org/10.1002/emmm.201303275
https://doi.org/10.1016/j.mod.2010.03.002
https://doi.org/10.1016/j.mod.2010.03.002
https://doi.org/10.1073/pnas.1907297117
https://doi.org/10.1073/pnas.1907297117
https://doi.org/10.1016/j.devcel.2012.10.019
https://doi.org/10.1128/MCB.25.22.10111-10121.2005
https://doi.org/10.1083/jcb.201007131
https://doi.org/10.1093/hmg/ddl132
https://doi.org/10.1093/hmg/ddl132
https://doi.org/10.1016/j.gde.2011.03.006
https://doi.org/10.1242/dev.059121
https://doi.org/10.3389/fcell.2021.628339
https://doi.org/10.1074/jbc.271.14.8144
https://doi.org/10.1242/dmm.004150
https://doi.org/10.1016/j.ydbio.2012.08.027
https://doi.org/10.1016/j.semcdb.2020.03.003
https://doi.org/10.1080/10409238.2020.1810621
https://doi.org/10.1080/10409238.2020.1810621
https://doi.org/10.1016/s1097-2765(02)00563-4
https://doi.org/10.1016/bs.ctdb.2017.08.003
https://doi.org/10.1016/s0959-437x(98)80122-6
https://doi.org/10.1093/hmg/ddh150
https://doi.org/10.1247/csf.30.51
https://doi.org/10.1093/jmcb/mjy025
https://doi.org/10.1093/emboj/19.17.4439
https://doi.org/10.1111/j.1365-2443.2009.01347.x
https://doi.org/10.1111/j.1365-2443.2009.01347.x
https://doi.org/10.1111/febs.12372
https://doi.org/10.1111/febs.12372
https://doi.org/10.3389/fcell.2014.00001
https://doi.org/10.1073/pnas.1905172116
https://doi.org/10.1073/pnas.1905172116
https://doi.org/10.1016/j.biocel.2019.02.008
https://doi.org/10.1016/j.semcdb.2020.02.003
https://doi.org/10.1126/science.1114066
https://doi.org/10.1083/jcb.153.5.985
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-738978 September 14, 2021 Time: 19:23 # 19

Shi and Grifone RNA-Binding Proteins in Myogenesis

Panda, A. C., Abdelmohsen, K., Martindale, J. L., Di Germanio, C., Yang, X.,
Grammatikakis, I., et al. (2016). Novel RNA-binding activity of MYF5 enhances
Ccnd1/Cyclin D1 mRNA translation during myogenesis. Nucleic Acids Res. 44,
2393–2408. doi: 10.1093/nar/gkw023

Panda, A. C., Abdelmohsen, K., Yoon, J. H., Martindale, J. L., Yang, X., Curtis, J.,
et al. (2014). RNA-binding protein AUF1 promotes myogenesis by regulating
MEF2C expression levels. Mol. Cell. Biol. 34, 3106–3119. doi: 10.1128/MCB.
00423-14

Pascual, M., Vicente, M., Monferrer, L., and Artero, R. (2006). The Muscleblind
family of proteins: an emerging class of regulators of developmentally
programmed alternative splicing. Differentiation 74, 65–80. doi: 10.1111/j.1432-
0436.2006.00060.x

Pedrotti, S., Giudice, J., Dagnino-Acosta, A., Knoblauch, M., Singh, R. K., Hanna,
A., et al. (2015). The RNA-binding protein Rbfox1 regulates splicing required
for skeletal muscle structure and function. Hum. Mol. Genet. 24, 2360–2374.
doi: 10.1093/hmg/ddv003

Pettersson, O. J., Aagaard, L., Jensen, T. G., and Damgaard, C. K. (2015). Molecular
mechanisms in DM1 - a focus on foci. Nucleic Acids Res. 43, 2433–2441. doi:
10.1093/nar/gkv029

Philips, A. V., Timchenko, L. T., and Cooper, T. A. (1998). Disruption of splicing
regulated by a CUG-binding protein in myotonic dystrophy. Science 280,
737–741. doi: 10.1126/science.280.5364.737

Phillips, B. L., Banerjee, A., Sanchez, B. J., Di Marco, S., Gallouzi, I. E., Pavlath,
G. K., et al. (2018). Post-transcriptional regulation of Pabpn1 by the RNA
binding protein HuR. Nucleic Acids Res. 46, 7643–7661. doi: 10.1093/nar/
gky535

Picchiarelli, G., and Dupuis, L. (2020). Role of RNA binding proteins with prion-
like domains in muscle and neuromuscular diseases. Cell Stress 4, 76–91. doi:
10.15698/cst2020.04.217

Picchio, L., Legagneux, V., Deschamps, S., Renaud, Y., Chauveau, S., Paillard,
L., et al. (2018). Bruno-3 regulates sarcomere component expression and
contributes to muscle phenotypes of myotonic dystrophy type 1. Dis. Model
Mech. 11:dmm031849.

Pistoni, M., Shiue, L., Cline, M. S., Bortolanza, S., Neguembor, M. V., Xynos, A.,
et al. (2013). Rbfox1 downregulation and altered calpain 3 splicing by FRG1
in a mouse model of Facioscapulohumeral muscular dystrophy (FSHD). PLoS
Genet. 9:e1003186. doi: 10.1371/journal.pgen.1003186

Polesskaya, A., Cuvellier, S., Naguibneva, I., Duquet, A., Moss, E. G., and Harel-
Bellan, A. (2007). Lin-28 binds IGF-2 mRNA and participates in skeletal
myogenesis by increasing translation efficiency. Genes Dev. 21, 1125–1138.
doi: 10.1101/gad.415007

Poulos, M. G., Batra, R., Li, M., Yuan, Y., Zhang, C., Darnell, R. B., et al.
(2013). Progressive impairment of muscle regeneration in muscleblind-like 3
isoform knockout mice. Hum. Mol. Genet. 22, 3547–3558. doi: 10.1093/hmg/dd
t209

Ravel-Chapuis, A., Bélanger, G., Yadava, R. S., Mahadevan, M. S., DesGroseillers, L.,
Côté, J., et al. (2012). The RNA-binding protein Staufen1 is increased in DM1
skeletal muscle and promotes alternative pre-mRNA splicing. J. Cell Biol. 196,
699–712. doi: 10.1083/jcb.201108113

Ravel-Chapuis, A., Crawford, T. E., Blais-Crépeau, M. L., Bélanger, G., Richer,
C. T., and Jasmin, B. J. (2014). The RNA-binding protein Staufen1 impairs
myogenic differentiation via a c-myc-dependent mechanism. Mol. Biol. Cell 25,
3765–3778. doi: 10.1091/mbc.E14-04-0895

Raz, V., Dickson, G., and ‘t Hoen, P. A. C. (2017). Dysfunctional transcripts are
formed by alternative polyadenylation in OPMD. Oncotarget 8, 73516–73528.
doi: 10.18632/oncotarget.20640

Raz, Y., and Raz, V. (2014). Oculopharyngeal muscular dystrophy as a paradigm
for muscle aging. Front. Aging Neurosci. 6:317. doi: 10.3389/fnagi.2014.0
0317

Relaix, F., Bencze, M., Borok, M. J., Der Vartanian, A., Gattazzo, F., Mademtzoglou,
D., et al. (2021). Perspectives on skeletal muscle stem cells. Nat. Commun.
12:692.

Riaz, M., Raz, Y., van Putten, M., Paniagua-Soriano, G., Krom, Y. D., Florea, B. I.,
et al. (2016). PABPN1-dependent mRNA processing induces muscle wasting.
PLoS Genet. 12:e1006031. doi: 10.1371/journal.pgen.1006031

Richter, J. D., and Zhao, X. (2021). The molecular biology of FMRP: new insights
into fragile X syndrome. Nat. Rev. Neurosci. 22, 209–222. doi: 10.1038/s41583-
021-00432-0

Runfola, V., Sebastian, S., Dilworth, F. J., and Gabellini, D. (2015). Rbfox proteins
regulate tissue-specific alternative splicing of Mef2D required for muscle
differentiation. J. Cell Sci. 128, 631–637. doi: 10.1242/jcs.161059

Sachidanandan, C., Sambasivan, R., and Dhawan, J. (2002). Tristetraprolin and
LPS-inducible CXC chemokine are rapidly induced in presumptive satellite cells
in response to skeletal muscle injury. J. Cell Sci. 115, 2701–2712.

Salajegheh, M., Pinkus, J. L., Taylor, J. P., Amato, A. A., Nazareno, R., Baloh, R. H.,
et al. (2009). Sarcoplasmic redistribution of nuclear TDP-43 in inclusion body
myositis. Muscle Nerve 40, 19–31. doi: 10.1002/mus.21386

Schmid, B., Hruscha, A., Hogl, S., Banzhaf-Strathmann, J., Strecker, K., van
der Zee, J., et al. (2013). Loss of ALS-associated TDP-43 in zebrafish causes
muscle degeneration, vascular dysfunction, and reduced motor neuron axon
outgrowth. Proc. Natl. Acad. Sci. U.S.A. 110, 4986–4991. doi: 10.1073/pnas.
1218311110

Schmidt, M., Schüler, S. C., Hüttner, S. S., von Eyss, B., and von Maltzahn, J. (2019).
Adult stem cells at work: regenerating skeletal muscle. Cell. Mol. Life Sci. 76,
2559–2570. doi: 10.1007/s00018-019-03093-6

Sellier, C., Cerro-Herreros, E., Blatter, M., Freyermuth, F., Gaucherot, A.,
Ruffenach, F., et al. (2018). rbFOX1/MBNL1 competition for CCUG RNA
repeats binding contributes to myotonic dystrophy type 1/type 2 differences.
Nat. Commun. 9:2009.

Shao, M., Lu, T., Zhang, C., Zhang, Y. Z., Kong, S. H., and Shi, D. L. (2020). Rbm24
control poly(A) tail length and translation efficiency of crystallin mRNAs in
the lens via cytoplasmic polyadenylation. Proc. Natl. Acad. Sci. U.S.A. 117,
7245–7254. doi: 10.1073/pnas.1917922117

Shotwell, C. R., Cleary, J. D., and Berglund, J. A. (2020). The potential of engineered
eukaryotic RNA-binding proteins as molecular tools and therapeutics. Wiley
Interdiscip. Rev. RNA 11, e1573.

Singh, R. K., Kolonin, A. M., Fiorotto, M. L., and Cooper, T. A. (2018). Rbfox-
splicing factors maintain skeletal muscle mass by regulating calpain3 and
proteostasis. Cell Rep. 24, 197–208. doi: 10.1016/j.celrep.2018.06.017

Singh, R. K., Xia, Z., Bland, C. S., Kalsotra, A., Scavuzzo, M. A., Curk, T., et al.
(2014). Rbfox2-coordinated alternative splicing of Mef2d and Rock2 controls
myoblast fusion during myogenesis. Mol. Cell 55, 592–603. doi: 10.1016/j.
molcel.2014.06.035

Siomi, H., Choi, M., Siomi, M. C., Nussbaum, R. L., and Dreyfuss, G. (1994).
Essential role for KH domains in RNA binding: impaired RNA binding by a
mutation in the KH domain of FMR1 that causes fragile X syndrome. Cell 77,
33–39. doi: 10.1016/0092-8674(94)90232-1

Smith, J. A., Curry, E. G., Blue, R. E., Roden, C., Dundon, S. E. R., Rodríguez-
Vargas, A., et al. (2020). FXR1 splicing is important for muscle development
and biomolecular condensates in muscle cells. J. Cell Biol. 219:e201911129.

Squillace, R. M., Chenault, D. M., and Wang, E. H. (2002). Inhibition of muscle
differentiation by the novel muscleblind-related protein CHCR. Dev. Biol. 250,
218–230. doi: 10.1006/dbio.2002.0798

Suenaga, K., Lee, K. Y., Nakamori, M., Tatsumi, Y., Takahashi, M. P., Fujimura, H.,
et al. (2012). Muscleblind-like 1 knockout mice reveal novel splicing defects in
the myotonic dystrophy brain. PLoS One 7:e33218. doi: 10.1371/journal.pone.
0033218

Sureau, A., Saulière, J., Expert-Bezançon, A., and Marie, J. (2011). CELF and
PTB proteins modulate the inclusion of the β-tropomyosin exon 6B during
myogenic differentiation. Exp. Cell Res. 317, 94–106. doi: 10.1016/j.yexcr.2010.
09.010

Sznajder, Ł. J., and Swanson, M. S. (2019). Short tandem repeat expansions and
RNA-mediated pathogenesis in myotonic dystrophy. Int. J. Mol. Sci. 20:3365.

Tawara, N., Yamashita, S., Kawakami, K., Kurashige, T., Zhang, Z., Tasaki,
M., et al. (2018). Muscle-dominant wild-type TDP-43 expression induces
myopathological changes featuring tubular aggregates and TDP-43-positive
inclusions. Exp. Neurol. 309, 169–180. doi: 10.1016/j.expneurol.2018.08.006

Taylor, M. V., and Hughes, S. M. (2017). Mef2 and the skeletal muscle
differentiation program. Semin. Cell Dev. Biol. 72, 33–44. doi: 10.1016/j.semcdb.
2017.11.020

Thomas, J. D., Sznajder, Ł. J., Bardhi, O., Aslam, F. N., Anastasiadis, Z. P., Scotti,
M. M., et al. (2017). Disrupted prenatal RNA processing and myogenesis in
congenital myotonic dystrophy. Genes Dev. 31, 1122–1133. doi: 10.1101/gad.
300590.117

Timchenko, L. T., Miller, J. W., Timchenko, N. A., DeVore, D. R., Datar, K. V., Lin,
L., et al. (1996). Identification of a (CUG)n triplet repeat RNA-binding protein

Frontiers in Cell and Developmental Biology | www.frontiersin.org 19 September 2021 | Volume 9 | Article 738978

https://doi.org/10.1093/nar/gkw023
https://doi.org/10.1128/MCB.00423-14
https://doi.org/10.1128/MCB.00423-14
https://doi.org/10.1111/j.1432-0436.2006.00060.x
https://doi.org/10.1111/j.1432-0436.2006.00060.x
https://doi.org/10.1093/hmg/ddv003
https://doi.org/10.1093/nar/gkv029
https://doi.org/10.1093/nar/gkv029
https://doi.org/10.1126/science.280.5364.737
https://doi.org/10.1093/nar/gky535
https://doi.org/10.1093/nar/gky535
https://doi.org/10.15698/cst2020.04.217
https://doi.org/10.15698/cst2020.04.217
https://doi.org/10.1371/journal.pgen.1003186
https://doi.org/10.1101/gad.415007
https://doi.org/10.1093/hmg/ddt209
https://doi.org/10.1093/hmg/ddt209
https://doi.org/10.1083/jcb.201108113
https://doi.org/10.1091/mbc.E14-04-0895
https://doi.org/10.18632/oncotarget.20640
https://doi.org/10.3389/fnagi.2014.00317
https://doi.org/10.3389/fnagi.2014.00317
https://doi.org/10.1371/journal.pgen.1006031
https://doi.org/10.1038/s41583-021-00432-0
https://doi.org/10.1038/s41583-021-00432-0
https://doi.org/10.1242/jcs.161059
https://doi.org/10.1002/mus.21386
https://doi.org/10.1073/pnas.1218311110
https://doi.org/10.1073/pnas.1218311110
https://doi.org/10.1007/s00018-019-03093-6
https://doi.org/10.1073/pnas.1917922117
https://doi.org/10.1016/j.celrep.2018.06.017
https://doi.org/10.1016/j.molcel.2014.06.035
https://doi.org/10.1016/j.molcel.2014.06.035
https://doi.org/10.1016/0092-8674(94)90232-1
https://doi.org/10.1006/dbio.2002.0798
https://doi.org/10.1371/journal.pone.0033218
https://doi.org/10.1371/journal.pone.0033218
https://doi.org/10.1016/j.yexcr.2010.09.010
https://doi.org/10.1016/j.yexcr.2010.09.010
https://doi.org/10.1016/j.expneurol.2018.08.006
https://doi.org/10.1016/j.semcdb.2017.11.020
https://doi.org/10.1016/j.semcdb.2017.11.020
https://doi.org/10.1101/gad.300590.117
https://doi.org/10.1101/gad.300590.117
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-738978 September 14, 2021 Time: 19:23 # 20

Shi and Grifone RNA-Binding Proteins in Myogenesis

and its expression in myotonic dystrophy. Nucleic Acids Res. 24, 4407–4414.
doi: 10.1093/nar/24.22.4407

Timchenko, N. A., Cai, Z. J., Welm, A. L., Reddy, S., Ashizawa, T., and Timchenko,
L. T. (2001a). RNA CUG repeats sequester CUGBP1 and alter protein levels
and activity of CUGBP1. J. Biol. Chem. 276, 7820–7826. doi: 10.1074/jbc.
M005960200

Timchenko, N. A., Iakova, P., Cai, Z. J., Smith, J. R., and Timchenko, L. T.
(2001b). Molecular basis for impaired muscle differentiation in myotonic
dystrophy. Mol. Cell. Biol. 21, 6927–6938. doi: 10.1128/MCB.21.20.6927-6938.
2001

Timchenko, N. A., Patel, R., Iakova, P., Cai, Z. J., Quan, L., and Timchenko, L. T.
(2004). Overexpression of CUG triplet repeat-binding protein. CUGBP1, in
mice inhibits myogenesis. J. Biol. Chem. 279, 13129–13139. doi: 10.1074/jbc.
M312923200

Tsialikas, J., and Romer-Seibert, J. (2015). LIN28: roles and regulation in
development and beyond. Development 142, 2397–2404. doi: 10.1242/dev.
117580

Tucker, B., Richards, R., and Lardelli, M. (2004). Expression of three zebrafish
orthologs of human FMR1-related genes and their phylogenetic relationships.
Dev. Genes Evol. 214, 567–574. doi: 10.1007/s00427-004-0438-9

van der Giessen, K., Di-Marco, S., Clair, E., and Gallouzi, I. E. (2003). RNAi-
mediated HuR depletion leads to the inhibition of muscle cell differentiation.
J. Biol. Chem. 278, 47119–47128. doi: 10.1074/jbc.M308889200

van der Giessen, K., and Gallouzi, I. E. (2007). Involvement of transportin
2-mediated HuR import in muscle cell differentiation. Mol. Biol. Cell 18,
2619–2629. doi: 10.1091/mbc.e07-02-0167

Van Pelt, D. W., Confides, A. L., Judge, A. R., Vanderklish, P. W., and Dupont-
Versteegden, E. E. (2018). Cold shock protein RBM3 attenuates atrophy and
induces hypertrophy in skeletal muscle. J. Muscle Res. Cell Motil. 39, 35–40.
doi: 10.1007/s10974-018-9496-x

Van Pelt, D. W., Hettinger, Z. R., and Vanderklish, P. W. (2019). RNA-binding
proteins: the next step in translating skeletal muscle adaptations? J. Appl.
Physiol. (1985) 127, 654–660. doi: 10.1152/japplphysiol.00076.2019

Van’t Padje, S., Chaudhry, B., Severijnen, L. A., van der Linde, H. C., Mientjes,
E. J., Oostra, B. A., et al. (2009). Reduction in fragile X related 1 protein
causes cardiomyopathy and muscular dystrophy in zebrafish. J. Exp. Biol. 212,
2564–2570. doi: 10.1242/jeb.032532

Vasudevan, S., and Steitz, J. A. (2007). AU-rich-element-mediated upregulation of
translation by FXR1 and Argonaute 2. Cell 128, 1105–1118. doi: 10.1016/j.cell.
2007.01.038

Vest, K. E., Phillips, B. L., Banerjee, A., Apponi, L. H., Dammer, E. B., Xu, W.,
et al. (2017). Novel mouse models of oculopharyngeal muscular dystrophy
(OPMD) reveal early onset mitochondrial defects and suggest loss of PABPN1
may contribute to pathology. Hum. Mol. Genet. 26, 3235–3252. doi: 10.1093/
hmg/ddx206

Vlasova, I. A., and Bohjanen, P. R. (2008). Posttranscriptional regulation of gene
networks by GU-rich elements and CELF proteins. RNA Biol. 5, 201–207.
doi: 10.4161/rna.7056

Vogler, T. O., Wheeler, J. R., Nguyen, E. D., Hughes, M. P., Britson, K. A., Lester, E.,
et al. (2018). TDP-43 and RNA form amyloid-like myo-granules in regenerating
muscle. Nature 563, 508–513. doi: 10.1038/s41586-018-0665-2

von Roretz, C., Beauchamp, P., Di Marco, S., and Gallouzi, I. E. (2011). HuR and
myogenesis: being in the right place at the right time. Biochim. Biophys. Acta
1813, 1663–1667. doi: 10.1016/j.bbamcr.2011.01.036

Wang, E. T., Cody, N. A., Jog, S., Biancolella, M., Wang, T. T., Treacy, D. J.,
et al. (2012). Transcriptome-wide regulation of pre-mRNA splicing and mRNA
localization by muscleblind proteins. Cell 150, 710–724. doi: 10.1016/j.cell.2012.
06.041

Wang, E. T., Treacy, D., Eichinger, K., Struck, A., Estabrook, J., Olafson, H., et al.
(2019). Transcriptome alterations in myotonic dystrophy skeletal muscle and
heart. Hum. Mol. Genet. 28, 1312–1321. doi: 10.1093/hmg/ddy432

Wang, E. T., Ward, A. J., Cherone, J. M., Giudice, J., Wang, T. T., Treacy, D. J., et al.
(2015). Antagonistic regulation of mRNA expression and splicing by CELF and
MBNL proteins. Genome Res. 25, 858–871. doi: 10.1101/gr.184390.114

Ward, A. J., Rimer, M., Killian, J. M., Dowling, J. J., and Cooper, T. A. (2010).
CUGBP1 overexpression in mouse skeletal muscle reproduces features of

myotonic dystrophy type 1. Hum. Mol. Genet. 19, 3614–3622. doi: 10.1093/
hmg/ddq277

Weskamp, K., Olwin, B. B., and Parker, R. (2020). Post-transcriptional regulation in
skeletal muscle development, repair, and disease. Trends Mol. Med. 27, 469–481.
doi: 10.1016/j.molmed.2020.12.002

White, E. J., Brewer, G., and Wilson, G. M. (2013). Post-transcriptional control of
gene expression by AUF1: mechanisms, physiological targets, and regulation.
Biochim. Biophys. Acta 1829, 680–688. doi: 10.1016/j.bbagrm.2012.12.002

Winograd, C., and Ceman, S. (2011). Fragile X family members have important and
non-overlapping functions. Biomol. Concepts 2, 343–352. doi: 10.1515/BMC.
2011.033

Xing, Z., Ma, W. K., and Tran, E. J. (2019). The DDX5/Dbp2 subfamily of
DEAD-box RNA helicases. Wiley Interdiscip. Rev. RNA 10:e1519.

Xu, Y., Li, R., Zhang, K., Wu, W., Wang, S., Zhang, P., et al. (2018). The
multifunctional RNA-binding protein hnRNPK is critical for the proliferation
and differentiation of myoblasts. BMB Rep. 51, 350–355. doi: 10.5483/bmbrep.
2018.51.7.043

Yamaguchi, Y., Oohinata, R., Naiki, T., and Irie, K. (2008). Stau1 negatively
regulates myogenic differentiation in C2C12 cells. Genes Cells 13, 583–592.
doi: 10.1111/j.1365-2443.2008.01189.x

Yang, J., Hung, L. H., Licht, T., Kostin, S., Looso, M., Khrameeva, E., et al. (2014).
RBM24 is a major regulator of muscle-specific alternative splicing. Dev. Cell 31,
87–99. doi: 10.1016/j.devcel.2014.08.025

Yang, J. H., Chang, M. W., Pandey, P. R., Tsitsipatis, D., Yang, X., Martindale,
J. L., et al. (2020). Interaction of OIP5-AS1 with MEF2C mRNA promotes
myogenic gene expression. Nucleic Acids Res. 48, 12943–12956. doi: 10.1093/
nar/gkaa1151

Ye, J., and Blelloch, R. (2014). Regulation of pluripotency by RNA binding proteins.
Cell Stem Cell 15, 271–280. doi: 10.1016/j.stem.2014.08.010

Yin, W., Yang, L., Kong, D., Nie, Y., Liang, Y., and Teng, C. B. (2019). Guanine-
rich RNA binding protein GRSF1 inhibits myoblast differentiation through
repressing mitochondrial ROS production. Exp. Cell Res. 38, 139–149. doi:
10.1016/j.yexcr.2019.05.004

Yu, M., Wang, H., Liu, Z., Lu, Y., Yu, D., Li, D., et al. (2017). Ebp1 regulates
myogenic differentiation of myoblast cells via SMAD2/3 signaling pathway.
Dev. Growth Differ. 59, 540–551. doi: 10.1111/dgd.12380

Zammit, P. S. (2017). Function of the myogenic regulatory factors Myf5, MyoD,
Myogenin and MRF4 in skeletal muscle, satellite cells and regenerative
myogenesis. Semin. Cell Dev. Biol. 72, 19–32. doi: 10.1016/j.semcdb.2017.1
1.011

Zhang, M., Han, Y., Liu, J., Liu, L., Zheng, L., Chen, Y., et al. (2020). Rbm24
modulates adult skeletal muscle regeneration via regulation of alternative
splicing. Theranostics 10, 11159–11177. doi: 10.7150/thno.44389

Zhou, X., Li, M., Huang, H., Chen, K., Yuan, Z., Zhang, Y., et al. (2016). HMGB2
regulates satellite-cell-mediated skeletal muscle regeneration through IGF2BP2.
J. Cell Sci. 129, 4305–4316. doi: 10.1242/jcs.189944

Zhu, X., Bührer, C., and Wellmann, S. (2016). Cold-inducible proteins CIRP and
RBM3, a unique couple with activities far beyond the cold. Cell. Mol. Life Sci.
73, 3839–3859. doi: 10.1007/s00018-016-2253-7

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.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Shi and Grifone. 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 20 September 2021 | Volume 9 | Article 738978

https://doi.org/10.1093/nar/24.22.4407
https://doi.org/10.1074/jbc.M005960200
https://doi.org/10.1074/jbc.M005960200
https://doi.org/10.1128/MCB.21.20.6927-6938.2001
https://doi.org/10.1128/MCB.21.20.6927-6938.2001
https://doi.org/10.1074/jbc.M312923200
https://doi.org/10.1074/jbc.M312923200
https://doi.org/10.1242/dev.117580
https://doi.org/10.1242/dev.117580
https://doi.org/10.1007/s00427-004-0438-9
https://doi.org/10.1074/jbc.M308889200
https://doi.org/10.1091/mbc.e07-02-0167
https://doi.org/10.1007/s10974-018-9496-x
https://doi.org/10.1152/japplphysiol.00076.2019
https://doi.org/10.1242/jeb.032532
https://doi.org/10.1016/j.cell.2007.01.038
https://doi.org/10.1016/j.cell.2007.01.038
https://doi.org/10.1093/hmg/ddx206
https://doi.org/10.1093/hmg/ddx206
https://doi.org/10.4161/rna.7056
https://doi.org/10.1038/s41586-018-0665-2
https://doi.org/10.1016/j.bbamcr.2011.01.036
https://doi.org/10.1016/j.cell.2012.06.041
https://doi.org/10.1016/j.cell.2012.06.041
https://doi.org/10.1093/hmg/ddy432
https://doi.org/10.1101/gr.184390.114
https://doi.org/10.1093/hmg/ddq277
https://doi.org/10.1093/hmg/ddq277
https://doi.org/10.1016/j.molmed.2020.12.002
https://doi.org/10.1016/j.bbagrm.2012.12.002
https://doi.org/10.1515/BMC.2011.033
https://doi.org/10.1515/BMC.2011.033
https://doi.org/10.5483/bmbrep.2018.51.7.043
https://doi.org/10.5483/bmbrep.2018.51.7.043
https://doi.org/10.1111/j.1365-2443.2008.01189.x
https://doi.org/10.1016/j.devcel.2014.08.025
https://doi.org/10.1093/nar/gkaa1151
https://doi.org/10.1093/nar/gkaa1151
https://doi.org/10.1016/j.stem.2014.08.010
https://doi.org/10.1016/j.yexcr.2019.05.004
https://doi.org/10.1016/j.yexcr.2019.05.004
https://doi.org/10.1111/dgd.12380
https://doi.org/10.1016/j.semcdb.2017.11.011
https://doi.org/10.1016/j.semcdb.2017.11.011
https://doi.org/10.7150/thno.44389
https://doi.org/10.1242/jcs.189944
https://doi.org/10.1007/s00018-016-2253-7
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

	RNA-Binding Proteins in the Post-transcriptional Control of Skeletal Muscle Development, Regeneration and Disease
	Introduction
	An Overview of Post-Transcriptional Regulation in Muscle Development
	Rna-Binding Proteins Involved in Skeletal Muscle Development, Regeneration and Disease
	Muscle Blind-Like Proteins Regulate Post-natal Switch of Muscle-Specific Alternative Splicing Patterns
	CELF1 Functions in Muscle Fiber Type Differentiation
	Multiple Heterogeneous Nuclear Ribonucleoproteins Are Involved in Embryonic Myogenesis and Adult Skeletal Muscle Regeneration
	Fragile X Mental Retardation Protein and FXR1P Are Critically Implicated in Muscle Development and Disease
	RNA Binding Forkhead Box Homolog Family Proteins Regulate Muscle-Enriched Alternative Splicing Patterns
	STAU1 Inhibits Embryonic Myogenesis and Maintains Satellite Cell Quiescence
	Nuclear Poly(A)-Binding Protein 1 Regulates Poly(A) Tail Length and Polyadenylation Site Utilization in Muscle Cells
	Human Antigen R Regulates mRNA Stability to Promote Myogenic Differentiation
	RNA Binding Motif Protein 24 Is Required for Embryonic Myogenesis and Adult Skeletal Muscle Regeneration
	Tristetraprolin Family of Proteins Maintain Satellite Cell Homeostasis
	Other RNA-Binding Proteins Potentially Implicated in Diverse Aspects of Muscle Development

	Functional Interactions Between Rna-Binding Proteins Coordinate Gene Expression During Myogenesis
	Concluding Remarks
	Author Contributions
	Funding
	References


