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SUMMARY

Satellite cells are main muscle stem cells that could provide myonuclei for myofiber growth and synaptic-specific gene expression during
the early postnatal development. Here, we observed that splicing factor SRSF1 is highly expressed in myoblasts and its expression is
closely related with satellite cell activation and proliferation. By genetic deletion of SRSF1 in myogenic progenitors, we found that
SRSF1 is critical for satellite cell proliferation in vitro and in vivo. Most notably we also observed that SRSF1 is required for the functional
neuromuscular junction (NMJ) formation, as SRSF1-deficient mice fail to form mature pretzel-like NMJs, which leads to muscle weakness
and premature death in mice. Finally, we demonstrated that SRSF1 contributes to muscle innervation and muscle development likely by
regulating a restricted set of tissue-specific alternative splicing events. Thus, our data define a unique role for SRSF1 in postnatal skeletal

muscle growth and function in mice.

INTRODUCTION

Skeletal muscle formation is a precisely coordinated
process, which involves highly complicated regulatory
mechanisms. After a period of progenitor proliferation,
differentiation and fusion to form myofibers during em-
bryonic development, postnatal development is strongly
influenced by satellite cell activity, innervation, and elec-
trical activity (White, et al., 2010; Dhawan and Rando,
2005).

Satellite cells are located at the periphery of muscle fibers,
which are main muscle stem cells (Mauro, 1961). They are
most abundant within 3 weeks after birth and quickly
decline after that to adult levels in mice (Bachman, et al.,
2018). During early postnatal development, satellite cells
undergo extensive proliferation and most of their progeny
(myoblasts) fuse with existing myofibers, leading to a
continuous increase in the numbers of myonuclei in the
developing fibers (Bachman, et al., 2018). Expression of
PAX7 is indispensable for satellite cell survival during the
postnatal period, as inactivation of PAX7 led to decreased
numbers of satellite cells and hypotrophic muscles in
mice (Oustanina, et al., 2004; Seale, et al., 2000). MyoD
and Myf5 are master transcription factors that can induce
a unique gene expression profile for myogenesis in acti-
vated satellite cells (Ustanina, et al., 2007; Megeney,
et al., 1996). Combined disruption of MyoD and Myf5
genes leads to depletion of satellite cells and a complete
loss of skeletal muscle (Rudnicki, et al., 1993). Despite a
lot of progress, the precise mechanism underlying satellite

cell proliferation during postnatal muscle growth still re-
mains elusive.

In addition to satellite cells, development of skeletal mus-
cle relies heavily on the synapse between the motor neuron
terminals and endplates on the muscle fibers, which is
known as NM]J. During embryonic development, the
acetylcholine receptors (AChRs) become clustered in the
middle region of the muscle fibers, where motoneuron ter-
minals will innervate and overlap AChRs. Within the first
few weeks after birth, multiple innervations of muscle fi-
bers are reduced until each muscle fiber becomes inner-
vated by only one motor axon; fetal AChRs composed of
a2f3yd subunits are gradually replaced by adult-type
AChRs, where the e-subunit replaces the fetal y-subunit,
and AChR clusters undergo plaque-to-pretzel transition as
the postsynaptic membrane invaginates to form junctional
folds (Li, et al., 2018; Liu and Chakkalakal, 2018).

NM]J formation involves a complex exchange of signals
between motoneurons and skeletal muscle fibers. Studies
in the past two decades have brought significant progress
in identifying NMJ components and assembly mecha-
nisms (Li, et al.,, 2018; Liu and Chakkalakal, 2018). The
Agrin/Lrp4/Musk/Dok7 pathway is the best characterized
to be implicated in NMJ development, in which the mus-
cle-specific kinase Musk is a master organizer (Okada,
et al.,, 2006; Weatherbee, et al., 2006; DeChiara, et al.,
1996; Glass, et al., 1996). Mutations in Musk, Lrp4, agrin,
and Dok7 have been identified in congenital neuromus-
cular disorders termed as congenital myasthenic syn-
dromes (CMS), although the majority of CMS cases are
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due to mutations in AChR subunits (Engel, et al., 2015).
Some mutations in CMS are due to mutations affecting
pre-mRNA splicing (Ohno, et al., 2003), and analysis of
splicing defects has disclosed unprecedented roles of
RNA-binding proteins in maintaining NM]J integrity
(Ohno, et al., 2017.

In higher eukaryotes, the majority of genes express pri-
mary transcripts that undergo alternative splicing (AS)
regulation in the nucleus to generate different functional
mRNAs (Black, 2003; Chen and Manley, 2009). The
serine/arginine-rich (SR) proteins are well-known splicing
factors that play critical roles in AS regulation. We have
observed that SR proteins can activate inclusion of alterna-
tive exons to generate splicing variants that significantly
stimulate cell growth in different cell lines (Chen, et al.,
2017; Luo, et al., 2017; Zhou, et al., 2014a). Moreover,
knockdown of SR genes in the mouse results in multi-organ
dysfunction accompanied by unusual AS changes. Targeted
inactivation of SRSF1 affects splicing transition of the
CaMKIId pre-mRNA, causing severe excitation-contraction
coupling defects in mice (Xu, et al., 2005). SRSF2 and SRSF3
have been shown to regulate liver-specific AS events, and
their expression is essential for liver homeostasis and he-
patic metabolism (Cheng, et al., 2016; Sen, et al., 2013).
These findings have demonstrated that SR proteins and
their regulated AS events play critical roles in cell prolifera-
tion and tissue development.

In this study, we observed that SRSF1 was highly ex-
pressed in satellite cells, and loss of SRSF1 significantly
impaired satellite cell proliferation, causing the cell num-
ber to decrease sharply after birth in mice. Meanwhile, we
also observed disassembly of AChRs and lack of motor
neuron terminals on the muscle fiber, indicating severe
NM]J disorders. As a result, SRSF1-deficient mice failed to
thrive and all died before they reached maturity.

RESULTS

SRSF1 Is Mainly Expressed in Activated Satellite Cells
Analysis of published microarray data have revealed that
activated satellite cells possess a unique transcriptional pro-
file that distinguishes them from the quiescent satellite
cells or non-muscle satellite cells (Figure S1). Interestingly,
we found that several genes encoding splicing factors could
be induced to be highly expressed upon satellite cell activa-
tion. We decided to focus on the SRSFI gene, as SRSF1 was
reported to be essential for the development of heart mus-
cle in mice (Xu, et al., 2005) and also it could promote the
proliferation of smooth muscle cells (Xie, et al., 2017).
Next we wanted to examine whether SRSF1 is expressed
in activated satellite cells. We first performed western blot
analysis using neonatal skeletal muscle isolated from
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mice at 1 day and 6 days after birth (P1 and P6), when sat-
ellite cells are highly proliferative, and adult skeletal muscle
lacking appreciable numbers of proliferating satellite cells
was used as a control. As shown in Figure 1A, SRSF1 was
only examined in neonatal but not adult skeletal muscle,
and its expression pattern is similar to that observed for
MyoD in skeletal muscle. Then we purified primary satellite
cells from the P6 mice, using the fluorescence-activated cell
sorting (FACS) technique. After confirming the satellite cell
identity of FACS-isolated cells (Figure S2), we observed that
SRSF1 was detected in approximately 90% of satellite cells,
and co-localized with MyfS (Figure 1B). The results sug-
gested that SRSF1 was highly expressed in proliferating sat-
ellite cells.

In mature muscle, satellite cells are typically quiescent
but retain the ability to proliferate and differentiate, as
demonstrated by rapid activation and proliferation in sin-
gle fiber cultures (Danoviz and Yablonka-Reuveni, 2012).
Next, we decided to perform immunostaining on single
myofibers obtained from extensor digitorum longus
(EDL) muscles of adult C57BL/6 mice. As shown in Fig-
ure 1C, SRSF1 was not expressed in satellite cells attached
on the freshly isolated single fiber that expressed PAX7
(0 h). After 12-h culture when satellite cells were activated
to produce MyoD, expression of SRSF1 was detected and
fully co-localized with MyoD. Over the next 48 h, SRSF1
was still expressed and co-localized with the proliferation
marker Ki67 in progeny myoblasts (72 h). However, expres-
sion of SRSF1 significantly diminished after myoblasts were
differentiated into myotubes marked by MyHc expression
(144 h). These data strongly indicated that expression of
SRSF1 was closely associated with satellite cell activation
and proliferation.

Inactivation of SRSF1 in Skeletal Muscle Resulted in
Premature Death in Mice

As SRSF1 was expressed in highly proliferative satellite
cells, next we wanted to investigate the physiological con-
sequences of satellite cells lacking SRSF1. We therefore in-
activated SRSF1 selectively in skeletal muscle by crossing
SRSF17f mice (Xu, et al., 2005) with MyoD"® mice (Chen,
et al., 2005) (Figure S3A). Knockout (MKO) mice appeared
normal at birth, but shortly after birth they showed signif-
icant differences in body weight when compared with het-
erozygous-Cre mice and SRSF17" mice. In the first few
weeks, we found that MKO animals showed severe deficits
in weight gain when compared with control littermates
(Figure 2A). The body weight of MKO mice at P5 was 50%
reduced in comparison with control littermates. Such
weight difference increased with time, and MKO animals
were only 20% the weight of control littermates at P28 (Fig-
ure 2B). Meanwhile, the levels of serum glucose and TG
decreased significantly in the mutant mice (Figure S3B).
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Figure 1. Expression of SRSF1 Was Closely Related to Satellite Cell Activation and Proliferation
(A) Skeletal muscle protein samples were harvested from P1, P6, and P70 C57BL/6 mice and western blots were performed using the

indicated antibodies (n = 3).

(B) Primary satellite cells were isolated from C57BL/6 mice at the age of P6. Cells were cultured in growth medium and stained with Myf5
(green) or SRSF1 (red). Right panels show merged images with DAPI (blue). Percentage of Myf5* cells also marked with SRSF1 staining was
shown on the right histogram. Scale bar, 100 um. Data were shown as mean + SEM in an independent experiment (n = 3).

(C) Extensor digitorum longus (EDL) myofibers were prepared from adult mice and cultured in vitro. Inmunostaining was performed using
antibodies against PAX7 (green), MyoD (green), MyHc (green), Ki67 (green), or SRSF1 (red) at indicated time. Bottom panels show merged
images with DAPI (blue). Fraction of PAX7*, MyoD™, ki6 7", or MyHc* nuclei that are also marked by SRSF1 staining was shown in histogram
on the right panel. Scale bars, 20 um (0 h), 20 um (12 and 72 h), or 50 um (144 h), respectively. Data were shown as mean + SEM in an

independent experiment (n = 3).

To rule out the weight loss of MKO mice due to inability to
compete for milk, only MKO mice and a few control mice
were allowed to have maternal care shortly after birth. Un-
der meticulous care, we observed that MKO mice still
showed underweight phenotypes and most died around
the time of weaning, with none surviving past 5 weeks (Fig-
ure 2C). Besides severe weight gain deficiency, MKO mice
also showed abnormal movement. For example, they usu-
ally had droopy eyelids, and became much less active
than their control littermates. Then we prepared protein
samples from hindlimb muscles and diaphragm (DIA) mus-
cles from control and MKO mice at P8, or from gastrocne-
mius (GAS) muscles, vastus muscles, DIA muscles, and ti-
bialis anterior (TA) muscles from mice at P28. Western
blot analysis confirmed that levels of SRSF1 proteins were
greatly decreased in various skeletal muscles of MKO mice
(Figure S3C). Together, these findings demonstrated that

inactivation of SRSF1 in skeletal muscle resulted in prema-
ture death in mice.

Severe Muscle Atrophy Was Observed in MKO Mice
Next we performed histological analysis of SRSF1"* and
MKO mice at P28. Transverse sections from GAS muscles
revealed a clear reduction in muscle cross-sectional area
and a strong shift of myofiber diameters toward smaller fi-
ber sizes in MKO mice compared with controls (Fig-
ure 2D), and notably thinner DIA muscles were even
evident in MKO mice than in control animals (Figure 2E).
Then we isolated single myofibers from EDL muscles of
MKO or control mice at P23 and stained them with
DAPI. As shown in Figure S3D, the mutant fibers were
nearly half thinner than control fibers. And the number
of myonuclei per fiber was also significantly reduced in
MKO mice.
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Figure 2. Targeting SRSF1 Gene in Skeletal Muscle Resulted in Premature Death in Mice
(A) Comparison of body weight between SRSF17f mice and MKO mice (n = 9) at the indicated days after birth.

(B) Macroscopic view of SRSF17*

mice and MKO mice at P5 or P28, respectively.

(C) Survival analysis of SRSF17" mice and MKO mice treated with meticulous care (n = 20).

(D) H&E staining was performed with GAS sections isolated from control and MKO mice at P28. Comparison of CSA (cross-section area)
between control and MKO animals was shown in histogram on the right. Scale bar, 50 pum.

(E) H&E staining was performed with DIA sections isolated from control and MKO mice at P28. Quantification of DIA thickness between
control and MKO animals is shown on the right histogram. Scale bar, 50 um. Error bars depicted mean + SEM (n = 3).

(F) TA muscles from P30 control and MKO mice were isolated, cross-sectioned, and then stained with laminin a2 antibodies. Comparison of
total TA fiber number between control and MKO mice was shown on the right (n = 3).

(G) Levels of two atrophy marker genes were measured by qRT-PCR using total RNA isolated from the vastus muscles from control and MKO

mice at P28. All results were normalized to 36B4 (n = 3).

To determine whether reduction in muscle mass is due to
fiber cross-sectional area and/or fiber number, we prepared
whole cross-sections of TA muscles from P30 MKO and
control mice, and stained for laminin to mark the myofib-
ers. The whole TA section from MKO mice showed a clear
reduction in muscle area; however, the total number of fi-
bers in the TA muscles did not differ significantly between
control and MKO mice (Figure 2F). qPCR further verified
increased levels of two well-known atrophy makers
Fbx032 and Trimé63 in the mutant muscles at P28 (Fig-
ure 2G). All the data indicated that MKO mice suffered
from severe muscle atrophy.

In addition, we also observed that a few areas in Figures
2D and 2E (indicated by arrows) displayed signs of fibrosis
in MKO animals, but no signs of necrosis or apoptosis. We
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then stained sections with anti-CD68 antibodies for
inflammation, or with antibodies for fibronectin and coun-
terstained with DAPI (Figure S4). Only a few positive signals
were visible for CD68 staining in MKO GAS muscles. There
was no difference for fibronectin staining in most areas for
both GAS and DIA muscles, with a small amount of region
staining enhanced in MKO muscles. Taken together, these
findings indicated that SRSF1-deficient muscles were free
from gross pathology.

Satellite Cell Proliferation Was Severely Impaired in
MKO Mice

During postnatal skeletal muscle development, satellite
cells provide myonuclei to developing myofibers to sup-
port their transcriptional demands. Next, we wanted to
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Figure 3. SRSF1 Is Indispensable for Postnatal Satellite Cell Proliferation In Vivo and In Vitro

(A) Hindlimb and DIA muscles from P1 control and MKO mice was prepared and stained for MyoD (red), and merged images with DAPI (blue)
and laminin (gray) are shown on the right. Quantification of MyoD* nuclei between control and MKO animals is shown on the right
histogram. Error bars depicted mean + SEM (n = 3). Scale bar, 50 um.

(B) Brief diagram of EdU in vivo labeling and detection on the top. EdU detection and calculation in labeled hindlimb muscles and DIA
muscles on the bottom. EdU was detected by labeling with Alexa 488 (green) and nuclei were stained with DAPI (blue), proliferating
satellite cells were labeled with PAX7 (red). Error bars depicted mean + SEM (n = 3). Scale bars, 50 um (or 20 um enlarged).

(C) Satellite cells were purified from P6 control and MKO mice using FACS, and cultured in growth medium in vitro. Representative
microscopic images of control and MKO satellite cells at culture day 0 and day 4 were shown. Growth curve is shown on the right (n = 3).
(D) Single EDL myofibers were isolated from P8 control and MKO mice. Myofibers were plated on Matrigel-coated dishes and cultured in
proliferation medium. Representative bright-field pictures are shown at the indicated times (n = 3). Scale bar, 50 pum.

examine whether satellite cell activity was impaired in
the MKO mice. First of all, we performed immunostain-
ing with antibodies against MyoD and laminin using
skeletal muscle sections isolated from the P1 mice, and
then the MyoD™ cells quantified. The number of MyoD*
satellite cells was decreased by approximately 70% in
the hindlimb muscles and by nearly 90% in DIA muscles
of MKO mice compared with control animals (Figures 3A
and S5). Then we studied the effect of SRSF1 deletion on
satellite cell proliferation in vivo. We treated embryos at

the age of embryonic day 18 (E18) with EdU solution
by injecting the adult pregnant mice. Fully in line with
the above results, we observed that the total number of
EdU/PAX7* cells was significantly reduced in both hin-
dlimb and DIA muscles from MKO mice when compared
with controls (Figure 3B). These findings demonstrated
that absence of SRSF1 caused a significant decline in sat-
ellite cell numbers.

To further assess the proliferation potential of satellite
cells lacking SRSF1, we FACS-purified satellite cells from
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Figure 4. Representative AS Events and Genes Altered Following Loss of SRSF1 in Skeletal Muscle
(A-C) Representative AS events regulated by SRSF1 in the P30 skeletal muscle. Validated RT-PCR results are shown with alternative exons

included or skipped in response to loss of SRSF1 (n = 3).

(D) Seven AS events shown in (A-C) were further examined in muscles isolated from P1, P15, or P30 control and MKO mice (n = 3).
(E) Three groups of genes with significant changes in MKO mice. Fold changes of RNA-seq reads mapping to related genes were calculated

between MKO and control samples.

hindlimbs of P6 MKO or control mice. In culture, control
satellite cells could proliferate and expand, resulting in a
rapid increase in cell numbers; however, the number of
MKO satellite cells remained unchanged during the subse-
quent 4 days (Figure 3C). Next, we isolated single myofibers
from EDL muscles of MKO or control mice in three inde-
pendent experiments. As shown in Figure 3D, satellite cells
associated with control fibers could be activated to prolifer-
ate and produce myoblasts. In contrast, MKO satellite cells
on the single fiber could not be activated and proliferate
efficiently as control cells, as only a few myoblasts were
visible after 72 h of culture. These findings revealed an
indispensable role for SRSF1 in regulation of satellite cell
proliferation in vitro and in vivo.

SRSF1 Regulates AS of Genes Functionally Involved in
Cell Proliferation and NMJ Formation

Given that SRSF1 acts as an important regulator of AS, we
decided to take advantage of RNA sequencing (RNA-seq)
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analysis to identify SRSF1-regulated AS events. RNA-seq
analysis revealed that SRSF1 ablation caused more than
100 AS events significantly altered in MKO vastus muscles
compared with controls, and the majority of them were
cassette exons.

We selected 100 targets for experimental validation,
based mainly on their p values. Among them, 50 splicing
events were successfully confirmed and examples were
roughly classified by function into 3 groups. About half
of the validated genes have been reported to be related
with cell proliferation, and SRSF1 deficiency caused signif-
icant exon skipping or inclusion compared with their con-
trol patterns (Figure 4A). Among other validated splicing
targets, one target attracted our attention (Figure 4B). Chrne
gene encodes the adult e-subunit of AChR. Mutations in
CHRNE gene have been implicated in human CMS
(Ohno, et al., 2003). SRSF1 deletion caused skipping of
both ES and E11 of Chrne pre-mRNA, producing non-func-
tional Chrne isoforms. The third group included several



well-known mutation-prone genes, which have been
observed in different human skeletal muscle diseases (Fig-
ure 4C). For example, SRSF1 deletion resulted in an
increased inclusion of Hnrnpal E8, and the human E8-con-
taining isoform was related with amyotrophic lateral scle-
rosis (Deshaies, et al., 2018).

We next wanted to examine how these AS events were
modified during postnatal development. We selected seven
targets for examinations, and found that all had the similar
isoform switching at P15 and P30 of MKO skeletal muscles
compared with controls, and several targets, such as
Fgfrlop2 and Capn3, showed AS changes even at P1 (Fig-
ure 4D). In addition to AS analysis, we also analyzed differ-
entially expressed genes in MKO mice compared with con-
trol mice. Among the most obvious genes shown in
Figure 4E, proliferation-related genes, such as c-fos and
Atf3, were significantly downregulated in MKO mice.
Genes involved in NM]J formation and maintenance were
greatly upregulated, such as Musk, ColQ (encoding the
collagen-tail subunit of acetylcholinesterase), Dok7, and
ACHR subunit genes. Notably, all known markers of dener-
vation were increased between ~2- and 7-fold over the con-
trols (Moresi, et al., 2010). These data probably suggested
that altered AS events and concomitant changes in gene
expression together contributed to pathological features
observed in SRSF1-deficient mice.

SRSF1 Mediated Its Effects in Satellite Cell
Proliferation by Regulating AS Events

We next wanted to test whether SRSF1 mediates its effects
in satellite cell proliferation by regulating AS events. We
decided to focus on the Fgfrlop2 gene for testing. Fgfrlop2
E4 was regulated by SRSF1 to generate two isoforms: full-
length (L) and short (S) (Figure S6A). We designed two inde-
pendent small interfering RNAs (siRNAs) (siL-1 or siL-2) tar-
geted against E4 for isoform-specific knockdown. After
transfection of primary myoblasts with siRNAs, we
observed that treatment with these siRNAs significantly
diminished levels of the L isoform, and the effect is compa-
rable with the treatment with siRNA against SRSFI
(siSRSF1) (Figure S6B). Then we analyzed cell proliferation
by EdU incorporation assay. As shown in Figure S6C,
knockdown of the L isoform and SRSF1 considerably sup-
pressed myoblast proliferation. Taken together, SRSF1
could mediate its effects in satellite cell proliferation by
regulating AS events.

Deletion of SRSF1 Caused Severe NMJ Defects in Mice

Given that SRSF1 regulated AS of Chrne pre-mRNA and that
MKO mice displayed abnormal phenotypes, such as
droopy eyelids and muscle weakness, we decided to test
whether NM]Js were impaired in MKO mice. To address
this issue, we isolated DIA muscles from P1 or P22 mice

and performed whole-mount staining with synaptophysin
antibodies to label the presynaptic nerve terminals or
ATTO 488-conjugated a-bungarotoxin (a-BTX) to label
the postsynaptic AChRs. As shown in Figure 5A, the num-
ber of NMJs and coverage of presynaptic nerve terminals
over AChR clusters were comparable in mice at P1 irrespec-
tive of SRSF1. In contrast, NMJs were much more broadly
distributed in MKO mice at P22. More strikingly, a signifi-
cant number (40%-50%) of nerve terminals were not co-
localized with AChRs in the DIA muscles (Figure 5B). More-
over, AChR clusters were quite small and displayed various
shapes in MKO mice compared with those observed in con-
trol mice (Figures 5C and 5D, arrows), and the majority of
clusters lost their normal architecture and shrunk into
small dot-like areas in P22 MKO mice (Figure 5D). All the
findings strongly indicated that loss of SRSF1 caused severe
NMJ defects in DIA muscles.

To further address the difference of NMJ morphology be-
tween control and MKO mice during early postnatal devel-
opment, we then performed synaptophysin and BTX dou-
ble staining on the longitudinal section of hindlimb and
GAS muscles isolated from control and MKO mice at P1
or P22. Under this period (P1-P22), NMJs usually undergo
the transition from plaque-like shape to a complex, pretzel-
like structure. Such transition was observed in control
mice, but not in MKO mice (Figure 6A). Instead NM]Js in
MKO mice presented a variety of abnormal structures at
P22, and NM]Js were almost fully denervated at P22 in
MKO mice, in contrast to those fully innervated in age-
matched control mice (Figures 6A and 6B).

In the end, we wanted to examine whether the progres-
sion of NMJ defects occur during the development. We per-
formed double staining on the cross-sections of TA muscles
isolated from P6, P22, or P30 mice. While there was no
obvious difference observed between control and MKO
mice at P6, nearly 80%-90% degeneration of nerve termi-
nals and small dot-like AChR clusters were progressively
observed in MKO TA muscles at P22 and P30 (Figures 6C
and 6D). Taken together, these data strongly demonstrated
that loss of SRSF1 severely impaired functional NMJ forma-
tion during early postnatal development.

Abnormal Levels of NM]J Markers Were Observed in the
MKO Mice

Next we wanted to analyze molecular changes underlying
NM]J defects in MKO mice. Mutations observed in CHRNE
account for most cases of CMS, and some mutations can
lead to exon skipping, including ES (Figure 7A) (Ohno,
etal., 2005). Sequence alignment analysis revealed that hu-
man and mice shared about 84% sequence identity in both
ES and E11 of Chrne. Moreover, predicted SRSF1 binding
motifs were also conserved between human and mice (Fig-
ure 7B). Now we wanted to test whether SRSF1 regulated
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(A) Whole-mount DIA staining at P1 or P22. DIA prepared from SRSF17 (left) or MKO (right) at P1 or P22 were stained with synaptophysin
(Syn, red) and a-BTX (green). Merged pictures are shown on the right. Scale bars, 50 pum for the P1 group or 100 um for the P22 group.
(B) The number of merged NMJs and NMJ area width were measured between the P22 group described in (A) (n = 3). The mean value of the

merged NMJ in SRSF17f mice was arbitrarily defined as 1.

(C) Enlarged view of white boxes in the merged panel of P1 DIA in (A). Scale bar, 15 um.
(D) Enlarged view of blue boxes in the merged panel of P22 DIA in (A) (n = 3). Scale bar, 30 pm.

inclusion of ES and/or E11 in different skeletal muscles iso-
lated from MKO mice at P30. SRSF1 deletion significantly
increased ES skipping from 40% to 80% in the different
muscles isolated from MKO mice in relative to controls
(Figure 7C). By comparison, loss of SRSF1 caused more skip-
ping of E11in TA, vastus, and soleus muscles, but much less
in DIA, masseter, and tongue muscles, indicating that
SRSF1 was mainly responsible for ES inclusion in skeletal
muscles.

The adult e-subunit of AChR gradually replaces the fetal
y-subunit during early postnatal development. Incorrect
replacement or co-expression of fetal and adult subunits
would lead to NM]J defects in mice. We next wanted to
examine levels of all subunits of AChRs and other NM]J
markers during early development. As shown in Figure 7D,
both control and MKO animals at P1 showed pronounced
but comparable levels of Musk, ColQ, Dok7, and v/d/a1/p1
of AChRs, but low levels of the e-subunit. During the first
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postnatal month, the levels of Musk, ColQ, and Dok7
mRNA significantly declined in control mice. Meanwhile
expression of the fetal y-subunit is lost, accompanied by
an increase in the adult e-mRNA and a dramatic decline
in levels of other subunits in control mice. However, such
dramatic changes did not occur in the MKO mice, which re-
sulted in a significant difference in expressed transcripts be-
tween MKO and control mice at P30, fully in line with
differentially expressed genes revealed by RNA-seq anal-
ysis. Especially the fetal AChRs (y/d/a1/B1l) were not re-
placed by adult receptors composed of y/e/a1/B1 as NM]Js
mature, because the fetal y-subunit and adult e-subunit
were highly co-expressed in the MKO mice. Unexpectedly,
the Chrne transcript was still 3-fold greater in the mutant
vastus muscles than in controls. This probably reflected
another transcriptional and compensatory regulation in
the Chrne gene because of dysregulated splicing. Together
dysregulated Chrne splicing combined with abnormal
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for the P6 group and 40 um for both P22 and P30 groups.

(D) NMJ ratio was compared between control and MKO mice described in (C) (n = 3).

expression of NMJ markers likely underlined NM]J defects
in MKO mice.

DISCUSSION

In this study, we have provided strong evidence that
the splicing factor SRSF1 is required for satellite cell
proliferation and functional NM] formation. SRSF1-
deficient mice display reduced number of satellite cells
and severe NM] disorders. Below we discuss how SRSF1
functions as a critical regulator of cell proliferation and
how regulated AS events are implicated in vivo biological
processes.

Muscle fibers form during prenatal development, but
they are extensively expanded after birth (Bachman,
et al., 2018; White, et al., 2010). There is no debating that
proliferation and fusion of satellite cells contribute to mus-
cle growth during early stages of postnatal development.
However, little is known about the mechanisms by which
proliferation of satellite cells is regulated. It is well known
that PAX7 could guide postnatal muscle growth and deter-
mine satellite cell number, but PAX7 seems to be required
for the maintenance and survival of satellite cells, instead
of for extensive proliferation of satellite cells (Oustanina,
et al., 2004). Notch signaling is implicated in satellite cell
activation and proliferation; for example, Numb-deficient
satellite cells have proliferation defects during regeneration
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(A) Diagram of human CHRNE gene structure. Brown boxes indicated skipping exons reported in CMS; red triangles indicated point mu-
tations that trigger CMS-related exon skipping. UTRs were marked as black boxes; constitutive exons were marked as gray boxes.
(B) Alignment of human CHRNE E5, E11 and mouse Chrne E5, E11. Note that predicted binding motifs for SRSF1 were conserved between

human and mice and are indicated by red rectangles.

(C) Total RNA was isolated from TA, vastus, soleus, DIA, masseter, or tongue muscles from SRSF17" and MKO mice at P30. RT-PCR was
performed to detect the splicing pattern of Chrne E5 and E11. 36b4 was used as loading control (n = 3).

(D) gPCR was performed using total RNA isolated from hindlimb muscle of P1 mice or from vastus muscles of P30 mice. Comparison of mRNA
levels of NMJ markers were performed using mRNA copy numbers (per 10® Gapdh mRNA). Error bars depicted mean + SEM (n = 3).

after muscle injury; however, depletion of Numb cells does
not affect postnatal muscle growth (George, et al., 2013). In
this study, our data showed that loss of SRSF1 severely im-
pairs proliferation of satellite cells in vivo and therefore
causes a significant reduction in satellite cell number dur-
ing postnatal rapid growth phase. Both single-fiber cultures
and primary satellite cell cultures further demonstrated
that satellite cells totally lose an ability to proliferate in
the absence of SRSF1. Therefore, it is reasonable to
conclude that SRSF1 is the driving force for satellite cell pro-
liferation during postnatal period.

Beyond the role of SRSF1 in satellite cell proliferation, un-
expectedly we found that SRSF1 was essential for the func-
tional NM]J formation during early postnatal development.
Several genes also play indispensable roles in postnatal
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NM]J maintenance and maturation. Inactivation of ColQ
gene affects postnatal synaptic structure and function in
mice (Feng, et al., 1999). Postnatal inactivation of Musk
in mice caused NMJ disassembly and formation of new
NMJs (Hesser, et al., 2006). Mice lacking the Chrne gene
died prematurely and displayed NM]J abnormalities (Witze-
mann, et al., 1996). SRSF1 deficiency caused NMJ defects in
the MKO mice, which became progressively worsened with
defect development, indicating direct effects of SRSF1 dele-
tion. High levels of ColQ, Musk, and AChR subunits
following the loss of SRSF1 probably reflected compensa-
tory regulation.

Numerous cases of NM] disorders caused by splicing
defects have been reported in CMS. In this study, we
observed that SRSF1 could promote exon inclusion of



Chrne pre-mRNA, especially ES. ES skipping due to muta-
tions occurred in some CMS patients, and the human
and mouse sequences were quite conservative. Therefore,
NMJ defects observed in MKO mice could at least be attrib-
uted to dysregulated splicing of Chrne pre-mRNA. Besides,
we also observed that SRSF1 could regulate AS of hnRNPDL,
hnRNPA1, or CAPN3 pre-mRNA (Figure 4). Interestingly,
mutations in these genes, and their abnormal splice vari-
ants due to SRSF1 deficiency were often observed in
different types of muscular dystrophies and myopathies
(Vieira, et al., 2014; Kim, et al., 2013). Thus, it would be
informative to examine whether SRSF1 is involved in the
pathogenesis of human CMS and other skeletal muscle dis-
orders in the future.

Postnatal muscle development depends on satellite cell
proliferation and NM]J integrity. Loss of SRSF1 caused
both satellite cell defects and NM]J defects in the mice. It
is possible that decreased number of satellite cells might
further exaggerate NM]J defects. Previous findings have
shown the connection between number of satellite cells
and NM] repair after injury, as satellite cell depletion exac-
erbated muscle atrophy related with NMJ disruption (Liu,
etal., 2017; Liu, et al., 2015b). As the optimal driver for sat-
ellite cell-specific deletion of SRSF1 is tamoxifen-regulated
PAX7 Cre, we aimed to investigate the role of SRSF1 in sat-
ellite cells and satellite cell-mediated contribution of NMJ
using PAX7 Cre-crossed SRSF1 mice in the future. In addi-
tion, we observed that the MKO mice showed feeding prob-
lems and malnutrition even with meticulous care. Malnu-
trition was an wunavoidable consequence of muscle
weakness due to NM]J defects, and could further aggravate
muscle atrophy. Therefore, it is reasonable to conclude
that dysfunctional satellite cells, NMJ defects, and concom-
itant malnutrition would together contribute to pheno-
types seen in the MKO mice.

In summary, our data demonstrated that SRSF1 was
required for functional NMJ formation and satellite cell
proliferation during early postnatal development.

EXPERIMENTAL PROCEDURES

Generation of Skeletal Muscle-Specific SRSF1

Knockout Mice

SRSF1¥f mice were described previously (Xu, et al., 2005). The
SRSF1"f mice were crossed with transgenic C57BL/6] mice express-
ing Cre recombinase driven by the MyoD promoter. Next, resulting
progeny (SRSF17*/MyoD-Cre) were mated with SRSF1¥f mice to
generate skeletal muscle-specific SRSF1 MKO mice. Littermates
lacking the Cre gene (SRSF1"%) were used as controls. All experi-
ments were conducted in accordance with the guidelines of the
Institutional Animal Care and Use Committee of the Institute for
Nutritional Sciences, Shanghai Institute for Biological Sciences,
Chinese Academy of Sciences.

Histology and Immunofluorescence Analysis

Skeletal muscle tissue was dissected and frozen in dry ice, then
cryo-sectioned (7 pm) and fixed in ice-cold acetone for immunoflu-
orescence. In brief, frozen sections were permeabilized by 0.5%
Triton X-100 and blocked by 5% horse serum in 0.5% Triton
X-100 for 1 h. Samples were then stained with primary antibodies
followed with secondary antibodies. Images were acquired with a
LSM880ONLO Zeiss microscope and the ZEN software. For H&E
staining, dissected muscle were fixed in 4% paraformaldehyde
(PFA), embedded in paraffin, sectioned and stained by standard
protocol.

Single Myofiber Isolation and In Vitro Culture

Single myofiber was isolated by tendon to tendon method accord-
ing to published protocols (Pasut, et al., 2013; Shefer and Yablonka-
Reuveni, 2005). In brief, EDL muscle was dissected and digested in
DMEM containing 0.2% collagenase type I at 37°C. Fibers were
then released to pre-warmed wash medium by carefully pipetting.
Single fibers were then plated into Matrigel-coated dishes with cul-
ture medium. For immunofluorescence, fibers were fixed in ice-
cold 2% PFA for 10 min, quenched by 1% glycine in PBS, permea-
bilized with PBST and incubated in blocking solution (5% horse
serum in PBST) for 40 min. Samples were then incubated with pri-
mary antibodies overnight at 4°C and secondary antibodies for
40 min at room temperature. Nuclei were labeled with DAPI. Im-
ages were visualized under a confocal laser scanning microscope
(LSM880).

Satellite Cell Isolation by FACS

Satellite cell isolation by FACS was performed according to pub-
lished protocols (Gromova, et al., 2015; Liu, et al., 2015a). In brief,
hindlimb muscles were isolated, mechanically dissected and disso-
ciated in digestion media I and II to get mononuclear cells. Mono-
nuclear cells were then stained with CD45, CD31, CD11Db, Scal,
and a7-integrin antibodies (Table S1). Stained cells were then
analyzed and isolated through a FACSAria II cell sorter (BD Biosci-
ences). Purified satellite cells were placed on Matrigel-coated
dishes, and cultured in proliferation medium.

Cell Culture, Transfection, and EdU Incorporation
Transient siRNA transfection was performed using Lipofectamine
RNAIMAX (Life Technologies) according to the manufacturer’s
instructions. EAU incorporation was performed by adding EAU
(Invitrogen) at a final concentration of 20 uM to primary satellite
cells. EAU incorporation was detected using the Click-iT EAU Kit
(Invitrogen) according to the manufacturer’s instructions. Nuclei
were labeled with Hoechst 33342 at a final concentration of
5 pg/mL.

EdU In Vivo Labeling and Detection

For in vivo proliferation assays, pregnant mice at 18 days after mat-
ing were injected with EAU (0.1 ng/g body weight) 3 h before deliv-
ery by cesarean. DIA muscles and hindlimb muscles were then iso-
lated and sectioned on a cryostat. EQU incorporation was detected
using the Click-iT EdU Kit (Invitrogen) according to the manufac-
turer’s instructions. PAX7 was co-stained with EdU to label satellite
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cells. Images were visualized under a confocal laser scanning mi-
croscope (LSM880).

NM]J Immunostaining

For whole-mount tissues staining, DIA muscles from P1 or P22
control and MKO mice were fixed in 1% PFA in PBS for 2 h at
room temperature and then quenched with 1% glycine in PBS.
After dissection of the connective tissue on the surface, the muscles
were then permeabilized with 1% Triton X-100 in PBS overnight at
4°C and then incubated with rabbit antibody against synaptophy-
sin (Thermo Scientific) to label presynaptic nerve terminals fol-
lowed by incubation with «-BTX (Allomone) to label postsynaptic
AChHR clusters. For GAS NM]J detection, samples were fixed in 4%
PFA for 2 h at room temperature and sectioned on a cryostat into
100-pum-thick sections. Sections were then permeabilized and
incubated with antibodies and «-BTX. Images were visualized un-
der a confocal laser scanning microscope (LSM880).

RNA-Seq Analysis

Total RNAs were isolated from vastus muscles of P30 control or
MKO mice and subjected to paired-end RNA-seq using an Illumina
HiSeq 2000 system according to the manufacturer’s instructions.
Raw reads were subjected to quality control and then trimmed of
library adapters using a custom Python script. Trimmed reads
were then aligned with TopHat to the mouse genome mm10. Anal-
ysis of AS events was carried out as described previously (Wu, et al.,
2017; Zhou, et al., 2014b).

Data and Code Availability

The raw sequence data of RNA-seq have been submitted to the
Gene Expression Omnibus database under accession number
GSE111671.

Statistical Analyses

All experiments were repeated at least three times. All data pre-
sented as histograms refer to mean values + SEM of the total num-
ber of independent experiments. Statistical analysis was performed
by Student’s t test, p values of *p < 0.05, **p < 0.01, ***p < 0.001
were considered to be statistically significant.
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