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Abstract 

Alternative splicing in genes associated with neuromuscular junction (NMJ) often compromises neuromuscular signal transmission and pro v ok es 
pathological consequences. Muscle-specific receptor tyrosine kinase (MuSK) is an essential molecule in the NMJ. MUSK e x on 10 encodes an 
important part of the frizzled-like cysteine-rich domain, which is necessary for Wnt-mediated acetylcholine receptors clustering at NMJ. MUSK 

e x on 10 is alternatively spliced in humans but not in mice. We reported that humans acquired a unique e x onic splicing silencer in e x on 10 
compared to mice, which promotes e x on skipping coordinated by hnRNP C, YB-1, and hnRNP L. Here, we have dissected the underlying 
mechanisms of e x on inclusion. We precisely characterized the exonic splicing enhancer (ESE) elements and determined the functional motifs. 
We demonstrated that SRSF6 and SRSF1 coordinately enhance exon inclusion through multiple functional motifs in the ESE. Remarkably, SRSF6 
e x erts a stronger effect than SRSF1, and SRSF6 alone can compensate the function of SRSF1. Interestingly, differentiated muscle reduces the 
expression of splicing suppressors, rather than enhancers, to generate a functional Wnt-sensitive MuSK isoform to promote neuromuscular signal 
transmission. Finally, w e de v eloped splice-switc hing antisense oligonucleotides, whic h could be used to selectiv ely modulate the e xpression of 
MUSK isoforms toward a beneficial outcome for therapeutic intervention. 
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Introduction 

Alternative splicing (AS) can encode multiple protein iso-
forms from a single gene to promote proteome diversity [ 1–
5 ]. AS evolved as a key control point of gene expression.
Regulation of AS is cooperatively orchestrated with the dy-
namic choreography of cis -elements in the RNA comprised
of exonic / intronic splicing enhancers (ESEs / ISEs) or silencers
(ESSs / ISSs) and cognate trans -acting splicing factors [ 1 , 2 ].
This is further regulated in a tissue-specific and developmental
stage-specific manner to support rapidly changing biological
processes. The dynamic assembly of ribonucleoprotein com-
plexes (RNPs) is coordinated with strict fidelity, which is crit-
ical to ensure that the correct trans -acting splicing factors are
escorted in the correct RNA in the right cell at the right time
to ensure rapidly changing cellular function. 

Muscle-specific receptor tyrosine kinase (MuSK) is an im-
portant protein constituting the key molecular architecture of
the neuromuscular junction (NMJ), which plays a pivotal role
in neuromuscular signal transmission to enable proper mus-
cle contraction [ 6–9 ]. MuSK obtains a complex structure to
respond to its ligands. The ectodomain of MuSK comprises
three immunoglobulin (Ig)-like domains (Ig-1, Ig-2, and Ig-3)
and a single frizzled-like cysteine-rich domain (Fz-CRD) [ 6–
9 ], encoded by exons 10 and 11 (Fig. 1 A and B). The first Ig-
like domain (Ig1) of MuSK is important for agrin to activate
MuSK phosphorylation via LRP4 [ 10 ]. In contrast, the Fz-
CRD domain is required for Wnt proteins to activate MuSK,
which requires LRP4 but not agrin [ 9 , 10 ]. In humans but not
in mice, MUSK exon 10, encoding six out of ten essential cys-
teines residues of Fz-CRD, is alternatively skipped (Fig. 1 A
and B), therefore likely to generate a Wnt-insensitive MuSK
isoform [ 9 , 11 , 12 ]. We previously reported that hnRNP C,
YB-1, and hnRNP L coordinately promote the skipping of
MUSK exon 10 by binding to an exonic splicing silencer (ESS)
unique to humans [ 9 ]. In this communication, we have inves-
tigated the underlying mechanisms that drive the inclusion of
MUSK exon 10 to generate a Wnt-sensitive MuSK isoform,
which is essential for NMJ signal transmission. 

Serine / arginine-rich splicing factor 1 (SRSF1) is a mem-
ber of the serine and arginine-rich protein (SR) family [ 13 ].
It is a ubiquitously expressed protein and functions as a
splicing factor in both constitutive and AS [ 14 ]. SRSF1 also
plays an important role in nonsense-mediated messenger RNA
(mRNA) decay (NMD) [ 15–17 ], mRNA transport [ 18–20 ],
and protein translation [ 21 ]. Furthermore, SRSF1 is reported
to be a proto-oncogene [ 22–24 ]. SRSF6 is another member
of the SR protein family [ 13 ]. It is ubiquitously expressed
and reported to regulate AS, translation, wound healing,
and tissue homeostasis [ 5 , 25–28 ]. SRSF6 also functions as
an oncoprotein to regulate the proliferation and survival of
lung and colon cancers [ 5 , 29 ]. It was shown that upregula-
tion or downregulation of the expression of SRSF6 changed
the splicing of several tumor suppressors and oncogenes,
which subsequently contributed to producing oncogenic
isoforms [ 29 ]. 

In this manuscript, we show that SRSF6 and SRSF1 coor-
dinately enhance recognition of MUSK exon 10 by binding to
an exonic splicing enhancer (ESE) to generate a Wnt-sensitive
MuSK isoform. Remarkably, SRSF6 has a more prominent ef-
fect than SR SF1, and SR SF6 is able to compensate for exon in-
clusion activity even in the absence of SRSF1. We also revealed
that differentiated muscle reduces the expression of splicing
suppressors, rather than enhancers, to upregulate exon 10 in-
clusion and the expression of a Wnt-sensitive MuSK isoform.
Finally, we developed antisense oligonucleotides (ASOs) to se- 
lectively manipulate the expression of MUSK isoforms with or 
without exon 10 as a proof of concept for any future thera- 
peutic targeting. 

Materials and methods 

Cell culture and transfection 

HeLa cells (ATCC) were cultured in DMEM media (Sigma–
Aldrich) with 10% fetal bovine serum (FBS, Sigma–Aldrich).
Immortalized human myogenic cell line (Hu5 / KD3) was a 
kind gift from Dr. Naohiro Hashimoto (National Center for 
Geriatrics and Gerontology, Japan) [ 30–32 ]. Hu5 / KD3 cells 
were grown in high-glucose (4.5 g / ml) DMEM (hDMEM) me- 
dia containing 20% FBS and 2% Ultroser G serum substitute 
(PALL). HeLa cells were transfected with the Lipofectamine 
2000 transfection reagent (Thermo Fisher Scientific) accord- 
ing to the manufacturer’s instructions. 

MUSK minigene for splicing analysis 

We cloned human MUSK exon 10 and flanking intronic se- 
quences (245 nucleotides of intron 9 and 200 nucleotides 
of intron 10) in the modified exon-trapping vector, pSPL3 

into NotI and PacI sites [ 9 ]. Artificial mutations and replace- 
ment of individual blocks in block scanning mutagenesis ex- 
periments were engineered into the pSPL3 minigenes using 
the QuikChange site-directed mutagenesis (Agilent). The se- 
quences of primers for constructing the minigenes are shown 

in Supplementary Table S1 . 

RT-PCR 

Total RNA was extracted 48 h after transfection using Tri- 
zol (Invitrogen) and treated with DNase I (Qiagen). Com- 
plementary DNA (cDNA) was synthesized using ReverTra 
Ace reverse transcriptase (Toyobo) and an oligo-dT primer 
(Invitrogen). Reverse transcription polymerase chain reaction 

(RT-PCR) was conducted using GoTaq (Promega) Master 
Mixes. The sequences of primers for RT-PCR are shown in 

Supplementary Table S2 . 

RNA affinity purification assay 

Biotinylated RNA probes were synthesized using the T7 Ribo- 
MAX large-scale RNA production system (Promega). We used 

3.0 mM Biotin-14-CTP (Invitrogen) as reported previously 
[ 33 ]. The RNA affinity purification method was slightly mod- 
ified from the previously described protocol [ 33 ]. A biotiny- 
lated RNA probe (1.0 nmol) was mixed with HeLa nuclear 
extract (50 μl) (CilBiotech) in a 500- μl binding buffer [20 mM 

HEPES, pH 7.8, 150 mM KCl, 0.1 mM EDTA, 1 mM DTT, 1 

mM phenylmethylsulfonyl fluoride (PMSF), 0.05% Triton X,
1 × Protease Inhibitor Cocktail (Active Motif)]. The mixture 
was then incubated at 30 

◦C for 6 h with gentle rotation. In the 
meantime, 50 μl streptavidin-conjugated beads (Streptavidin- 
sepharose, GE Healthcare) were blocked with 1 ml binding 
buffer (1:1 mixture) with yeast transfer RNA (tRNA) (0.1 

mg / 100 μl of beads) and 1 ml PBS containing 4% BSA.
The mixture was then incubated at 4 

◦C for 1 h with gentle 
rotation. After washing the beads with 1 ml binding buffer 
(four times), RNA-bound proteins were eluted in SDS loading 
buffer at 95 

◦C for 5 min. The purified proteins were fraction- 
ated on a 10% sodium dodecyl sulfate (SDS)–polyacrylamide 

https://academic.oup.com/narmolmed/article-lookup/doi/10.1093/narmme/ugaf007#supplementary-data
https://academic.oup.com/narmolmed/article-lookup/doi/10.1093/narmme/ugaf007#supplementary-data
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Figure 1. Str uct ural feat ures of human MuSK. ( A ) Genomic str uct ure of MUSK gene (not in scale). Constit utiv e e x ons are sho wn in blue bo x es, whereas 
alternativ e e x ons are sho wn in red bo x es. Untranslated regions are mark ed b y black bo x es, and black lines represent introns. Alternativ e e x on skipping is 
sho wn b y bro wn connecting lines. ( B ) Schematics of MUSK e x on 10 included (+) and e x cluded (-) protein isof orms (not in scale). Fz-CRD is a Wnt-binding 
domain, which is important for Wnt-mediated AChRs clustering at the NMJ. Fz-CRD contains 10 highly conserved cysteine residues important for 
str uct ural folding. Exon 10 encodes for 6 cysteines (C6-Box), and exon 11 encodes for 4 cysteines (Ig4) of Fz-CRD. Fz-CRD, frizzled-like cysteine-rich 
domain; Ig, immunoglobulin-like domain; SS, signal sequence; TM, transmembrane domain. 
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el and processed for Coomassie blue staining or immunoblot-
ing (IB). Excised protein bands from Coomassie blue stained
el were resolved by mass spectrometry as described previ-
usly [ 9 , 33 ]. 

iRNA knockdown and minigene splicing 

e used the following human small interfering RNAs or siR-
As (SIGMA): 

• siSR SF6: 5 

′ -GC AGATCC AGGTCTCGATCTT-3 

′ ; 
• siSR SF1: S ASI_Hs01_00115056 

We used AllStar Negative Control siRNA (1027281) by Qi-
gen as control. Cells were plated 24 h before transfection in
ix-well culture plates (1.5 × 10 

5 cells / well). The transfection
eagent included each siRNA duplex at a final concentration
f 30 nM, Lipofectamine 2000 transfection reagent (Thermo
isher Scientific), and 500 ng minigene in 100 μl Opti-MEM
edium. The cells were processed 2 days after transfection for
T-PCR and IB analyses. 

DNA expression and minigene splicing 

uman SRSF1 and SRSF6 cDNA clones were constructed pre-
iously in the Adrian Krainer lab at Cold Spring Harbor Lab-
ratory [ 17 , 34 ]. Cells were plated 24 h prior to transfection in
 six-well culture plate (1.5 × 10 

5 cells / well) and transfected
ith 500 ng of an expression construct and 500 ng of the
inigene using XtremeGENE 9 (Roche) transfection reagent

n 100 μl Opti-MEM medium according to manufacturer’s in-
tructions. The cells were harvested 2 days after transfection
or RT-PCR and IB analyses. 
Antisense oligonucleotides-mediated splicing 

manipulation 

We synthesized affinity plus ASOs from Integrated DNA Tech-
nologies (IDT) with 2 

′ modifications on the sugar moiety
(locked nucleic acid bases) to prevent RNase H activation.
The sequences of ASOs are shown in Supplementary Table S3 .
ASOs were transfected using Lipofectamine 2000 transfection
reagent (Thermo Fisher Scientific) as described before [ 17 ].
The cells were processed 2 days after transfection for RT-PCR.

Harvesting cells for immunoblotting 

Cells were washed and harvested in PBS with 1 × Protease In-
hibitor Cocktail. After centrifugation at 2000 × g for 5 min,
the pellets were resuspended in buffer A [10 mM HEPES-
NaOH (pH 7.8), 10 mM KCl, 0.1 mM EDTA, 1 mM dithio-
threitol (DTT), 0.5 mM PMSF, 0.1% Nonidet P-40, 1 × Pro-
tease Inhibitor Cocktail] and incubated on ice for 30 min.
Samples were sonicated and centrifuged at 20 000 × g for
5 min to remove cell debris. The total cell lysate was analyzed
for IB. 

Tethered function assay 

Tethered function assay was conducted by cotransfection of a
reporter minigene and an effector construct. The minigene was
designed to carry an MS2 coat protein-binding hairpin site.
In contrast, an effector construct (cDNA of SRSF1 or SRSF6)
was fused to an MS2 coat protein cDNA. MS2-tagged SRSF1
and SRSF6 cDNAs were constructed previously in the Adrian
Krainer lab at Cold Spring Harbor Laboratory [ 17 , 34 ]. We
substituted the bacteriophage MS2 coat protein-binding hair-
pin RNA sequence (5 

′ -A CATGA GGATCA CCCATGT-3 

′ ) [ 33 ]

https://academic.oup.com/narmolmed/article-lookup/doi/10.1093/narmme/ugaf007#supplementary-data
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for sequences 5 

′ -TGCGGAC-3 

′ , 5 

′ -TGAGGAGG-3 

′ , or 5 

′ -
CACGGCC-3 

′ in MUSK exon 10 in the pSPL3-human- MUSK
minigene using the QuikChange site-directed mutagenesis. 

Antibodies 

Antibodies used in this study were anti-hnRNP C1 / C2 4F4
(SC-32308, Santa Cruz Biotechnology), anti-YB1 (A303-
230A, Bethyl Laboratories), anti-hnRNP L (A303-896A,
Bethyl Laboratories), anti-SRSF6 (Anti-SRp55, A303-669A,
Bethyl Laboratories), anti-SRSF1 (Anti-ASF, A302-052A,
Bethyl Laboratories), anti-GAPDH (G9545, Sigma–Aldrich),
and anti-T7-tag antibody (T7-KLH 42 1-87, Cold Spring Har-
bor Laboratory) [ 17 ]. 

Densitometric analysis 

RT-PCR and IB images were quantified using the ImageJ
(1.54g) software. 

Statistical analysis 

Statistical calculations were performed using the GraphPad
Prism (10.2.3) software. 

Results 

SRSF6 and SRSF1 bind to the ESE of MUSK exon 10

Previously, we identified exonic splicing cis -elements respon-
sible for splicing of human MUSK exon 10 using a splicing
reporter minigene (pSPL3-human- MUSK ) [ 9 ]. We character-
ized ESS precisely (blocks 5 and 12) (Fig. 2 A, lanes 6 and 13).
To characterize ESE, we first reconfirmed the activity of ESE
by sequential replacement of 20-nucleotide blocks through-
out the ESE with 20-nucleotide heterologous sequence (5 

′ -
TCAGT A TGACTCTCAGT A TG-3 

′ ), having no splicing activ-
ity as described previously [ 35 , 36 ]. As expected, the replace-
ment of ESE sequences (blocks 6–9) resulted in the loss of
exon inclusion activity (Fig. 2 A, lanes 7–10). Splicing regu-
latory cis -elements have been reported to function generally
by binding to the cognate regulatory proteins [ 37 ]. To deter-
mine if potential trans -acting factors specifically interact with
the ESE sequences, binding reactions were performed with a
HeLa nuclear extract and a biotinylated RNA probe spanning
the entire ESE (ESE-wt) (blocks 6–9, 80 nucleotides) (Fig. 2 B).
We synthesized a mutant RNA probe as a control, where we
introduced artificial mutations in order to decrease the over-
all ESE activity as demonstrated by in silico analysis (ESE-
finder 3.0) [ 38–40 ] (Fig. 2 B and Supplementary Fig. S1 ). Note
that we kept the individual base composition the same be-
tween ESE-wt and ESE-mut probes. We performed an RNA
affinity purification assay using the RNA probes (Fig. 2 C).
A Coomassie-stained gel of affinity-purified products showed
two distinct bands of ∼55 and ∼30 kD associated with the
wild-type ESE RNA probe but not with the mutant probe
(Fig. 2 D). These two bands were consistently identified in mul-
tiple experiments. We excised these two bands from the gel
and ran for mass spectrometry (MS). Analyses of the identi-
fied peptides by MASCOT revealed the origin of the ∼55 kD
band as human SRSF6 (previously termed as SRp55) with a
MASCOT protein score of 48, and the ∼30 kD band as hu-
man SRSF1 (previously termed as SF2 / ASF) with a MASCOT
protein score of 63 [ 13 ]. There were a few other bands asso-
ciated with both probes but more prominently with ESE-wt
(Fig. 2 D), which appeared as common contaminants of MS,
such as keratins. We reconfirmed the binding of each factor 
(SR SF6 and SR SF1) by IB using specific antibodies against 
SRSF1 and SRSF6, respectively (Fig. 2 E). 

SRSF6 and SRSF1 enhance the inclusion of human 

MUSK exon 10 

We next sought to evaluate the effects of the identified trans - 
factors on the inclusion of MUSK exon 10. We first em- 
ployed siRNA-mediated downregulation of the individual fac- 
tors (SRSF1 or SRSF6) in HeLa cells. We first confirmed the 
efficient downregulation of each of the factors by IB (Fig.
3 A). Downregulation of either SRSF6 or SRSF1 caused a loss 
of exon 10 inclusion activity of transfected pSPL3-human- 
MUSK (Fig. 3 B, lanes 2 and 3). Downregulation of both trans - 
factors simultaneously exerted a more prominent effect com- 
pared to individual effects (Fig. 3 B, lane 4 compared to lanes 
2 and 3). Our data suggest that SRSF6 and SRSF1 are likely 
to have additive effects on exon inclusion. 

We next set out experiments for cDNA expression of each 

of the trans -factors individually or simultaneously (SRSF6 

or / and SRSF1) in HeLa cells. We employed T7-tagged SRSF1 

and SRSF6 cDNA constructs. We confirmed the expression of 
each of the cDNAs by IB using a T7-tag antibody (Fig. 3 C). As 
expected, overexpression of either SRSF6 or SRSF1 induced 

the inclusion of exon 10 of transfected pSPL3-human- MUSK 

(Fig. 3 D, lanes 2 and 3). The most prominent inclusion was ob- 
served when two factors were overexpressed simultaneously 
(Fig. 3 D, lane 4 compared to lanes 2 and 3). These results were 
consistent with the knockdown experiments. Recapitulation 

of consistent splicing regulatory effects in cDNA overexpres- 
sion experiments ruled out the possible off-target effects of 
siRNAs used in knockdown experiments. 

SRSF6 can compensate for the splicing activity of 
SRSF1 for MUSK exon 10 

We next asked if one of the identified factors is sufficient to 

compensate for the absence of the other factor or not. To this 
end, we expressed SRSF6 cDNA in HeLa cells treated with 

siRNA against SRSF1. To our surprise, SRSF6 could rescue 
the effect of SRSF1 downregulation on MUSK exon 10 in- 
clusion of transfected pSPL3-human- MUSK (Fig. 3 E, lane 3 

compared to lane 2). However, this rescue effect was not ob- 
served when SRSF1 cDNA was expressed in HeLa cells treated 

with siRNA against SRSF6 (Fig. 3 E, lane 5 compared to lane 
4). Therefore, we can conclude that SRSF6 is essentially the 
major ESE of exon 10, which functions in cooperation with 

the additive effect of SRSF1. 

Molecular basis of binding and splicing regulation 

promoted by SRSF6 and SRSF1 

To characterize the molecular basis of SRSF6- and SRSF1- 
mediated ESE activity, we further extended our analysis to 

characterize precise binding motifs of SRSF6 and SRSF1 in the 
identified ESE. According to in vitro SELEX study, the binding 
consensus for SRSF6 is T(G / C)CG(T / G)(A / C), whereas the 
binding consensus for SRSF1 is (G / C)(A / G)(G / C)A(G / C)GA 

[ 41 ]. However, the binding motifs of both SRSF6 and SRSF1 

identified by biochemical and mutagenesis analyses always 
do not strictly match the SELEX consensus and show de- 
generacy to some extent [ 14 , 26 , 27 , 42–45 ]. Considering 
all preferred-binding motifs, we scanned MUSK exon 10 

https://academic.oup.com/narmolmed/article-lookup/doi/10.1093/narmme/ugaf007#supplementary-data
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Figure 2. Characterizing ESE elements in MUSK e x on 10 and identification of cognate RNA-binding proteins. ( A ) Top, schematics of 
pSPL3-human- MUSK minigene (pH-wt) and block-scanning mutagenesis. A long red box denotes MUSK e x on 10, and black lines denote flanking introns. 
Each 20-nucleotide block in e x on 10 (shown by small red boxes, B1–B13) was substituted with a heterologous sequence of 
5 ′ -TCAGT A TGACTCTCAGT A TG-3 ′ (sho wn b y blue). Middle, splicing R T-PCR of pH-wt and 1 3 bloc k-mutant minigenes (B1–B1 3) in HeLa cells. Bot tom, 
quantification of e x on 10 inclusion (percent spliced-in, PSI) is shown by a bar graph (mean ± SD, n = 3 biological replicates). ( B ) Sequences of 
biotinylated ESE RNA probe (spanning blocks B6–B9) carrying wild-type (ESE-wt) or mutated (ESE-mut) sequences. ( C ) Schematics of RNA affinity 
purification assay. ( D ) Coomassie blue staining of RNA affinity-purified products from HeLa nuclear extract using the indicated biotinylated RNA probes. 
Two proteins of ∼55 and ∼30 kDa (arrows) are differentially associated with ESE-wt compared to ESE-mut. Mass spectrometry analysis revealed that 
the two proteins are human SRSF6 and SRSF1, respectively. ( E ) IB of RNA affinity purified proteins in panel (D) with the indicated antibodies. Inc: exon 
inclusion; skp: e x on skipping; NuEx: nuclear extract. 
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Figure 3. SRSF6 enhances the inclusion of MUSK exon 10 in cooperation with SRSF1. ( A ) IB using the indicated antibodies after gene knockdown with 
siRNA against control (siCont), human SRSF6 (siSRSF6), and human SRSF1 (siSRSF1) in HeLa cells. ( B ) RT-PCR of pSPL3-human- MUSK minigene 
(pH-wt) in HeLa cells treated with the indicated siRNAs. The black circle indicates siCont, the red circle indicates siSRSF6, the green circle indicates 
siSRSF1, and the white circle indicates blank treatment. Quantification of MUSK exon 10 inclusion (PSI) is shown by a bar graph (mean ± SD, n = 3 
biological replicates) below the gel. ( C ) Schematics of cDNA constructs (left). IB with the indicated antibodies after a T7-tagged cDNA expression 
encoding human SRSF6 or SRSF1 in HeLa cells (right). ( D ) RT-PCR of pSPL3-human- MUSK minigene (pH-wt) in HeLa cells co-transfected with the 
indicated cDNAs. The yellow circle indicates SRSF6 cDNA, the blue circle indicates SRSF1 cDNA and the white circle indicates blank treatment. 
Quantification of MUSK e x on 10 inclusion (PSI) is shown by a bar graph (mean ± SD, n = 3 biological replicates) below the gel. ( E ) RT-PCR of 
pSPL3-human- MUSK minigene (pH-wt) in HeLa cells treated with the indicated siRNA and / or cDNA. Circles indicate the same as described in panels (B) 
and (D). Quantification of MUSK e x on 10 inclusion (PSI) is shown by a bar graph (mean ± SD, n = 3 biological replicates) below the gel. Inc: exon 
inclusion; skp: e x on skipping. ** P < 0.01, *** P < 0.001, ns, not significant, t -test. 
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SE sequences to identify potential binding motifs for SRSF6
nd SRSF1. We predicted three potential binding motifs for
R SF6, TGCGGA (SR SF6–BM1), TGAGGA (SR SF6–BM2),
nd C ACGGC (SR SF6–BM3), respectively (Fig. 4 A). Simi-
arly, we found three predicted motifs for SRSF1, A GGA GG
SR SF1–BM1), C AC ACG (SR SF1–BM2), and CTGCCGG
SRSF1–BM3), respectively (Fig. 4 A). Among the predicted
inding motifs, both SRSF6 and SRSF1 comprise one nonover-
apping binding motif (SRSF6–BM1 and SRSF1–BM3, respec-
ively). In contrast, SRSF6–BM2 overlaps with SRSF1–BM1,
nd SRSF6–BM3 overlaps with SRSF1–BM2. We next asked
hether the predicted binding motifs indeed bind to SRSF6
r / and SRSF1. For the convenience of analysis, we subdi-
ided the entire ESE into four segments: ESE1 (harboring
R SF6–BM1, SR SF6–BM2, and SR SF1–BM1), ESE2, ESE3
harboring SRSF6–BM3 and SRSF1–BM2), and ESE4 (har-
oring SRSF1-BM3) (Fig. 4 A). Next, we examined the bind-
ng profiles of SRSF6 and SRSF1 in the RNA-affinity puri-
ed products from these RNA substrates by IB (Fig. 4 B). We
etected the binding affinity of both SRSF6 and SRSF1 for
SE1 and ESE3. ESE2 harbors no predicted binding sites for
R SF6 or SR SF1, and the lack of binding of these factors is
n agreement with the prediction. Although ESE4 harbored
 predicted binding site for SRSF1, we could not detect any
inding affinity of SRSF1 for this motif. Taken together, we
an conclude that RNA-segment spanning ESE1 and ESE3
ossess true binding sites for both SRSF6 and SRSF1. 
To illustrate whether the identified binding sites in ESE1

nd ESE3 are functionally relevant to ESE activity, we in-
roduced artificial mutations in these sites in pSPL3-human-

USK minigene (pH-wt) in different combinations to weaken
he predicted binding motif (Fig. 4 C). Next, we assessed the
plicing efficiency of these mutated minigenes in HeLa cells.
rtificial mutations disrupting SRSF6–BM1 of ESE1 (ESE-
ut1) caused a partial decrease in exon inclusion efficiency

Fig. 4 D, lane 2 compared to lane 1). Similarly, mutations dis-
upting SRSF6–BM2 and SRSF1–BM1 of ESE1 (ESE-mut2)
lso caused a partial decrease in exon inclusion efficiency (Fig.
 D, lane 3 compared to lane 1). In contrast, mutations dis-
upting SRSF6–BM3 and SRSF1–BM2 of ESE3 (ESE-mut3)
esulted in a significant decrease in exon inclusion activity
Fig. 4 D, lane 4 compared to lane 1). These results suggest
hat ESE3 has a stronger activity than ESE1. In addition, mu-
ations weakening all the binding sites of ESE1 and ESE3 com-
letely abolished the exon inclusion activity. Taken together,
e can enlist three functional splicing enhancing motifs (ESE
otifs) in MUSK exon 10. ESE-motif1 (TGCGGA) and ESE-
otif2 (TGA GGA GG) span ESE1, whereas ESE-motif3 (CA-
ACGGC) spans ESE3 (Figs 4 A and 5 A). 

ontext-specific tethering of SRSF6 and SRSF1 can 

ecapitulate their ESE activity. 

issection of ESE motifs demonstrated a cooperative splicing
egulation promoted by SRSF6 and SRSF1 through multiple
SE elements. We then tried to characterize the relative contri-
ution of SRSF6 and SRSF1 in this coordination in the context
f the identified ESE motifs. For this, we exploited bacterio-
hage MS2 coat protein-mediated artificial tethering exper-

ments [ 9 , 17 , 33 , 46 ]. We made three MUSK minigene re-
orters (pSPL3- MUSK -MS2-1 / 2 / 3), in which we substituted
 specific ESE motif with an MS2-binding site, and the re-
aining two ESE motifs were inactivated by artificial muta-
tions (Fig. 5 A). These model reporters, therefore, possess com-
promised ESE motifs (as evident by the loss of exon inclu-
sion, Fig. 5 , lane 1 of panels C–E), which allows the oppor-
tunity to test the activity of an individual motif at a time by
tethering an MS2-tagged trans -factor (Fig. 5 B). Tethering of
MS2-tagged SR SF1 (SR SF1–MS2) induced exon inclusion in
pSPL3- MUSK -MS2-1 and pSPL3- MUSK -MS2-2 to a similar
extent but not in pSPL3- MUSK -MS2-3 (Fig. 5 C–E). These re-
sults suggest that SRSF1 can modulate the ESE-activity for
ESE-motif1 and ESE-motif2 but not for ESE-motif3. In con-
trast, tethering of MS2-tagged SRSF6 (SRSF6–MS2) induced
exon inclusion for all three reporters with variable extents,
with the strongest effect in pSPL3- MUSK -MS2-3 (Fig. 5 C–E).
These results suggest that SRSF6 can modulate the ESE ac-
tivity for all three motifs. Note that SRSF1 without an MS2-
tag (SRSF1) could not induce exon inclusion in any of the
reporters, suggesting no SRSF1 responsive binding sites else-
where in the minigene. In contrast, SRSF6 without an MS2-
tag (SRSF6) slightly induced exon inclusion in all three re-
porters, suggesting that SRSF6 might have other responsive
elements elsewhere in the minigene. We confirmed that MS2
alone (MS2) and MS2-tagged factor hnRNP H (hnRNP H-
MS2, unrelated to MUSK splicing) have no ESE activity for
any of the reporters to exclude any possible experimental
artifacts. 

Differentiated muscle upregulates a wnt-sensitive 

MuSK isoform by downregulating splicing 

suppressors rather than enhancers 

We previously showed that the inclusion of MUSK exon 10 is
increased upon myogenic differentiation both in primary hu-
man myoblasts (SkMC) and immortalized human myogenic
cells (Hu5 / KD3) [ 9 ]. We also observed that the expression of
splicing suppressors hnRNP C and YB-1 are also decreased
upon myogenic differentiation. We, therefore, checked the ex-
pression profile of splicing enhancers SRSF6 and SRSF1 in my-
otubes differentiated from Hu5 / KD3 (Fig. 6 A). We found that
expression of both SRSF6 and SRSF1 remained unchanged
at both mRNA (Fig. 6 B and C) and protein levels (Fig. 6 D
and E) during differentiation. Taken together, we can conclude
that differentiated muscle reduces the expression of splicing
suppressors hnRNP C and YB-1 while keeping the uniform
expression of splicing enhancers to generate a Wnt-sensitive
MuSK isoform (Fig. 6 A–E). 

Manipulation of MuSK isoform using antisense 

oligonucleotides 

Having characterized the underlying regulation of MUSK iso-
form splicing, we next seek to develop a strategy for targeted
manipulation of MUSK exon 10 AS, which could have a pro-
found therapeutic impact in NMJ disorders. We employed an-
tisense pharmacology. ASOs can bind to specific sequences in
the target RNA and may inhibit the binding of splicing fac-
tors or generate steric hindrance to interfere with spliceosome
assembly, resulting in differential AS outcomes [ 47–51 ]. We
set out systematic ASO walks against MUSK pre-mRNA tar-
geting ESS and ESE sequences in exon 10, as well as flanking
splice sites (SS), 3 

′ SS, and 5 

′ SS (Fig. 7 A). We designed affinity
plus ASOs with 2 

′ modifications on the sugar moiety (locked
nucleic acid bases) to prevent RNase H activation. These mod-
ifications allow high-affinity binding of ASOs and confer re-
sistance to nuclease- and RNase H-mediated cleavage of the
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Figure 4. Decoding the functional splicing regulatory motifs spanning ESE of MUSK e x on 10. ( A ) MUSK ESE sequences (spanning blocks B6–B9 in e x on 
10, see Fig. 2 A). Predicted binding motifs of SRSF6 (orange) and SRSF1 (blue) are shown below. The entire ESE is subdivided into four parts (ESE1, 
ESE2, ESE3, and ESE4) to examine the binding of SRSF6 or / and SRSF1 in the predicted motifs, respectively. ( B ) RNA affinity-purified products from 

specified RNA probes are detected by IB with the indicated antibodies. SCR represents a scramble RNA probe used as a control. ( C ) Scanning 
mutagenesis to map the functional motifs in ESE. Artificial mutations introduced into ESE1 or / and ESE3 of pSPL3-human- MUSK minigene (pH-wt) are 
marked red and underlined. ( D ) RT-PCR of pSPL3-human- MUSK minigene (pH-wt) and four ESE-mutant minigenes (panel C) in HeLa cells. Plus and 
minus signs indicate the presence or absence of the predicted motif, respectively. Quantification of MUSK exon 10 inclusion (PSI) is shown by a bar 
graph (mean ± SD, n = 3 biological replicates) below the gel. Inc: exon inclusion; skp: exon skipping; NuEx: nuclear extract. ** P < 0.01, *** P < 0.001, 
ns: not significant, t -test. 
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Figure 5. Examining ESE-activity of individual motifs by MS2-mediated tethering of SRSF6 or SRSF1. ( A ) Schematics of MS2-binding hairpin sequence 
inserted into ESE motifs (ESE-motif1, ESE-motif2, or ESE-motif3) in e x on 10 of pSPL3-human- MUSK minigene (pH-wt) to recruit an MS2-tagged SRSF6 
or SRSF1. To assess motif-specific splicing effect, one motif was replaced by an MS2-hairpin, and the remaining motifs were mutated to abrogate binding 
sites of SRSF6 or / and SRSF1. ( B ) Schematics of MS2-tagged cDNA constructs (left). IB with the indicated antibodies after MS2-tagged cDNA expression 
encoding human SRSF6 and SRSF1 in HeLa cells (right). MS2 cDNA (MS2) doesn’t have a T7-t ag . ( C –E ) RT-PCR of pSPL3-human- MUSK-MS2-1 / 2 / 3 
minigene in HeLa cells co-transfected with the indicated cDNAs. Plus and minus signs indicate the presence or absence of the indicated trans-factors, 
respectively. MS2-tagged hnRNP H is used as a negative control. Quantification of MUSK exon 10 inclusion (PSI) is shown by a bar graph (mean ± SD, 
n = 3 biological replicates) below the gel. Inc: exon inclusion; skp: exon skipping. ** P < 0.01; *** P < 0.001, ns: not significant, t -test. 
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Figure 6. Expression of SRSF6 and SRSF1 upon myogenic differentiation. ( A ) Phase-contrast images showing a temporal profile of differentiation of 
human m y ogenic cell line (Hu5 / KD3). ( B ) Time-course R T-PCR sho wing AS of endogenous MUSK e x on 10 and endogenous e xpression of its splicing 
enhancers (SRSF6 and SRSF1) and splicing suppressors (hnRNP C, YB-1, and hnRNP L) at different differentiation da y s of Hu5 / KD3. Expressions of 
m y ogenin and GAPDH are shown as internal controls ( C ) Densitometric quantification of relative mRNA expression levels of splicing enhancers and 
suppressors in undifferentiated (Day -1) and differentiated (Day 4) Hu5 / KD3 as described in panel (B). GAPDH is used as the control for normalization. 
Bar graph (mean ± SD, n = 3 biological replicates). ( D ) Time-course IB at different differentiation da y s of Hu5 / KD3 with indicated antibodies. ( E ) 
Densitometric quantification of relative protein expression levels of splicing enhancers and suppressors in undifferentiated (Day -1) and differentiated 
(Day 4) Hu5 / KD3 as described in panel (D). GAPDH is used as the control for normalization. Bar graph (mean ± SD, n = 3 biological replicates). Inc: exon 
inclusion; skp: e x on skipping. ** P < 0.01; *** P < 0.001, ns: not significant, t -test. 
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Figure 7. Manipulation of MUSK isoforms using ASOs. ( A ) Schematic of ASO walks spanning MUSK exon 10 and flanking splice sites. ( B ) RT-PCR of 
pSPL3-human- MUSK minigene (pH-wt) in HeLa cells cotransfected with the indicated ASOs for 48 h. Quantification of MUSK exon 10 inclusion (PSI) is 
sho wn b y a bar graph (mean ± SD, n = 3 biological replicates) belo w the gel. ( C and D ) R T-PCR of pSPL3-human- MUSK minigene (pH-wt) in HeLa cells 
cotransfected with the indicated ASOs at increasing concentrations for 48 h. Quantification of MUSK exon 10 inclusion (PSI) is shown by a bar graph 
(mean ± SD, n = 3 biological replicates) below the gel. CTRL: mock treatment control with no ASO; Inc: e x on inclusion; skp: e x on skipping. ** P < 0.01, 
*** P < 0.001, ns: not significant, t -test. 
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target RNA [ 47 , 48 , 51–53 ]. We designed 14 ASOs: ASO1–
ASO2 targeting splice site upstream of exon 10 (3 

′ splice site),
ASO3–ASO7 targeting ESS (block 5), ASO8–ASO11 targeting
ESE, ASO12 targeting ESS (block 12), and ASO13–ASO14
targeting splice site downstream of exon 10 (5 

′ splice site)
(Fig. 7 A). We tested these ASOs in HeLa cells co-transfected
with the pSPL3-human- MUSK minigene (pH-wt). As a con-
trol, we employed a mock treatment with no ASO (CTRL). We
also tested a nontargeting ASO (NT-ASO, targeting an unre-
lated gene EZH2 ) ( Supplementary Fig. S2 ). RT-PCR was con-
ducted to detect both exon-included (inc) and exon-skipped
(skp) products (Fig. 7 B). The results identified ASOs with dif-
ferential exon-skipping efficiencies: ASOs with strong exon-
skipping activities (ASO8, ASO9, ASO10, and ASO11); ASOs
with moderate exon-skipping activities (ASO6, ASO7, and
ASO14); and ASOs with low exon-skipping activities (ASO1,
ASO2, ASO3, ASO4, ASO12, and ASO13) (Fig. 7 B). Among
14 ASOs, only ASO5 showed exon-inclusion activity (Fig. 7 A
and B). 

To determine whether the extent of ASO-mediated ma-
nipulation of MUSK mRNA isoforms can be titrated, one
exon-skipping-promoting candidate (ASO8) (Fig. 7 C) and one
exon-inclusion-promoting candidate (ASO5) (Fig. 7 D) were
tested further for dose-dependent response experiments. To
this end, cells were treated with ASOs at increasing con-
centrations (10, 50, and 100 nM). As we expected, ASO8
showed dose-dependent effects on exon-skipping, whereas
ASO5 showed dose-dependent effects on exon-inclusion. 

Discussion 

In this study, we precisely characterized the ESE cis -elements
of MUSK exon 10 and determined the functional motifs in
the ESE. We also identified cognate trans -factors and demon-
strated that SRSF6 and SRSF1 coordinately enhance exon in-
clusion through multiple functional motifs in the ESE. Be-
tween the two factors, SRSF6 potentially exerts a stronger
regulatory effect, whereas SRSF1 cooperates with an addi-
tive effect. In our previous report, we tested the relative bind-
ing affinity of SRSF1 for several degenerative motifs [ 46 ].
We found that GGAGG possesses a high binding affinity
for SRSF1, GGTGG, and GGCGG possess moderate binding
affinity, and GGGGG possesses no binding affinity. Among
the ESE motifs of MUSK exon 10 (ESE-motif1: TGCGGAC,
ESE-motif2: TGA GGA GG, ESE-motif3: CA CGGCCT), only
one high affinity-binding motif GGAGG is present in ESE-
motif2 (TGA GGA GG). Indeed, in the binding study, we de-
tected considerable binding of SRSF1 only for the ESE1 probe
harboring ESE-motif1 and ESE-motif2 (Fig. 4 B). In contrast,
the relative binding affinity for different degenerative motifs
of SRSF6 has not been dissected concisely to date. However,
we noticed strong binding of SRSF6 for both ESE1 and ESE3,
which suggests that these motifs possess strong binding affin-
ity for SRSF6. Inactivating native binding motif(s) and artifi-
cial recruitment of each splicing factor by MS2-mediated teth-
ering again demonstrated a stronger effect of SRSF6 compared
to SRSF1 (Fig. 5 C–E). One critical observation came out in
these experiments that SRSF6 has additional responsive mo-
tif(s) besides those in exon 10, as SRSF6 without an MS2-tag
slightly induced exon inclusion in all three MS2 reporters (Fig.
5 C–E). In contrast, SRSF1 responsive elements are only lim-
ited to exon 10. The presence of several high-affinity binding
motifs and additional motif(s) outside of exon 10 can reason-
ably explain the stronger splicing-enhancing effect of SRSF6 

than SRSF1. 
We previously reported the underlying regulation of skip- 

ping of MUSK exon 10 in humans, which is absent in mice.
We identified a unique ESS in human MUSK exon 10, which 

promotes exon skipping by the complex and coordinated in- 
terplay of trans -acting factors hnRNP C, YB-1, and hnRNP 

L. The present study, along with our previous study, enabled 

us to decipher the complete underlying regulation of MUSK 

exon 10 splicing associated with an important domain essen- 
tial for Wnt-mediated AChRs clustering at NMJ. Analysis of 
MUSK splicing in the course of myogenic differentiation and 

evaluation of the expression profile of splicing regulators led 

us to reveal an important physiological control of myogene- 
sis. We found that differentiated muscle reduces the expres- 
sion of splicing suppressors (hnRNP C and YB-1) but not en- 
hancers to generate a Wnt-sensitive MuSK isoform to aug- 
ment Wnt-mediated AChRs clustering at NMJ. Interestingly,
it was reported that the expression levels of hnRNP C, YB-1,
and even hnRNP L are also downregulated in differentiated 

conditions in mouse myoblast cells (C2C12) [ 54 , 55 ]. An inter- 
esting question arises here: Why do differentiated muscle cells 
decrease the expression of splicing suppressors rather than 

increasing splicing enhancers? SRSF1 functions as a proto- 
oncogene when it is overexpressed [ 22–24 ]. SRSF1 was re- 
ported to be overexpressed in tumors from breast, small in- 
testine, colon, kidney, thyroid, lung, liver, and pancreas [ 22–
24 ]. On the other hand, SRSF6 was also reported to func- 
tion as an oncoprotein to regulate the proliferation and sur- 
vival of lung and colon cancers [ 29 ]. These suggest that the 
increased level of SRSF1 or SRSF6 could be detrimental to 

cells. In contrast, YB-1 is reported as a negative regulator of 
C2C12 myoblast differentiation [ 55 ]. YB-1 cooperatively in- 
teracts with MSX1, which inhibits the expression of MyoD 

by binding to the core enhancer region (CER) of the MyoD 

promoter [ 55 ]. Therefore, the reduction of YB-1 expression 

in the course of differentiation is also physiologically relevant 
to facilitate myogenic differentiation. Therefore, to achieve 
beneficial expression of the Wnt-sensitive MuSK isoform at 
NMJ, humans may have acquired ESS in the course of evolu- 
tion to selectively skip exon 10 by utilizing spatiotemporally 
regulated expressions of splicing suppressors, which is absent 
in mice. 

AS plays an unprecedented role in controlling gene expres- 
sion at NMJ, and a lot of reports showed that aberrant reg- 
ulation of splicing often compromises the safety margin of 
neuromuscular signal transmission and gives rise to patho- 
logical clinical consequences at NMJ [ 33 , 46 , 56–60 ]. There- 
fore, decoding splicing regulation in molecules, which consti- 
tute the molecular architecture of NMJ, could have profound 

clinical significance. For example, we dissected splicing reg- 
ulation in CHRNA1 encoding AChRs alpha subunit, where 
we showed that hnRNP L, PTB, and hnRNP H promote skip- 
ping of a nonfunctional exon P3A [ 33 , 61 ]. Investigation of 
two pathogenic splicing mutations in two patients with con- 
genital myasthenic syndrome (CMS) allowed us to demon- 
strate that IVS3-8G > A disrupts binding of hnRNP H in 

one patient [ 61 ], and P3A23 

′ G > A disrupts binding of hn- 
RNP L in another patient [ 33 ]. In both cases, disruption of 
either hnRNP H or hnRNP L causes aberrant and exclusive 
inclusion of exon P3A, which subsequently disables the ex- 
pression of AChRs at the patient end-plate. In COLQ , SRSF1 

promotes the inclusion of a constitutive exon 16 of COLQ 

https://academic.oup.com/narmolmed/article-lookup/doi/10.1093/narmme/ugaf007#supplementary-data
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 46 ]. A pathogenic variant p.E415G disrupting the binding
f SRSF1 triggers aberrant exon skipping and subsequently
auses end-plate acetylcholinesterase deficiency at the patient
nd-plate [ 46 ]. Splicing dissection of MUSK exon 10 in this
tudy and our previous study [ 9 ] provide ample opportunity
o screen potential pathogenic mutations causing splicing de-
ects in MUSK associated with NMJ disorders. However, to
he best of our knowledge, no mutations have been reported
n the identified splicing cis -elements of MUSK to date. 

Therapeutic approaches correcting splicing errors have
een successfully transformed to the clinic for several genetic
isorders [ 47–51 , 62 ]. ASOs-mediated splice-switching has
een developed as an effective targeted approach in recent
imes. For example, the ASO drug Nusinersen (Spinraza) cor-
ects aberrant splicing of SMN2 , which appeared as an ef-
ective approved treatment for a neurological disorder, spinal
uscular atrophy (SMA) [ 48 , 62 ]. Nusinersen binds to a splic-

ng regulatory intronic region flanking exon 7 in SMN2 . This
inding enhances the inclusion of exon 7 in the mRNA, which
ncodes a functional full-length protein. The full-length pro-
ein is normally lacking in SMA patients due to homozygous
utations or deletions of the SMN1 gene [ 47 , 48 , 62 ]. How-

ver, the splice-switching strategy has not been successfully
mployed in clinical development for CMS and related NMJ
isorders. As a proof-of-concept, to manipulate AS at NMJ,
e developed ASOs targeting the splicing regulatory elements

ESSs and ESEs) in MUSK identified in our studies, as well as
anking splice sites (5 

′ splice site and 3 

′ splice site). To our
xpectation, the ASOs (ASO8, ASO9, ASO10, and ASO11)
panning the identified functional motifs in the ESE of MUSK
xon 10 exerted efficient exon-skipping, likely due to inhibit-
ng the binding of splicing enhancers (SRSF6 and SRSF1) (Fig.
 ). Similarly, the ASO (ASO5) spanning one of the identified
SSs of MUSK exon 10 (ESS5) exerted efficient exon-inclusion
ctivity, likely due to blocking the binding of splicing suppres-
ors (hnRNP C, YB-1, and hnRNP L) (Fig. 7 ). These data sug-
est that understanding and characterizing splicing regulatory
otifs in genes associated with NMJ could strongly help in de-

eloping efficient, successful therapeutic strategies to correct
plicing errors in patients with CMS and related NMJ disor-
ers. Therefore, our studies could represent a modality for the
iscovery and development of a mechanism-based systematic
trategy to manipulate pathogenic AS for therapeutic inter-
ention in CMS and related NMJ disorders. 
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