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Abstract: Antisense oligonucleotides (ASOs) are agents that modulate gene function. ASO-mediated
out-of-frame exon skipping has been employed to suppress gene function. Myostatin, encoded
by the MSTN gene, is a potent negative regulator of skeletal muscle growth. ASOs that induce
skipping of out-of-frame exon 2 of the MSTN gene have been studied for their use in increasing
muscle mass. However, no ASOs are currently available for clinical use. We hypothesized that ASOs
against the splicing enhancer sequence within exon 1 of the MSTN gene would inhibit maturation of
pre-mRNA, thereby suppressing gene function. To explore this hypothesis, ASOs against sequences
of exon 1 of the MSTN gene were screened for their ability to reduce mature MSTN mRNA levels.
One screened ASO, named KMM001, decreased MSTN mRNA levels in a dose-dependent manner
and reciprocally increased MSTN pre-mRNA levels. Accordingly, KMM001 decreased myostatin
protein levels. KMM001 inhibited SMAD-mediated myostatin signaling in rhabdomyosarcoma cells.
Remarkably, it did not decrease GDF11 mRNA levels, indicating myostatin-specific inhibition. As
expected, KMM001 enhanced the proliferation of human myoblasts. We conclude that KMM001 is a
novel myostatin inhibitor that inhibits pre-mRNA maturation. KMM001 has great promise for clinical
applications and should be examined for its ability to treat various muscle-wasting conditions.

Keywords: antisense oligonucleotide; splicing; splicing enhancer sequence; myostatin

1. Introduction

We first proposed the use of antisense oligonucleotide (ASO)-mediated exon-skipping
therapy for Duchenne muscular dystrophy (DMD) in 1995 [1,2]. ASO-mediated exon
skipping is intended to convert out-of-frame DMD mRNA into in-frame DMD mRNA,
enabling the production of dystrophin, which is deficient in DMD [2]. Since our proposal,
an ASO designed to target an exonic splicing enhancer sequence has been shown to induce
exon skipping [3]. ASO-mediated exon skipping has since developed into a verified strategy
for a subset of patients with DMD [4]. As exon-skipping therapy enables mRNA editing, it
has been applied to treat both monogenic and nonmonogenic diseases [5]. Notably, ASO-
mediated splicing can be applied to manipulate gene functions not only for restoration but
also for destruction and modulation [5]. For example, splice-modulating ASOs that target
intronic splicing silencer sequences are currently being used to treat patients with spinal
muscular atrophy [6]. In these cases, internal exons flanked by both splice acceptor and
donor sites are modulated by the ASOs.

Splicing is a step in which introns are excised from pre-mRNAs that are transcribed
from genes to produce mature mRNAs. To ensure accurate mRNA production, exons are
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defined by splicing consensus sequences located at the junctions of exons and introns in pre-
mRNAs. GT and AG dinucleotides are highly conserved consensus sequences at the splice
donor and acceptor sites, respectively. Additionally, the definition of exons is supported by
splicing cis elements, such as splicing enhancer and silencer sequences located within exons
or introns. If a nucleotide change is present in these cis-regulatory sequences, a splicing
error may occur [7]. In the case of DMD treatment, ASOs have been designed against exonic
splicing enhancers to induce exon skipping [2]. Exonic splicing enhancers serve as binding
sites for specific serine/arginine-rich (SR) proteins, a family of structurally related and
highly conserved splicing factors named SRSF1 to SRSF12 [8]. Splicing generally proceeds
without errors because of a sophisticated quality control system.

Myostatin, also known as growth differentiation factor 8 (GDF8), is a member of the
transforming growth factor β (TGF-β) superfamily and a potent negative regulator of
skeletal muscle growth [9,10]. It is encoded by the MSTN gene, which comprises three
exons and spreads over 7 kb on chromosome 2 [11]. Myostatin, a secretory protein, is
synthesized in skeletal muscle as a precursor that undergoes maturation steps [12,13]. The
inactive precursor (pro-myostatin) comprises 375 amino acid residues, with an N-terminal
signal peptide, a prodomain, and a C-terminal active growth factor domain [10]. The
active domain binds and activates receptors on the surfaces of muscle cells. Subsequently,
a SMAD-dependent complex is formed and translocated into the nucleus, where the
complex activates genes that drive muscle wasting [14]. Although multiexon genes are
usually subjected to alternative splicing, alternative splicing was previously believed
not to occur in the human MSTN gene. Recently, we identified alternative splicing of
the MSTN transcript for the first time (deposited in GenBank under accession number
MZ436933). This finding indicates that the MSTN gene is not excluded from common
splicing regulatory mechanisms.

Knocking out the MSTN gene in mice results in a two- to three-fold increase in muscle
mass [9]. Mutations in the MSTN gene have been reported to produce the “double-muscled”
phenotype in animals, such as mice, cattle, sheep, and dogs [15–18]. Consistent with the
high conservation of the MSTN gene among animals [10], a mutation in the human MSTN
gene has been found to produce markedly increased musculature in a child [19]. Therefore,
myostatin inhibition has become an attractive prospective strategy for increasing muscle
mass in muscle-wasting conditions, such as muscular dystrophy, sarcopenia, and cancer-
associated cachexia [20,21]. ASOs that can induce the skipping of out-of-frame exon 2 of the
MSTN gene in order to suppress MSTN gene function have been studied [22,23]. However,
no ASOs have been officially approved for clinical use [24]. Thus, the development of
clinically effective myostatin inhibitors is still awaited.

The first exon at the 5′ end of pre-mRNA is defined by the splice donor site only.
Although it is common to identify exon skipping due to mutations in internal-exon splicing
regulatory elements [5], the splicing outcomes induced by mutations in exon 1 splicing
regulatory elements are not well understood. Recently, mutations in the splice donor site
of exon 1 have been reported to result in retention of intron 1 in mRNA [25]. Given these
findings, we hypothesized that ASOs against exonic splicing enhancers in exon 1 of the
MSTN gene would inhibit splicing and decrease mature mRNA levels.

Here, we tested this hypothesis by screening ASOs that inhibit the production of
mature MSTN mRNA. Chimeric ASOs consisting of 2′-O-methyl RNA (2′-OMeRNA)
and 2′-O,4′-C-ethylene-bridged nucleic acid (ENA®) were designed against exonic splic-
ing enhancer sequences within exon 1 of the MSTN gene and were examined for their
ability to reduce MSTN mRNA levels in CRL-2061 rhabdomyosarcoma cells that highly
expressed MSTN mRNA. One ASO, named KMM001, decreased the mRNA levels in a
dose-dependent manner and reciprocally increased the pre-mRNA levels. As expected,
KMM001 decreased myostatin expression and inhibited myostatin signaling in CRL-2061
cells. Remarkably, it did not decrease GDF11 mRNA levels, indicating myostatin-specific
inhibition. In addition, as expected, KMM001 enhanced the proliferation of human my-
oblasts. We conclude that KMM001 is a novel myostatin inhibitor that inhibits pre-mRNA
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maturation. KMM001 has great promise for clinical applications and should be examined
for its ability to treat various muscle-wasting conditions.

2. Results
2.1. Identification of a Chimeric ASO That Decreases Mature MSTN mRNA Levels

We hypothesized that an ASO against the splicing enhancer sequence within exon 1 of
the MSTN gene would inhibit splicing of intron 1 of MSTN pre-mRNA. To design the ASO,
the nucleotide sequence of MSTN exon 1 was examined for a splicing enhancer sequence
with ESEfinder3.0. As expected, the binding sites for SRSF1, SRSF1 (IgM-BRACA1), SRSF2,
SRSF5, and SRSF6 were identified in exon 1 and were clustered in some locations (Figure 1).

Figure 1. Structure of MSTN pre-mRNA and exonic splicing enhancer sequences in exon 1. (A) Struc-
ture of MSTN pre-mRNA. The structure of MSTN pre-mRNA is schematically described. The MSTN
gene comprises three exons and two introns. Exon 1 is 506 nt, and the ATG start codon is present
at nucleotide 134. Boxes and lines indicate exons and introns, respectively. The number in the box
indicates exon number. The colored area within the box indicates the myostatin-coding sequence.
For detection of mature mRNA, a fragment extending from exon 1 to 3 (2328 bp) was PCR amplified
using primers on the respective exons (red arrow). To determine the expression of MSTN pre-mRNA,
a fragment extending from intron 2 to exon 3 (365 bp) was PCR amplified using primers for the
respective regions (green arrow). (B) Exonic splicing enhancer sequences in exon 1 of the MSTN
gene. The nucleotide sequence of exon 1 of the MSTN gene was analyzed for the presence of splicing
enhancer sequences with ESEfinder3.0. A graph of MSTN exon 1 produced by ESEfinder3.0 is shown.
Only the high-score values (above the selected threshold) are mapped on the output graph. For the
color-coded bars, the height of the bar represents the motif score, the width of the bar indicates the
length of the motif, and the color of the bar indicates the SR protein (SFRF1, SFRF1 (IgM-BRCA1),
SFRF2, SFRF5, and SFRF6 are indicated by red, purple, blue, green, and yellow bars, respectively).
Three ASOs (AO1, AO2, and AO3) were synthesized in the first step of screening (red bar). (C) En-
larged graph of the areas around sequences complementary to AO2+1 (KMM001). A part of the
output graph (B) is shown. The bars and their coloring are identical to those in (B).

As the first step of screening, three clusters were selected as candidates for the ASO
target site. Then, 18-mer chimeric ASOs constituting 2′-OMeRNA and ENA nucleotides
were synthesized against three locations (AO1, AO2, and AO3) (Figure 1B) and were
transfected into CRL-2061 cells, a cell line established from a human rhabdomyosarcoma.
After 24 h of transfection, MSTN mRNA was semiquantified by RT–PCR amplification of a



Int. J. Mol. Sci. 2022, 23, 5016 4 of 16

fragment extending from exons 1 to 3, and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) mRNA was also amplified as a control. Then, the MSTN/GAPDH ratio was
calculated from the density to evaluate the activity. All three ASOs decreased the ratio, but
AO2 produced the lowest ratio (Figure 2A). To identify more effective ASOs, five additional
ASOs shifted 3 bp upstream or downstream of AO2 were synthesized (Figure 2B) and
examined for their effect on MSTN mRNA production. Two AOs that shifted 3 and 6 bp
upstream from AO2 (AO2+3 and AO2+6, respectively) decreased the MSTN/GAPDH ratio
more strongly than AO2, with the effect of AO2+3 being the strongest (Figure 2C). However,
two ASOs designed 3 and 6 bp downstream from AO2 did not decrease the MSTN/GAPDH
ratio more strongly than AO2. Since AO2+3 seemed to be a suitable sequence, another four
ASOs that were shifted 1 bp downstream or upstream from AO2 or AO2+3 were synthesized
in the third screening (Figure 2B). Remarkably, AO2+1 decreased the MSTN/GAPDH ratio
most strongly, causing it to reach nearly 0.1 (Figure 2D). To ensure that no other ASOs
decreased the ratio more than AO2+1, ASOs were designed against 12 locations scattered
over exon 1, and their splicing products were analyzed (Figure 2E). However, no ASO
decreased the ratio more strongly than AO2+1. Thus, AO2+1 was concluded to be the ASO
most suitable for decreasing MSTN mRNA levels.

Figure 2. Cont.
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Figure 2. Screening of ASOs that decrease MSTN mRNA levels. (A) As the first step of screening, three
18-mer ASOs (AO1–3) complementary to the splicing enhancer sequence of exon 1 were synthesized
and added to the culture medium of CRL-2061 cells. Mature MSTN mRNA was RT–PCR amplified,
and the MSTN/GAPDH ratio was calculated. Electrophoretograms of the RT–PCR-amplified products
are shown (bottom), and the MSTN/GAPDH ratios are shown as bars (top). All three ASOs decreased
the ratio, and AO2 decreased the ratio to approximately 0.2. (B). Illustration of the locations of the
designed ASOs. To find the ASO that most effectively decreased the MSTN/GAPDH ratio, another
nine ASOs (five (green bar) and four (red bar) ASOs in the second and third screenings, respectively)
were synthesized around AO2 (blue bar). The nucleotide sequences are described below, and the
sequence complementary to AO2 is colored blue. (C). In the second screening, five ASOs (AO2+3,
AO2+6, AO2+9, AO2–3, and AO2–6) were synthesized and examined for their ability to decrease
mature mRNA levels. Among the five, AO2+3 showed the strongest ability to decrease the ratio.
(D). In the third screening, another four ASOs (AO2+1, AO2+2, AO2+4, and AO2+5) were synthesized
and examined for their suppression ability. Remarkably, AO2+1 decreased the ratio most strongly.
Therefore, AO2+1 was selected as the optimal ASO for reducing MSTN mRNA levels. (E). As the final
step, 12 ASOs scattered over exon 1 were synthesized, and their suppression activity was examined.
The locations of the ASOs are schematically described (bars) below the exon sequences (the gray
and yellow boxes indicate the noncoding and coding regions of exon 1, respectively). The amount of
product was calculated and is expressed as the ratio of MSTN to GAPDH. No ASO showed higher
activity than AO2+1. AO2+1 was therefore selected as the best ASO. * = p < 0.05, ** = p < 0.01,
*** = p < 0.001 vs. control.

2.2. Amelioration of AO2+1-Induced Splicing Inhibition by SRSF5

To characterize the splicing regulatory proteins involved in AO2+1-mediated inhi-
bition, the sequences around the complementary region of AO2+1 were analyzed with
SpliceAid2. The results revealed an SRSF5 binding site at the 5′ end of the sequence
complementary to AO2+1 (Figure 3). Since AO2+1 was suggested to inhibit the binding
of SRSF5, SRSF5 was overexpressed in AO2+1-treated cells. In the absence of AO2+1,
SRSF5 expression did not markedly affect the MSTN/GAPDH ratio. However, surprisingly,
in AO2+1-treated cells, SRSF5 expression increased the MSTN/GAPGH ratio in a dose-
dependent manner, causing the ratio to reach 0.8 at a dose of 1 µg of plasmid (Figure 3).
These results indicate that AO2+1 inhibits splicing by hindering the function of SRSF5 as
the splicing enhancer sequence.
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Figure 3. SRSF5 restored the inhibition mediated by AO2+1. (A). Characterization of splicing
regulatory factors. The nucleotide sequence around the AO2+1 target site was analyzed for splicing
enhancer and silencer sequences with SpliceAid2. The output graph is shown. The nucleotide
sequences of exon 1 are described in uppercase letters. The binding location of SFRF5 is indicated by
a green bar, and the binding strength is represented by the height. A red bar indicates the target site of
AO2+1. (B). CRL–2061 cells were transfected with different doses of SRSF5 plasmid with or without
AO2+1. A fragment extending from exon 1 to exon 3 was RT–PCR amplified. Electrophoretograms of
the amplified products are shown (bottom). The amount of product was calculated and is expressed
as the ratio of MSTN to GAPDH. The ratio increased with increasing plasmid dose and reached 0.8 at
1 µg of the plasmid. * = p < 0.05, *** = p < 0.001 vs. 0 µg SRSF5 and no ASO treatment.

2.3. Determination of the Best Structure of AO2+1

AO2+1 is a chimeric ASO constituting 2′-OMe RNA and ENA. Therefore, the number
and location of ENA within the ASO was suspected to affect the activity of AO2+1. This
possibility was examined by replacing ENA with 2′–OMe RNA (to avoid long repeats of
ENA) and synthesizing three ASOs (AO2+1a, AO2+1b, and AO2+1c). These ASOs were
examined for their ability to decrease the MSTN/GAPDH ratio in CRL-2061 cells. However,
none of the three ASOs decreased the MSTN/GAPDH ratio more than AO2+1 (Figure 4).
Therefore, AO2+1 was identified as the most suitable ASO structure. This ASO was named
KMM001 and further studied for its drug development potential.

2.4. KMM001 Decreased Mature mRNA Levels in a Dose-Dependent Manner and Reciprocally
Increased Pre-mRNA Levels

To confirm the splicing inhibition mediated by KMM001, KMM001 was added to
the culture medium of CRL-2061 cells at concentrations ranging from 0 to 200 nM. The
expression levels of mature MSTN mRNA and pre-mRNA were analyzed by RT–PCR
amplification of a fragment extending from exon 1 to 3 and a fragment extending from
intron 2 to exon 3, respectively (Figure 5). The MSTN/GAPDH and pre-MSTN/GAPDH
ratios were calculated from the amplified band densities. When the KMM001 concentration
was increased from 0 to 100 nM, the MSTN/GAPDH ratio decreased dose dependently
(Figure 5). However, the pre-MSTN/GAPDH ratio increased dose dependently when the
KMM001 concentration was increased from 0 to 100 nM (Figure 5). These results indicated
the occurrence of reciprocal changes in MSTN mature mRNA and pre-mRNA. To further
confirm intron retention, the full length of intron 1 was amplified under 200 nM KMM001.
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As expected, the 2.4 kb fragment extending from exon 1 to exon 2 was amplified from
the transfected cells, whereas no product was obtained from the nontransfected cells
(Supplementary Figure S1). To exclude the possibility of contamination by genomic DNA,
the genomic region of exon 45 of the DMD gene was PCR amplified. However, the amplified
product was not produced in any of the samples (Supplementary Figure S2). These findings
indicate that KMM001 inhibits the splicing of intron 1 of MSTN pre-mRNA.

Figure 4. Identification of the best chimeric ASO structure. AO2+1 comprised 12 ENA and 6 2′-OMe
RNA components. To find the most effective structure of AO2+1, AO2+1 was modified by replacing
ENA with 2′-OMe RNA. Ultimately, three derivatives of AO2+1 were synthesized (AO2+1a, AO2+1b,
and AO2+1c). The sequences of these ASOs are described in the top left panel. Red uppercase and
black lowercase letters represent ENA and 2′-OMe RNA, respectively. Green marking of 2′-OMe
RNA indicates the replaced nucleotide. These ASOs were examined for their ability to inhibit the
production of mature MSTN mRNA in CRL-2061 cells by RT–PCR amplification (bottom). The amount
of product was calculated and is expressed as the ratio of MSTN to GAPDH. The MSTN/GAPDH
ratio was lowest in AO2+1-treated cells. * = p < 0.05, ** = p < 0.01, *** = p < 0.001 vs. AO2+1 treatment.

2.5. KMM001 Did Not Decrease GDF11 mRNA Levels

Given the high homology between the MSTN gene and the GDF11 gene, a member
of the TGF-β superfamily, the generation of myostatin-specific inhibitors was especially
difficult. The lack of specificity has the potential to lead to unwanted side effects [26]. It was
feared that KMM001 would additionally decrease the amount of GDF11 mRNA. However,
in silico analysis of the GDF11 gene sequence did not reveal any regions that were highly
homologous to the complementary sequence of KMM001 (Supplementary Figure S3). To
further confirm this, KMM001 was added to the culture medium of CRL-2061 cells. Both
MSTN and GDF11 mRNA levels in the treated and nontreated cells were semiquantified
by RT–PCR amplification (Figure 6). As expected, KMM001 decreased the MSTN/GAPDH
ratio dramatically to 0.03, while the ratio was 1 in nontreated cells (p < 0.001). In contrast,
the addition of KMM001 statistically insignificantly decreased the GDF11/GAPDH ratio
to 0.87 (p = 0.29). This finding indicates that KMM001 preferentially decreases MSTN
mRNA levels.

2.6. KMM001 Inhibited Myostatin Protein Expression in CRL-2061 Cells

We reasoned that the decreases in MSTN mRNA levels induced by KMM001 should
reduce myostatin protein production. Thus, myostatin protein expression in CRL-2061 cells
was examined by Western blot assay using an antibody against the N-terminal domain
of myostatin. In nontreated CRL-2061 cells, a 75 kDa band was observed (Figure 7A).
Remarkably, 100 nM KMM001 treatment for 48 h decreased the density of the band to 10%
of the level in the nontreated cells, confirming that KMM001 inhibits myostatin expression
at the protein level.
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Figure 5. Dose-dependent action of KMM001 on splicing of the MSTN gene. (A) KMM001 was added
to the culture medium of CRL-2061 cells at the indicated concentrations, and the cells were cultured
for 1 day. Fragments of exons 1 to 3 and intron 2 to exon 3 of MSTN pre-mRNA were RT–PCR
amplified. Electrophoretograms of the PCR products are shown. (B). The MSTN/GAPDH ratio was
calculated for each designated concentration after semiquantification of the amplified products using
an Agilent Bioanalyzer. The ratio plotted against the concentration of KMM001 is shown (upper).
The ratio decreased dose dependently from 0 to 100 nM KMM001 and reached its lowest value
at 100 nM. Next, the pre-MSTN/GAPDH ratio was calculated for each designated concentration.
The ratio plotted against the concentration of KMM001 is shown (lower). The ratio increased dose
dependently from 0 to 100 nM KMM001 and reached a plateau at 100 nM. ** = p < 0.01, *** = p < 0.001
vs. 0 nM KMM001.

Figure 6. KMM001 did not decrease GDF11 mRNA levels. To determine the effect of KMM001 on the
expression of GDF11, CRL-2061 cells were treated with 100 nM KMM001, and the MSTN and GDF11
mRNA sequences were amplified by RT−PCR. Electrophoretograms of the amplified products and
their MSTN/GAPGH and GDF11/GAPGH ratios are shown in the graph. The MSTN/GAPDH ratio
decreased to 0.03, indicating strong inhibition (p < 0.001). On the other hand, the GDF11/GAPDH
ratio decreased to a level of 0.87 upon addition of KMM001. *** = p < 0.001 vs. no treatment.
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Figure 7. Inhibition of myostatin protein expression and myostatin signaling by KMM001. (A). Myo-
statin protein levels in CRL−2061 cells transfected with AO2+1 were assayed by Western blot analysis
using an antibody against the N-terminal domain of human myostatin. SDS–PAGE was carried out
under nonreducing conditions. Immunoblotting results are shown. One clear band was identified in
untreated CRL−2061 cells (left lane). In contrast, in KMM001-treated cells, a band corresponding to
myostatin was weakly visualized (right lane). Mk refers to the size marker. (B). Myostatin signaling
was assayed in CRL−2061 cells using the SMAD-dependent luciferase reporter gene. The reporter
gene was transfected into cells together with a galactosidase plasmid as a control. The luciferase
activity was normalized to the galactosidase activity, and the ratio of luciferase activity to galactosi-
dase activity was calculated. The relative luciferase activity was set to 1 in the nontreated cells. The
relative luciferase activity decreased dose dependently from 0 to 100 nM KMM001 and reached a
plateau. *** = p < 0.001 vs. 0 nM KMM001.

2.7. KMM001 Inhibited Endogenous Myostatin Signaling in CRL-2061 Cells

To determine the biological effect of KMM001, myostatin signaling was analyzed by as-
sessment of SMAD-dependent luciferase activity in cells transfected with a SMAD−responsive
reporter gene. The reporter gene was transfected into the cells together with the galactosi-
dase plasmid as a control. After transfection of the reporter gene, luciferase activity was
clearly observed in CRL-2061 cells but not in HEK293 cells (Supplementary Figure S4). This
indicated that endogenous myostatin activated SMAD−dependent luciferase. Therefore,
this system was determined to be suitable to measure the signaling activity of myostatin.
Then, KMM001 was added to the culture medium at concentrations from 1 to 200 nM
(Figure 7B). KMM001 at concentrations ranging from 0 to 100 nM decreased the relative lu-
ciferase activity until a plateau was reached. KMM001 was therefore selected as a myostatin
signaling inhibitor.

2.8. KMM001 Enhanced the Proliferation of Myoblasts

KM001 also reduced MSTN mRNA and protein level of myostatin in human my-
oblast (Supplementary Figure S5). Given its myostatin-inhibiting function, KMM001 was
predicted to enhance the proliferation of human myoblasts. To examine this possibility,
KMM001 was added to the culture medium of immortalized human myoblasts. The cells
were quantified by Cell Counting Kit-8 (CCK-8) assay and microscopic cell counting for
3 days. In the CCK-8 assay, the absorbance increased in treated and nontreated cells
(Figure 8A). Notably, the absorbance at the third day was significantly higher in KMM001-
treated cells than in nontreated cells (146%, p < 0.001), indicating that KMM001 enhanced
cell proliferation. Direct cell counting using a fluorescence microscope showed that the
numbers of human myoblasts increased over time. Notably, the number of KMM001-
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treated cells was significantly higher than that of nontreated cells at the third day (138%,
p < 0.01) (Figure 8B). These results indicate that KMM001 is an enhancer of myoblast
cell proliferation.

Figure 8. KMM001 enhanced the proliferation of human myoblasts. (A). KMM001 was added to the
culture medium of immortalized human myoblasts. In a CCK-8 assay, the absorbance increased in
treated (red line) and nontreated (gray line) cells. Notably, the absorbance of the cells treated with
KMM001 was significantly higher at third day than that of the nontreated cells (146%, p < 0.001).
(B). Direct cell counting using a fluorescence microscope showed that the numbers of cells increased
over time in both the treated (red line) and nontreated (gray line) groups. Notably, the number
of KMM001-treated cells was significantly higher than that of nontreated cells at third day (138%,
p < 0.01). * = p < 0.05, ** = p < 0.01, *** = p < 0.001 vs. 0 day.

3. Discussion

In this study, KMM001, an 18-mer chimeric ASO complementary to the splicing
enhancer sequence within exon 1 of the MSTN gene, was shown to inhibit the splicing of
MSTN pre-mRNA. This effect was accompanied by a reciprocal increase in the amount of
pre-mRNA. This was the first study to use an ASO to inhibit mRNA production, although
ASOs have previously been used to modulate splicing and produce mRNAs with different
exon compositions. Gene function has been silenced mostly via two techniques: RNase
H-dependent degradation of mRNA directed by short chimeric ASOs and gene expression
interference with short interfering RNAs (siRNAs) [27]. Our results add another technique
for the silencing gene function, namely, ASO-mediated mRNA level reduction.

KMM001 is a chimeric ASO comprising 2′-OMe RNA and ENA. ENA, a kind of locked
nucleic acid, is characterized by its high affinity for complementary RNA and its high
stability [28]. Currently, an ASO comprising 2′-OMe RNA and ENA (Renadirsen) is under
clinical trial for the treatment of DMD. Renadirsen has been reported to have a stronger
ability to induce exon skipping in the skeletal and cardiac muscles of mice than ASOs
comprising non-ENA monomers [29]. Therefore, KMM001 is strongly expected to inhibit
myostatin in skeletal muscle and produce hypertrophic changes in atrophic muscles.

ASOs have been employed to activate RNase H in order to destroy mRNA or to switch
splicing for mRNA editing [5]. Here, we applied an ASO to inhibit the maturation of pre-
mRNA, hypothesizing that ASO-mediated steric inhibition of a splicing enhancer within
exon 1 would inhibit the splicing of pre-mRNA. The roles of splicing enhancers within
exon 1 are not well understood because splicing regulatory mechanisms have been studied
mainly in internal exons that are defined by splice donor and acceptor sites. In this study,
an ASO targeting the splicing enhancer sequence within exon 1 was shown to inhibit the
splicing of intron 1. This finding indicates that recognition of the splice donor site of MSTN
exon 1 requires support from cis-splicing regulatory elements, as is needed by internal
exons. Our results open a new avenue for inhibition of the production of mature mRNA.
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SRSF5 was identified as an SR protein that competed with KMM001 for binding to the
target sequence. Overexpression of SRSF5 restored splicing to normal levels in KMM001-
treated cells. The 18 nt target sequence of KMM001 encodes six amino acids of myostatin
(the 36th to 41st residues). In Japanese quail, a deletion of the 3 nt encoding the 42nd
cysteine residue of myostatin prevented myostatin protein production, even though it
was expected that myostatin lacking one amino acid would be produced [30]. It is highly
conceivable that in that case, the absence of myostatin protein was caused by a lack of
production of mature mRNA due to disruption of the exonic splicing enhancer sequence.
However, this supposition needs further confirmation. Such confirmation would strengthen
the evidence regarding the roles of the splicing enhancer in the first exon.

Several biotherapeutic modalities, including anti-myostatin antibodies, a myostatin
propeptide, a soluble ActRIIB-Fc, and ASOs that block signaling activity, have been demon-
strated to inhibit myostatin [22,31–33]. As myostatin belongs to the TGF-β superfamily, the
functional crossover occurs at the protein, receptor, and signaling levels. Therefore, the
development of myostatin inhibitors that do not exert unwanted effects by inhibiting the
functions of other members of the TGF-β superfamily, especially the GDF11 gene (which
is highly homologous with the MSTN gene), is important. Among previous studies on
myostatin inhibitors, one clearly showed that an inhibitor inhibited GDF11 [34]; however,
most studies have focused only on myostatin inhibition without considering GDF11 [35].
ASO treatment has been shown to inhibit splicing of exon 2 of the MSTN gene, thereby
inducing exon skipping to produce out-of-frame mRNA [22]. Although this is a way to
abolish the ability of mRNA to encode proteins, it is highly possible that splicing of the
GDF11 gene is also modulated, since the sequence of exon 2 of the MSTN gene is 80%
homologous to GDF11. Assuming that this possibility is unavoidable as long as exon 2 is
a target of an ASO for splicing modulation, we targeted exon 1, which is not as highly
homologous with GDF11 as exon 2. We successfully found that KMM001 specifically
inhibited MSTN mRNA production but not GDF11 mRNA production.

Notably, multiple roles of myostatin have been elucidated in the heart [36] and vas-
culature [37] and in the contexts of insulin sensitivity [38,39], vascular remodeling [37],
cell senescence, and fibrosis [40]. Since KMM001 can be administered subcutaneously like
Renadirsen [29], it is more widely applicable than expected.

There were several limitations of this study. First, the effects of KMM001 were not
examined in vivo using a mouse model. Thus, the in vivo effects need further study.
Second, studies on SRSF5 have been limited, but further studies on SRSF5 will elucidate the
mechanisms of splicing regulation of the MSTN gene. Third, differentiation of myoblasts
was not analyzed and will be analyzed in the future study using different culture medium
from the current medium.

4. Materials and Methods
4.1. Prediction of Exonic Splicing Enhancer Sequences

Exonic splicing enhancer sequences were predicted by ESEfinder3.0, a web-based
program that identifies putative exonic splicing enhancers responsive to the human SR
proteins SRSF1 (SF2/ASF), SRSF1 (SF2/ASF, IgM-BRCA1), SRSF2 (SC35), SRSF5 (SRp40)),
and SRSF6 (SRp50) (http://krainer01.cshl.edu/cgi-bin/tools/ESE3/esefinder.cgi?process=
home, accessed on 27 August 2018). SpliceAid 2, another web-based program that identifies
putative exonic splicing enhancers and silencers responsive to human SR proteins (http:
//193.206.120.249/splicing_tissue.html, accessed on 3 September 2018), was also used to
predict exonic splicing enhancers and silencers.

4.2. Cells

The rhabdomyosarcoma cell line CRL-2061 and the cell line HEK293 were purchased
from ATCC (Manassas, VA, USA). CRL-2061 cells were cultured in RPMI 1640 medium
(Nacalai Tesque, Inc., Kyoto, Japan) supplemented with 10% fetal bovine serum (FBS) (Gibco
by Life Technologies, Grand Island, New York, NY, USA) and 1% antibiotic-antimycotic

http://krainer01.cshl.edu/cgi-bin/tools/ESE3/esefinder.cgi?process=home
http://krainer01.cshl.edu/cgi-bin/tools/ESE3/esefinder.cgi?process=home
http://193.206.120.249/splicing_tissue.html
http://193.206.120.249/splicing_tissue.html
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solution (Nacalai Tesque, Inc.) at 37 ◦C in a 5% CO2 humidified incubator. HEK293 cells
were cultured in DMEM (High Glucose) (Nacalai Tesque, Inc.) supplemented with 10%
FBS and 1% antibiotic-antimycotic solution at 37 ◦C in a 5% CO2 humidified incubator.

Human myoblasts that were generated by immortalization of primary cultured hu-
man myogenic cells and used in a myoblast proliferation study were a kind gift from
Dr. Hashimoto. The myoblasts were grown in DMEM (High Glucose) supplemented with
20% FBS, 2% Ultroser G (Pall Life Sciences, Washington, NY, USA) and 1% antibiotic-
antimycotic solution (Nacalai Tesque, Inc.) at 37 ◦C in a humidified incubator with 5% CO2.

4.3. Transcript Analysis

Cells (2 × 105) grown on 12-well culture dishes were transfected with ASO in 4 µL
of Lipofectamine 3000 (Thermo Fisher Scientific, Inc., Carlsbad, CA, USA). After incuba-
tion for 24 h, the cells were rinsed twice with phosphate-buffered saline (Nacalai Tesque,
Inc.) and then collected using the Lysis/Binding Buffer of a High Pure RNA Isolation Kit
(Roche Diagnostics, Basel, Switzerland). RNA was extracted using a High Pure RNA
Isolation Kit (Roche Diagnostics). cDNA was synthesized from 0.5 µg of total RNA
from each sample using random primers. The MSTN transcript was PCR amplified
using sets of primers for exon 1 and exon 3 (MSTN Ex1F1: 5′-agattcactggtgtggcaag-
3′ and MSTN R2: 5′-tgcatgacatgtctttgtgc-3′, respectively), exon 1 and exon 2 (MSTN
Ex1F1: 5′-agattcactggtgtggcaag-3′ and MSTN Ex2R3: 5′-gttgtaggagtctcgacgggtct-3′, respec-
tively), and intron 2 and exon 3 (MSTN In2F: 5′-caggcaatctggtactcaaac-3′ and MSTN Ex3R:
5′-cgtgattctgttgagtgctcat-3′, respectively). The GDF11 transcript was PCR amplified using
a set of primers for exon 1 and exon 3 (GDF11 Ex1F4: 5′-ctgcagcagatcctggacct-3′ and GDF11
Ex3R4: 5′-catgaacatgtactcgcact-3′, respectively). The DMD gene was PCR amplified using a
set of primers for intron 44 and intron 45 (gDNA primer 45F: 5′-tgccagtacaactgcatgtggtag-3′

and gDNA primer 45R: 5′-gcttataatctctcatgaaatattc-3′, respectively). The integrity and
concentration of the cDNA were examined by amplifying the mRNA of the housekeeping
gene GAPDH.

PCR amplification was performed in a total volume of 20 µL containing 2 µL of cDNA,
2 µL of 10× ExTaq buffer (Takara Bio, Inc., Shiga, Japan), 0.25 U of ExTaq polymerase
(Takara Bio, Inc.), 500 nM of each primer, and 200 µM dNTPs (Takara Bio, Inc.). For
MSTN, GDF11, and DMD amplification, 30 cycles of amplification were performed on a
Mastercycler Gradient PCR machine (Eppendorf, Hamburg, Germany) using the following
conditions: initial denaturation at 94 ◦C for 3 min, subsequent denaturation at 94 ◦C for
0.5 min, annealing at 60 ◦C for 0.5 min, and extension at 72 ◦C for 1.5 min. For GAPDH
amplification, 18 cycles of amplification were performed. Amplified PCR products were
electrophoresed on agarose gels and semiquantified using ImageJ software (NIH, Bethesda,
MD, USA, http://imagej.nih.gov/ij/, accessed on 22 October 2018)). Amplified PCR
products were also electrophoresed and semiquantified using a DNA 1000 LabChip Kit or a
DNA 7500 LabChip Kit on an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara,
CA, USA). The quantification of each band was performed in triplicate. For quantification
of transcripts, each band was corrected for GAPDH. Each value was then normalized by
the control value.

4.4. ASOs

The ASOs were 18-mer-long single-stranded nucleotides consisting of chimeras of
ENA and 2’-OMeRNA and were synthesized by KNC Laboratories Co., Ltd. (Kobe, Japan).

4.5. Expression of SRSF5

The plasmids to express SRSF5 were constructed by inserting the cDNA of SRSF5
(1529 bp, NM_006925.3) into the mammalian expression vector pcDNA3.1(+) with a CMV
promoter (Thermo Fisher Scientific, Inc.). These constructs were synthesized by FASMAC
Co., Ltd. (Atsugi, Japan), and their sequences were confirmed by sequencing. Plasmids
carrying SRSF5 sequences and ASOs were transfected into CRL-2061 cells. Cells (2 × 105)

http://imagej.nih.gov/ij/
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were cultured on 12-well culture plates for 24 h. The cells were washed with phosphate-
buffered saline and cultured in 800 µL of Opti-MEM. A quantity of 2 µL of 50 µM ASO
was incubated with 0, 0.01, 0.1, 0.25, 0.5, or 1 µg of SRSF5 expression plasmid, 4 µL of
Lipofectamine 3000, and 2 µL of P3000 in 200 µL of Opti-MEM for 15 min. The ASO-lipid
and plasmid-lipid complexes were added to each well of cells. Three hours later, the
medium was replaced with RPMI 1640 medium supplemented with 10% FBS and 1%
antibiotic-antimycotic solution. After incubation for 21 h, the cells were rinsed twice with
phosphate-buffered saline and then collected using the Lysis/Binding Buffer of a High Pure
RNA Isolation Kit. The isolated RNA was used for RT–PCR, as well as transcript analysis.

4.6. Western Blotting

Cells (2 × 105) grown on 12-well culture dishes were transfected with ASO at a final
concentration of 100 nM in 4 µL of Lipofectamine 3000 (Thermo Fisher Scientific, Inc.). After
incubation for 48 h, the cells were harvested and lysed in Cell lysis buffer (Cell Signaling
Technology, Inc., Danvers, MA, USA) containing protease inhibitors. After incubation on
ice for 10 min, the lysates were centrifuged at 12,000× g for 10 min to remove insoluble
material. The protein concentrations of the cell lysates were determined using QUBIT
Protein Assay Kits (Thermo Fisher Scientific, Inc.).

Lysates of ASO-transfected cells were analyzed by Western blotting. Briefly, lysates
containing 20 µg of protein were mixed 3:1 with Laemmli Sample Buffer (Bio–Rad Laborato-
ries, Inc., Hercules, CA, USA) and boiled for 5 min. These samples and protein size markers
(Protein Ladder One Plus, triple-color for SDS-PAGE; Nacalai Tesque, Inc.) were loaded
onto MINI-PROTEAN TGX Precast Gels 4–20% (Bio–Rad Laboratories, Inc.). Following
electrophoresis, the proteins were transferred to PVDF transfer membranes (Trans-Blot
Turbo Mini PVDF Transfer Packs; Bio-Rad Laboratories, Inc.). The membranes were blocked
with 2% ECL Prime Blocking Reagent (GE Healthcare, Little Chalfont, UK). The primary
antibody reaction was performed overnight using mouse monoclonal antibodies against a
synthetic peptide corresponding to amino acids 1–300 of the N-terminal of human myo-
statin (ab236511, Abcam, Cambridge, UK) at a dilution of 1:5000. An actin antibody (C4,
Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) was also used at a dilution of 1:5000.
The secondary antibody reaction was performed for 1 h using anti-mouse IgG (HRP-Linked
Whole Ab Sheep, NA931-1ML, Cytiva, Marlborough, MA, USA) at a dilution of 1:10,000.
Immunoreactive bands were detected with ECL Select Western Blotting Detection Reagent
(Cytiva) using a ChemiDoc XRS Plus imaging system (Bio–Rad Laboratories, Inc.).

4.7. Myostatin-Signaling Assay with SMAD-Responsive Luciferase

Myostatin-signal activity was assayed using the SBE4-Luc luciferase reporter gene
containing the SMAD-binding sequence (CAGA) (#16495, Addgene, Watertown, MA, USA).
Cells were seeded at a density of 2 × 105 cells/well in a 12-well culture plate for 24 h before
transfection with the SBE4-Luc luciferase reporter gene, a pSV-β-galactosidase control vec-
tor (#E1081, Promega, Madison, WI, USA), and either ASO or water. The cells were washed
with phosphate-buffered saline and cultured in 800 µL of Opti-MEM. The ASO at final
concentrations of 0, 1, 5, 10, 25, 50, 100, and 200 nM was incubated with 3 µg of the SBE4-Luc
luciferase reporter gene, 3 µg of the pSV-β-galactosidase control vector, 4 µL of Lipofec-
tamine 3000, and 12 µL of P3000 in 200 µL of Opti-MEM for 15 min. The ASO-lipid and
plasmid-lipid complexes were added to each well of cells. Three hours later, the medium
was replaced with RPMI 1640 medium supplemented with 1% antibiotic-antimycotic solu-
tion. After 21 h, the cells were processed, and their luciferase and β-galactosidase activities
were measured with a microplate reader (ARVO X3, PerkinElmer, Waltham, MA, USA)
using a luciferase reporter assay system and a β-galactosidase enzyme assay system, re-
spectively (Promega). All experiments were performed in triplicate. The values were
normalized to β-galactosidase activity and are expressed in relative luminescence units
(RLU), which were calculated with the following equation: RLU = luminescence/activity
of β-galactosidase.
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4.8. Cell Proliferation Assays

CCK-8 assay. Cells (5 × 103/well) were plated in triplicate in 96-well culture plates
and cultured for 24 h. A quantity of 2 µL of 5 µM ASO was incubated with 0.4 µL of
Lipofectamine 3000 in 100 µL of Opti-MEM for 15 min. The cells were washed with
phosphate-buffered saline and treated with 100 µL of the ASO-lipid complex. Three hours
later, the medium was replaced with DMEM supplemented with 20% FBS, 2% Ultroser
G, and 1% antibiotic-antimycotic solution. For the CCK-8 assay (Dojindo, Rockville, MD,
USA), 10 µL of CCK-8 solution was added to each well, and the cells were incubated for
1 h at 37 ◦C in a 5% CO2 humidified incubator at 0, 1, 2, 3, and 5 days after transfection.
The absorbance of each well at 450 nm was measured with a microplate reader (ARVO X3,
PerkinElmer). The results shown are representative of three identical experiments.

Cell number assay. Cell proliferation was analyzed by counting cells under a micro-
scope. Myoblasts (1× 103/well) were plated in triplicate in 96-well plates. ASO transfection
was performed in the same manner as for the CCK8 assay. Cells in a 1 mm2 area of each
well captured by the 4× plan fluor lens of a BZ-X710 fluorescence microscope (Keyence,
Osaka, Japan) were counted after transfection and analyzed using BZ-X analytic software.
The same area of each well was analyzed at each time point. The numbers of cells are
reported as the averages of three wells containing the same cell populations. The results
shown are representative of three identical experiments.

4.9. Statistical Analyses

All assays were repeated 3 times to ensure reproducibility. Results reported as the
mean± SE were analyzed by one-way ANOVA and LSD test. Results reported as the means
± SD were analyzed by ANOVA for comparisons of three or more groups and Student’s
t-tests for comparisons between two groups. All statistical analyses were performed using
SPSS software (version 17.0; SPSS Inc., Chicago, IL, USA), with p < 0.05 considered to
indicate statistical significance.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms23095016/s1.

Author Contributions: K.M. designed the study, performed the molecular analyses, and wrote the
manuscript. M.F. and H.N. contributed to the study design. M.M. designed the study and wrote the
manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This work was partly supported by the Japan Society for the Promotion of Science Grants-
In-Aid for Scientific Research (KAKENHI; 21K07762 to K.M. and 18K07861 to M.M.) and the Practical
Research Project for Rare/Intractable Diseases from the Japan Agency for Medical Research and
Development, AMED (20ek0109442h 0001 to M.M.).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data are available on request.

Conflicts of Interest: K.M. is employed by KNC Laboratories Co., Ltd., Kobe, Japan. M.M. discloses
being employed by Kobe Gakuin University, which received funding from KNC Laboratories Co.,
Ltd., Kobe, Japan. M.M. further discloses being a scientific adviser to Daiichi-Sankyo Co., Tokyo,
Japan, and JCR Pharma Co., Ashiya, Japan. The other authors declare that they have no competing
interests.

Abbreviations

ASO: antisense oligonucleotide; DMD: Duchenne muscular dystrophy.

https://www.mdpi.com/article/10.3390/ijms23095016/s1
https://www.mdpi.com/article/10.3390/ijms23095016/s1


Int. J. Mol. Sci. 2022, 23, 5016 15 of 16

References
1. Takeshima, Y.; Nishio, H.; Sakamoto, H.; Nakamura, H.; Matsuo, M. Modulation of in vitro splicing of the upstream intron by

modifying an intra-exon sequence which is deleted from the dystrophin gene in dystrophin kobe. J. Clin. Investig. 1995, 95,
515–520. [CrossRef] [PubMed]

2. Matsuo, M. Duchenne/becker muscular dystrophy: From molecular diagnosis to gene therapy. Brain Dev. 1996, 18, 167–172.
[CrossRef]

3. Pramono, Z.A.; Takeshima, Y.; Alimsardjono, H.; Ishii, A.; Takeda, S.; Matsuo, M. Induction of exon skipping of the dystrophin
transcript in lymphoblastoid cells by transfecting an antisense oligodeoxynucleotide complementary to an exon recognition
sequence. Biochem. Biophys. Res. Commun. 1996, 226, 445–449. [CrossRef] [PubMed]

4. Aartsma Rus, A.; Corey, D. The 10th oligonucleotide therapy approved: Golodirsen for duchenne muscular dystrophy. Nucleic
Acid Ther. 2020, 30, 67–70. [CrossRef] [PubMed]

5. Matsuo, M. Antisense oligonucleotide-mediated exon-skipping therapies: Precision medicine spreading from duchenne muscular
dystrophy. JMA J. 2021, 4, 232–240. [CrossRef] [PubMed]

6. Wood, M.J.A.; Talbot, K.; Bowerman, M. Spinal muscular atrophy: Antisense oligonucleotide therapy opens the door to an
integrated therapeutic landscape. Hum. Mol. Genet. 2017, 26, R151–R159. [CrossRef] [PubMed]

7. Scotti, M.M.; Swanson, M.S. Rna mis-splicing in disease. Nat. Rev. Genet. 2016, 17, 19–32. [CrossRef]
8. Zhou, Z.; Fu, X.-D. Regulation of splicing by sr proteins and sr protein-specific kinases. Chromosoma 2013, 122, 191–207. [CrossRef]
9. McPherron, A.C.; Lawler, A.M.; Lee, S.J. Regulation of skeletal muscle mass in mice by a new TGF-β superfamily member. Nature

1997, 387, 83–90. [CrossRef]
10. Lee, S.J. Regulation of muscle mass by myostatin. Annu. Rev. Cell Dev. Biol. 2004, 20, 61–86. Available online: http://www.ncbi.

nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=15473835 (accessed on 12 October 2020).
[CrossRef]

11. Gonzalez-Cadavid, N.F.; Taylor, W.E.; Yarasheski, K.; Sinha-Hikim, I.; Ma, K.; Ezzat, S.; Shen, R.; Lalani, R.; Asa, S.;
Mamita, M.; et al. Organization of the human myostatin gene and expression in healthy men and hiv-infected men with muscle
wasting. Proc. Natl. Acad. Sci. USA 1998, 95, 14938–14943. Available online: http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?
cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=9843994 (accessed on 12 October 2020). [CrossRef] [PubMed]

12. Lee, S.J.; McPherron, A.C. Regulation of myostatin activity and muscle growth. Proc. Natl. Acad. Sci. USA 2001, 98, 9306–9311.
[CrossRef] [PubMed]

13. Lee, S.-J. Extracellular regulation of myostatin: A molecular rheostat for muscle mass. Immunol. Endocr. Metab. Agents Med. Chem.
2010, 10, 183–194. [CrossRef]

14. Thomas, M.; Langley, B.; Berry, C.; Sharma, M.; Kirk, S.; Bass, J.; Kambadur, R. Myostatin, a negative regulator of muscle growth,
functions by inhibiting myoblast proliferation. J. Biol. Chem. 2000, 275, 40235–40243. [CrossRef] [PubMed]

15. McPherron, A.C.; Lee, S.J. Double muscling in cattle due to mutations in the myostatin gene. Proc. Natl. Acad. Sci. USA 1997, 94,
12457–12461. Available online: http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&
list_uids=9356471 (accessed on 12 October 2020). [CrossRef] [PubMed]

16. Grobet, L.; Royo Martin, L.J.; Poncelet, D.; Pirottin, D.; Brouwers, B.; Riquet, J.; Schoeberlein, A.; Dunner, S.; Ménissier, F.;
Massabanda, J.; et al. A deletion in the bovine myostatin gene causes the double-muscled phenotype in cattle. Nat. Genet. 1997,
17, 71–74. [CrossRef] [PubMed]

17. Clop, A.; Marcq, F.; Takeda, H.; Pirottin, D.; Tordoir, X.; Bibe, B.; Bouix, J.; Caiment, F.; Elsen, J.M.; Eychenne, F.; et al. A mutation
creating a potential illegitimate microrna target site in the myostatin gene affects muscularity in sheep. Nat. Genet. 2006, 38,
813–818. Available online: http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_
uids=16751773 (accessed on 12 October 2020). [CrossRef]

18. Mosher, D.; Quignon, P.; Bustamante, C.; Sutter, N.; Mellersh, C.; Parker, H.; Ostrander, E. A mutation in the myostatin gene
increases muscle mass and enhances racing performance in heterozygote dogs. PLoS Genet. 2007, 3, e79. [CrossRef]

19. Schuelke, M.; Wagner, K.R.; Stolz, L.E.; Hubner, C.; Riebel, T.; Komen, W.; Braun, T.; Tobin, J.F.; Lee, S.J. Myostatin mutation
associated with gross muscle hypertrophy in a child. N. Engl. J. Med. 2004, 350, 2682–2688. Available online: http://www.ncbi.
nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=15215484 (accessed on 12 October 2020).
[CrossRef]

20. Smith, R.; Lin, B. Myostatin inhibitors as therapies for muscle wasting associated with cancer and other disorders. Curr. Opin.
Support Palliat. Care 2013, 7, 352–360. [CrossRef]

21. Hoogaars, W.M.H.; Jaspers, R. Past, present, and future perspective of targeting myostatin and related signaling pathways to
counteract muscle atrophy. Adv. Exp. Med. Biol. 2018, 1088, 153–206. [PubMed]

22. Kemaladewi, D.U.; Hoogaars, W.M.; van Heiningen, S.H.; Terlouw, S.; de Gorter, D.J.; den Dunnen, J.T.; van Ommen, G.J.;
Aartsma-Rus, A.; Dijke, P.t.; Hoen, P.A.t. Dual exon skipping in myostatin and dystrophin for duchenne muscular dystrophy.
BMC Med. Genom. 2011, 4, 36. [CrossRef] [PubMed]

23. Eilers, W.; Cleasby, M.; Foster, K. Development of antisense-mediated myostatin knockdown for the treatment of insulin resistance.
Sci. Rep. 2021, 11, 1604. [CrossRef] [PubMed]

24. Rybalka, E.; Timpani, C.; Debruin, D.; Bagaric, R.; Campelj, D.; Hayes, A. The failed clinical story of myostatin inhibitors against
duchenne muscular dystrophy: Exploring the biology behind the battle. Cells 2020, 9, 2657. [CrossRef] [PubMed]

http://doi.org/10.1172/JCI117693
http://www.ncbi.nlm.nih.gov/pubmed/7860733
http://doi.org/10.1016/0387-7604(96)00007-1
http://doi.org/10.1006/bbrc.1996.1375
http://www.ncbi.nlm.nih.gov/pubmed/8806654
http://doi.org/10.1089/nat.2020.0845
http://www.ncbi.nlm.nih.gov/pubmed/32043902
http://doi.org/10.31662/jmaj.2021-0019
http://www.ncbi.nlm.nih.gov/pubmed/34414317
http://doi.org/10.1093/hmg/ddx215
http://www.ncbi.nlm.nih.gov/pubmed/28977438
http://doi.org/10.1038/nrg.2015.3
http://doi.org/10.1007/s00412-013-0407-z
http://doi.org/10.1038/387083a0
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=15473835
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=15473835
http://doi.org/10.1146/annurev.cellbio.20.012103.135836
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=9843994
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=9843994
http://doi.org/10.1073/pnas.95.25.14938
http://www.ncbi.nlm.nih.gov/pubmed/9843994
http://doi.org/10.1073/pnas.151270098
http://www.ncbi.nlm.nih.gov/pubmed/11459935
http://doi.org/10.2174/187152210793663748
http://doi.org/10.1074/jbc.M004356200
http://www.ncbi.nlm.nih.gov/pubmed/10976104
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=9356471
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=9356471
http://doi.org/10.1073/pnas.94.23.12457
http://www.ncbi.nlm.nih.gov/pubmed/9356471
http://doi.org/10.1038/ng0997-71
http://www.ncbi.nlm.nih.gov/pubmed/9288100
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=16751773
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=16751773
http://doi.org/10.1038/ng1810
http://doi.org/10.1371/journal.pgen.0030079
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=15215484
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=15215484
http://doi.org/10.1056/NEJMoa040933
http://doi.org/10.1097/SPC.0000000000000013
http://www.ncbi.nlm.nih.gov/pubmed/30390252
http://doi.org/10.1186/1755-8794-4-36
http://www.ncbi.nlm.nih.gov/pubmed/21507246
http://doi.org/10.1038/s41598-021-81222-7
http://www.ncbi.nlm.nih.gov/pubmed/33452345
http://doi.org/10.3390/cells9122657
http://www.ncbi.nlm.nih.gov/pubmed/33322031


Int. J. Mol. Sci. 2022, 23, 5016 16 of 16

25. Kim, Y.; Lee, Y.; Zhang, H.; Wright, J.; Simmer, J.; Hu, J.C.-C.; Kim, J.-W. Translational attenuation by an intron retention in the 5’
utr of enam causes amelogenesis imperfecta. Biomedicines 2021, 9, 456. [CrossRef]

26. Long, K.K.; O’Shea, K.M.; Khairallah, R.J.; Howell, K.; Paushkin, S.; Chen, K.S.; Cote, S.M.; Webster, M.T.; Stains, J.P.;
Treece, E.; et al. Specific inhibition of myostatin activation is beneficial in mouse models of sma therapy. Hum. Mol. Genet. 2018,
28, 1076–1089. [CrossRef]

27. Adachi, H.; Hengesbach, M.; Yu, Y.-T.; Morais, P. From antisense rna to rna modification: Therapeutic potential of rna-based
technologies. Biomedicines 2021, 9, 550. [CrossRef]

28. Lee, T.; Awano, H.; Yagi, M.; Matsumoto, M.; Watanabe, N.; Goda, R.; Koizumi, M.; Takeshima, Y.; Matsuo, M. 2’-o-methyl
rna/ethylene-bridged nucleic acid chimera antisense oligonucleotides to induce dystrophin exon 45 skipping. Genes 2017, 8, 67.
[CrossRef]

29. Ito, K.; Takakusa, H.; Kakuta, M.; Kanda, A.; Takagi, N.; Nagase, H.; Watanabe, N.; Asano, D.; Goda, R.; Masuda, T.; et al.
Renadirsen, a novel 2′omerna/ena® chimera antisense oligonucleotide, induces robust exon 45 skipping for dystrophin in vivo.
Curr. Issues Mol. Biol. 2021, 43, 90. [CrossRef]

30. Lee, J.; Kim, D.-H.; Lee, K. Muscle hyperplasia in japanese quail by single amino acid deletion in mstn propeptide. Int. J. Mol. Sci.
2020, 21, 1504. [CrossRef]

31. St Andre, M.; Johnson, M.; Bansal, P.N.; Wellen, J.; Robertson, A.; Opsahl, A.; Burch, P.M.; Bialek, P.; Morris, C.; Owens, J. A
mouse anti-myostatin antibody increases muscle mass and improves muscle strength and contractility in the mdx mouse model
of duchenne muscular dystrophy and its humanized equivalent, domagrozumab (pf-06252616), increases muscle volume in
cynomolgus monkeys. Skelet. Muscle 2017, 7, 25. [CrossRef] [PubMed]

32. Bayarsaikhan, O.; Kawai, N.; Mori, H.; Kinouchi, N.; Nikawa, T.; Tanaka, E. Co-administration of myostatin-targeting sirna and
actriib-fc fusion protein increases masseter muscle mass and fiber size. J. Nutr. Sci. Vitaminol. 2017, 63, 244–248. [CrossRef]
[PubMed]

33. Rodgers, B.; Ward, C. Myostatin/activin receptor ligands in muscle and the development status of attenuating drugs. Endocr. Rev.
2021, 43, 329–365. [CrossRef] [PubMed]

34. Ohsawa, Y.; Takayama, K.; Nishimatsu, S.; Okada, T.; Fujino, M.; Fukai, Y.; Murakami, T.; Hagiwara, H.; Itoh, F.; Tsuchida, K.;
et al. The inhibitory core of the myostatin prodomain: Its interaction with both type i and ii membrane receptors, and potential to
treat muscle atrophy. PLoS ONE 2015, 10, e0133713. [CrossRef]

35. Nielsen, T.; Vissing, J.; Krag, T. Antimyostatin treatment in health and disease: The story of great expectations and limited success.
Cells 2021, 10, 533. [CrossRef]

36. Breitbart, A.; Auger-Messier, M.; Molkentin, J.D.; Heineke, J. Myostatin from the heart: Local and systemic actions in cardiac
failure and muscle wasting. Am. J. Physiol. Heart Circ. Physiol. 2011, 300, H1973–H1982. [CrossRef]

37. Verzola, D.; Milanesi, S.; Bertolotto, M.; Garibaldi, S.; Villaggio, B.; Brunelli, C.; Balbi, M.; Ameri, P.; Montecucco, F.;
Palombo, D.; et al. Myostatin mediates abdominal aortic atherosclerosis progression by inducing vascular smooth muscle cell
dysfunction and monocyte recruitment. Sci. Rep. 2017, 7, 46362. [CrossRef]

38. Coleman, S.K.; Rebalka, I.A.; D’Souza, D.M.; Deodhare, N.; Desjardins, E.M.; Hawke, T.J. Myostatin inhibition therapy for
insulin-deficient type 1 diabetes. Sci. Rep. 2016, 6, 32495. [CrossRef]

39. Liu, X.H.; Bauman, W.A.; Cardozo, C.P. Myostatin inhibits glucose uptake via suppression of insulin-dependent and -independent
signaling pathways in myoblasts. Physiol. Rep. 2018, 6, e13837. [CrossRef]

40. Li, Z.; Kollias, H.; Wagner, K. Myostatin directly regulates skeletal muscle fibrosis. J. Biol. Chem. 2008, 283, 19371–19378. [CrossRef]

http://doi.org/10.3390/biomedicines9050456
http://doi.org/10.1093/hmg/ddy382
http://doi.org/10.3390/biomedicines9050550
http://doi.org/10.3390/genes8020067
http://doi.org/10.3390/cimb43030090
http://doi.org/10.3390/ijms21041504
http://doi.org/10.1186/s13395-017-0141-y
http://www.ncbi.nlm.nih.gov/pubmed/29121992
http://doi.org/10.3177/jnsv.63.244
http://www.ncbi.nlm.nih.gov/pubmed/28978871
http://doi.org/10.1210/endrev/bnab030
http://www.ncbi.nlm.nih.gov/pubmed/34520530
http://doi.org/10.1371/journal.pone.0133713
http://doi.org/10.3390/cells10030533
http://doi.org/10.1152/ajpheart.00200.2011
http://doi.org/10.1038/srep46362
http://doi.org/10.1038/srep32495
http://doi.org/10.14814/phy2.13837
http://doi.org/10.1074/jbc.M802585200

	Introduction 
	Results 
	Identification of a Chimeric ASO That Decreases Mature MSTN mRNA Levels 
	Amelioration of AO2+1-Induced Splicing Inhibition by SRSF5 
	Determination of the Best Structure of AO2+1 
	KMM001 Decreased Mature mRNA Levels in a Dose-Dependent Manner and Reciprocally Increased Pre-mRNA Levels 
	KMM001 Did Not Decrease GDF11 mRNA Levels 
	KMM001 Inhibited Myostatin Protein Expression in CRL-2061 Cells 
	KMM001 Inhibited Endogenous Myostatin Signaling in CRL-2061 Cells 
	KMM001 Enhanced the Proliferation of Myoblasts 

	Discussion 
	Materials and Methods 
	Prediction of Exonic Splicing Enhancer Sequences 
	Cells 
	Transcript Analysis 
	ASOs 
	Expression of SRSF5 
	Western Blotting 
	Myostatin-Signaling Assay with SMAD-Responsive Luciferase 
	Cell Proliferation Assays 
	Statistical Analyses 

	References

