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SMN Protein Contributes to Skeletal Muscle Cell
Maturation Via Caspase-3 and Akt Activation
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Abstract. Background/Aim: In spinal muscular atrophy
(SMA), systemic deficiency of survival motor neurons (SMN)
caused by loss or mutation of SMN1 leads to SMA symptoms.
SMA was, for a long time, considered as a selective motor-
neuron disease. However, accumulated evidence suggests
that skeletal muscle cells are affected by low levels of SMN
protein. The purpose of this study was to elucidate the
function of SMN protein in skeletal cell differentiation and
maturation. Materials and Methods: In SMNA7 mice, which
exhibit a systemic reduction of SMN protein, muscle atrophy
was evaluated. To direct the effect of SMN against muscle
cells, SMN functions were examined by knockdown of SMN
in mouse myoblasts cell line C2C12 using siRNA. Results:
SMNA7 mice showed muscle atrophy accompanied by
decreased both expression of a myogenesis marker and a
proliferating marker. In SMN-knockdown myoblasts, early
expression of myosin heavy chain and reduced multinuclear
myotube formation were found. Decreased caspase-3 activity
and reduced phosphorylation of Akt were observed at an
early stage of differentiation in SMN-knockdown myoblasts.
Conclusion: A critical role of SMN protein in muscle cell
differentiation via caspase-3 and Akt activation was shown.

Spinal muscular atrophy (SMA) is an inherited
neuromuscular disease caused by loss or mutation of the
survival motor neuron 1 (SMNI) gene and subsequent
decrease of the SMN protein (1). SMA is characterized by
progressive loss of motor neurons and skeletal muscle
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atrophy (2, 3). Humans possess two highly homologous
genes that encode SMN protein: SMNI and SMN2 on
chromosome 5q11.2-13.3 (4). SMN1 produces almost the full
length of SMN, which includes exon 7, but SMN2 mainly
produces an unstable SMN protein that lacks exon 7
(SMNA7) following alternative splicing (5, 6). Therefore,
mutation or deletion of SMNI1 leads to systemic SMN
protein deficiency. The SMN protein plays important roles
in mRNA splicing (7) and mRNA transport (8). However, the
critical reason why SMN protein is responsible for SMA
pathology is still unclear.

SMA was, for a long time, considered as a selective motor-
neuron disease. However, the effect of SMN up-regulation
limited to the central nervous system was inferior to systemic
SMN protein up-regulation for improving the phenotype of
SMA model mice (9). Many studies have suggested that
different organs including skeletal muscle, heart, and liver take
part in the SMA phenotype due to systemic loss of the SMN
protein. In particular, SMN protein in skeletal muscle is
considered to have a strong relationship to SMA pathology. In
SMNA7 mice, which exhibit a systemic reduction of SMN
protein, postnatal muscle fibers growth was impaired in size,
with a reduction in muscle fibers expressing fast myosin and
an increase in the proportion of muscle fibers expressing the
embryonic isoform of myosin heavy chain (10). Furthermore,
Cifuentes-Diaz, et al. (11) reported that genetic deletion of
murine SMN exon 7 restricted to skeletal muscle leads to
severe skeletal muscle atrophy. Skeletal muscle satellite cells
extracted from SMA model mice exhibit reduced efficiency in
forming myotubes (12), and SMN-knockdown C2C12 cells,
an immortalized mouse myoblast cell line, have decreased
fusion ability (13). Moreover, SMN-deficient myotubes
extracted from SMA patient biopsies are smaller compared to
controls (14). These reports suggest that the SMN protein
plays an important role in the maturation of skeletal muscle
cells by cell-autonomous mechanisms. However, the
fundamental function of the SMN protein underlying the
maturation of skeletal muscle cells is still unknown. The
purpose of the present study was to elucidate the function of
SMN protein in skeletal cell differentiation and maturation.
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Material and Methods

Animals. As a moderate type II SMA animal model, heterozygous
SMNAT7 mice (mSmn*'=, SMN2++ SMNA7+*; stock No: 005025)
were purchased as breeder pairs from Jackson Laboratory (Bar
Harbor, ME, USA). To generate the homozygous SMNA7 mice
(mSmn~"=, SMN2+'+, SMNA7+*), the heterozygous SMNA7 mice
were cross-breeded. All animal experiments were conducted with
approvals of the Institutional Animal Care and Use Committee, and
the Bioethics and Biosafety Committee of Gifu Pharmaceutical
University. To identify wild-type (mSmn*/+, SMN2++, SMNAT+*),
heterozygous SMNA7 (mSmn*'-, SMN2++, SMNA7++), and
homozygous SMNA7 (mSmn='~, SMN2++, SMNA7++) mice, the
transgene genotypes were determined by PCR assays of tail DNA.
The target gene was amplified by 35 cycles of PCR using the
following 3 primers as our previous procedure (15):
5’-CTCCGGGATATTGGGATTG -3’
5’-GGTAACGCCAGGGTTTTCC-3’
5’-TTTCTTCTGGCTGTGCCTTT-3’
In this study, we used homozygous SMNA7 (mSmn="-, SMIN2+/+,
SMNA7++) mice as SMA model mice, and compared them with
wild-type (mSmn**, SMN2++, SMNAT+*) mice.

Histological analysis of gastrocnemius. Gastrocnemius were isolated
from mice at 11 days of age and prepared histological sections in
accordance with our previous report (16). Briefly, under anesthesia
using sodium pentobarbital (50 mg/kg, i.p.; Nacalai Tesque, Kyoto,
Japan), mice were perfused with 4% paraformaldehyde solution in
0.01 M phosphate buffer (pH 7.4) for histological evaluation.
Muscles were isolated, immersed in 4% paraformaldehyde solution
for at least 24 h at 4°C, and then soaked in 25% sucrose in
phosphate-buffered saline (PBS) at 4°C for 1 day. Each sample was
immersed sequentially in 70% ethanol (2 h), 90% ethanol (2 h), 95%
ethanol (2 h), 99% ethanol (12 h), anhydrous ethanol (2 h twice),
xylene (2 h twice, 12 h), and melted paraffin (2 h twice, 12 h). Then,
they were embedded in the paraffin and cut into 20-um-thick
sections using a microtome (Leica, Tokyo, Japan). After drying
overnight at 37°C, sections were stained with hematoxylin and eosin
(Sigma-Aldrich, St. Louis, MO, USA). Histological images of these
sections were obtained using a BZ-9000 HS all-in-one fluorescence
microscope (Keyence, Osaka, Japan).

Cross-sectional area of muscle fibers. The transverse sections of
gastrocnemius were cut at 3 mm from the edge of the gastrocnemius
which was the largest transverse-section area, and the total and mean
numbers of muscle fibers were evaluated. The transverse-section
areas of muscle fibers were measured at the same position in each
mouse. Images of the central positions of these sections were obtained
using a microscope (20x magnification). The transverse-section areas
of gastrocnemius were measured from 100 muscle fibers of each
mouse using Image J software. The distribution of the muscle fiber
area was quantified according to our previous procedures (16).

Cell culture. C2C12 cells were purchased from the European
Collection of Authenticated Cell Cultures (ECACC; Public Health
England, UK), and cultured in accordance with the manufacturer
protocol as follows. The cells were incubated in Dulbecco’s
modified Eagle medium (DMEM; Nacalai Tesque, Kyoto, Japan)
supplemented with 10% fetal bovine serum (FBS; Thermo Fisher
Scientific, Rockford, IL, USA), 100 U/ml penicillin (Meiji Seika
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Kaisha Ltd., Tokyo, Japan), and 100 pug/ml streptomycin (Meiji
Seika) under a humidified atmosphere of 5% CO, at 37°C. The cells
were passaged by trypsinazation every 2 days.

Immunostaining. Immunofluorescence staining in gastrocnemius was
performed as follows. Under anesthesia with sodium pentobarbital
(80 mg/kg, i.p.), mice were perfused with saline for 3 min and then
with 4% paraformaldehyde solution (Nacalai Tesque, Kyoto, Japan)
for 6 min. Gastrocnemius were dissected and post-fixed in the same
fixative solution for 24 h at 4°C. The tissues were soaked in a 25%
sucrose solution for 24 h and quickly embedded in frozen embedding
media (OCT compound, Sakura Finetechnical Co., Ltd., Tokyo,
Japan). Finally, transverse sections were cut into 10-um thick on a
cryostat and placed onto a coated glass slide (MAS COAT;
Matsunami Glass Ind., Ltd., Osaka, Japan). The gastrocnemius
sections were blocked with goat serum (Vector Labs, Burlingame,
CA, USA) for 1 h and incubated with primary antibodies at 4°C
overnight. As the primary antibodies for immunostaining, rabbit anti-
Ki67 polyclonal antibody (1:250 dilution; Merk Millipore) and mouse
anti-myoD monoclonal antibody (1:200 dilution; Santa Cruz) were
used. After washing with PBS, the sections were incubated with a
secondary antibody and Hoechst 33342 (1:1,000 dilution; H3570,
Invitrogen) for 1h at room temperature. Finally, the sections were
mounted in a Fluoromount (Diagnostic BioSystems, Pleasanton, CA,
USA). As the secondary antibodies, Alexa Fluor®546 goat anti-rabbit
IgG (1:1,000 dilution; Invitrogen) and Alexa Fluor®546 goat anti-
mouse IgG (1:1,000 dilution; Invitrogen) were used, respectively.
Images of these sections were obtained using a BZ-9000 HS all-in-
one fluorescence microscope (Keyence, Osaka, Japan).

Immunofluorescence staining in C2C12 was performed as
follows. After washing with PBS, the plated cells were fixed in 4%
paraformaldehyde solution (Nacalai Tesque, Kyoto, Japan) for 20
min at 4°C, and then washed three times with PBS. To avoid non-
specific binding, the washed cells were then blocked using 5% horse
serum and 0.1% Triton X-100 (Nacalai Tesque, Kyoto, Japan) in
PBS for 30 min at room temperature. The cells were washed with
PBS and incubated with mouse anti-myosin heavy chain
monoclonal antibody (1:400 dilution; MAB4470, R&D) overnight
at 4°C. After primary antibody treatment, the cells were incubated
with Alexa Fluor®546 donkey anti-mouse IgG (1:1,000 dilution;
Invitrogen) and Hoechst 33342 (1:1,000 dilution; H3570,
Invitrogen) for 1h at room temperature. Images of these cells were
obtained using a BZ-9000 HS all-in-one fluorescence microscope
(Keyence, Osaka, Japan).

Western  blot analysis. C2C12 cells were lysed using
radioimmunoprecipitation assay buffer containing 50 mM Tris
hydrochloride, 150 mM sodium chloride, 0.5% sodium deoxycholate,
0.1% sodium dodecyl sulfate (SDS), 1% Igepal® CA-630, and
protease and phosphatase inhibitor cocktails (Sigma-Aldrich, St.
Louis, MO, USA). The cell lysates were centrifuged at 12,000xg for
10 min, and the supernatants were obtained. Protein concentrations
in the cell lysates were quantitated using the bicinchoninic acid
protein assay kit (Pierce Biotechnology, Rockford, IL, USA). Equal
volumes of cell lysate and sodium dodecyl sulfate (SDS) sample
buffer containing 20% 2-mercaptoethanol (Wako, Osaka, Japan)
were mixed and boiled. The solubilized proteins were separated
using 5-20% SDS-polyacrylamide gel (Wako) electrophoresis, and
transferred to an Immuno-Blot polyvinylidene fluoride membrane
(Bio-Rad Laboratories, Hercules, CA, USA). The transferred
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membranes were incubated with the primary antibodies as follows:
mouse anti-SMN monoclonal antibody (1:1,000 dilution; 610647,
BD), rabbit anti-cleaved caspase-3 monoclonal antibody (1:200
dilution; Cell Signaling Technology), rabbit anti-p-Akt monoclonal
antibody (1:1,000 dilution; Cell Signaling Technology), rabbit anti-
Akt monoclonal antibody (1:1,000 dilution; Cell Signaling
Technology), mouse anti-B-actin mouse monoclonal antibody
(1:2,000 dilution; A2228, Sigma-Aldrich), rabbit anti-p-JNK
polyclonal antibody (1:500 dilution; SC6254, Santa Cruz). After
washing with Tris-buffered saline with 0.05% Tween 20, the
transfers incubated with the secondary antibodies as follows: goat
anti-rabbit and goat anti-mouse IgGs conjugated to horseradish
peroxidase (1:1,000 dilution; 32460; Invitrogen; 1:1,000 dilution;
32430, Thermo Scientific, respectively). The immunoreactive bands
were visualized using a chemiluminescent substrate (ImmunoStar
LD; Wako Pure Chemicals, Tokyo, Japan). The band intensities were
measured using the Amersham Imager 680 Analysis Software (GE
Healthcare Lifescience, Chicago, IL, USA).

Preparation of small interfering RNAs and differentiation for
myotubes. All of the siRNAs were synthesized by Thermo Fisher
Scientific (Invitrogen). The C2C12 cells were transfected with 2 uM
of the siRNA using Lipofectamine™ RNAiMAX Reagent (Thermo
Fisher Scientific) and Opti-MEM (Thermo Fisher Scientific)
without serum supplement at 48 h after seeding. After transfection,
the medium was changed to DMEM supplemented with 2% horse
serum (Sigma-Aldrich) for differentiation.

Statistical analysis. Data are expressed as means+=SEM. Statistical
significance was evaluated using Levene’s test for equality of
variance followed by an appropriate #-test (Student’s or Welch’s #-
test) using SPSS software 16.0 J (SPSS Japan, Inc., Tokyo, Japan).

Results

Skeletal muscle pathology in SMA model mice. SMA AT mice,
which exhibit a systemic decrease of SMN protein, are
widely used as SMA model mice (17, 18). At the postnatal
age day 11 (P11) developmental stage, during which mice
show intermediate symptoms, SMNA7 mice exhibited
reduced body mass compared to wild-type mice (Figure 1A
and B). Gastrocnemius were isolated at P11 for evaluation of
fiber cross-sectional area and expression of differentiation-
related factor. Fiber cross-sectional area was significantly
decreased in SMNA7 mice compared to wild-type mice
(Figure 1C-E). MyoD, the master regulator of skeletal muscle
cell differentiation, was detected by immunostaining. MyoD-
positive cells were significantly decreased to 26% in
gastrocnemius of SMNA7 mice compared to wild-type mice
(Figure 1H and I). In addition, Ki67-positive proliferative
cells were also decreased to 24% in SMNA7 mice compared
to wild-type mice (Figure 1F and G).

Impaired maturation in SMN-depleted myoblasts. To
investigate the role of SMN protein in skeletal muscle cell
maturation, we used SMN-knockdown myoblasts, which can
ignore the effect of denervation. Mouse myoblasts C2C12

cells were transfected with Smn siRNA. After transfection,
C2C12 cells were cultured in differentiation medium for 48
to 96 h, and the expression levels of SMN and myosin heavy
chain (MHC) were evaluated by western blotting. SMN
protein was significantly decreased by Smn siRNA
transfection (Figure 2A and B), and the significant reduction
of SMN protein was sustained for at least 6 days after
transfection (data not shown). In contrast, MHC expression
was increased with cell differentiation in a time-dependent
manner. The MHC expression was significantly facilitated in
SMN-knockdown C2C12 cells compared to control siRNA
transfected C2C12 cells at 48 h after initiating differentiation,
whereas no change in MHC expression was observed at 72
or 96 h after initiating differentiation (Figure 2A and C).
Myoblasts differentiate into myotubes and muscle fibers. At
these differentiation stages, cell—cell fusion and formation of
multinucleated fibers is a key step (19, 20). To investigate the
level of cell-fusion, we evaluated the average number of
nuclei in differentiated C2C12 cells. As a result, the average
number of nuclei was decreased in SMN-knockdown C2C12
cells (Figure 2D and E), suggesting an impairment of
myoblast maturation by SMN-knockdown. In addition, a
decrease in cell-autonomous contractions was observed at 6
days, indicating decreased differentiation in SMN-knockdown
C2C12 cells compared to control cells (Supplementary Video
1 and Supplementary Video 2).

Decreased caspase-3 activation in SMN-knockdown C2C12
cells. To elucidate the mechanism of impaired fusion in SMN-
knockdown C2C12 cells, we evaluated the expression level of
cleaved-caspase-3 by western blotting. Caspase-3 activation is
required for normal skeletal muscle differentiation (21). In
control cells, the expression level of cleaved-caspase-3 was
decreased as differentiation progressed (Figure 3A and B).
Cleaved-caspase-3 was highly expressed in the early phase of
differentiation, and it was significantly decreased in SMN-
knockdown C2C12 cells compared to control cells at 72 h
after inducing differentiation (Figure 3A and B).

Akt signaling is a key regulatory process for skeletal muscle
differentiation and hypertrophy (22). We examined the
involvement of Akt activation in impaired maturation in SMN-
knockdown myoblasts. An equivalent level of phosphorylated
Akt was observed in SMN-knockdown and control C2C12
cells at 48 h after initiating differentiation (Figure 4A and B).
In contrast, phosphorylated Akt was decreased in SMN-
knockdown C2C12 cells compared to controls at 72 h after
initiating differentiation (Figure 4A and B).

Discussion
SMN protein is considered to play an important role in the

maturation of skeletal muscle cells by cell-autonomous
mechanisms. However, the fundamental function of SMN

3249



in vivo 34: 3247-3254 (2020)

Cc

12
10 } —T
&0
= 8
=
2 6| sk
>y
g o4t
M
2 L
0
WT SMA
D E 35
& 0250 ¢ _ o WT
g S B SMA
L m 200 T e
3 E :
L:'c—c 150 F g
§§ *k g
S g 100 F =
S O 1 ﬁ 1 ﬁ ﬁ =
WT SMA 100 200 300
Fiber cross sectional area (um?)
F | Ki67 / Hoechst33342 G

SMA

protein underlying the maturation of skeletal muscle cells is
still unknown. In the present study, we first evaluated the
expression of a myogenesis marker and a proliferating
marker and observed a decrease in MyoD-positive cells and
ki67-positive cells in skeletal muscle SMNA7 mice at P11
(Figure 1). These results suggest reduced ability for
myogenesis in the skeletal muscles of SMA model mice, in
concordance with previous reports that suggested immaturity
of skeletal muscles in SMA (10, 23). However, skeletal
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Figure 1. Continued

muscle denervation has been found in SMNA7 mice by at
least P7 (24). Hence, our observation is considered to be due
to both denervation and the cell-autonomous function of
SMN in skeletal muscle cells.

Next, we investigated the role of SMN protein in skeletal
muscle cell maturation using SMN-knockdown myoblasts,
which can ignore the effect of denervation. Earlier expression
of MHC protein was observed in SMN-knockdown C2C12
cells, suggesting quicker differentiation by SMN-knockdown.
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Figure 1. Skeletal muscle pathology in spinal muscular atrophy (SMA) model mice. (A) Images of wild-type (WT) and SMNA7 mice at P11 which
show intermediate symptoms, (B) Body weight of WT and SMNA7 mice at P11. Data are presented as means+S.E.M. (WT mice: n=4; SMNA7 mice:
n=3). **p<0.01 vs. WT mice (Student’s t-test). (C) Representative hematoxylin and eosin staining for gastrocnemius of WT and SMNA7 mice at
P11. Scale bar=100 um. (D) Mean fiber cross-sectional area. Data are presented as means+S.E.M. (WT mice: n=4; SMNA7 mice: n=3). **p<0.01
vs. WT mice (Student’s t-test). (E) The distribution of fiber cross-sectional area. Data are presented as mean=S.E.M. (WT mice: n=4; SMNA7 mice:
n=3). (F) Representative fluorescence images of Ki67 in gastrocnemius of WT and SMNA7 mice at P11. Scale bar=75 um. (G) Quantitative analysis
of Ki67-positive cells. Data are presented as means=S.E.M. (WT mice: n=4; SMNA7 mice: n=4). **p<0.01 vs. WT mice (Student’s t-test). (H)
Representative fluorescence images of MyoD in gastrocnemius of WT and SMNA7 mice at P11. Scale bar=75 um. (I) Quantitative analysis of MyoD-
positive cells. Data are presented as means+S.E.M. (WT mice: n=4; SMNA7 mice: n=4). *p<0.05 vs. WT mice (Student’s t-test).
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Figure 2. Altered expression of myosin heavy chain (MHC) and impaired fusion in SMN-knockdown C2C12 cells. (A) MHC and SMN protein
expression was examined by western blot analysis in C2C12 cells. (B) Quantitative analysis of the expression level of SMN protein. Data are
presented as means=S.E.M. (n=5 or 7), *p<0.05, **p<0.01 vs. Negative Control siRNA group (Welch’s t-test). (C) Quantitative analysis of the
expression level of MHC. Data are presented as mean+S.E.M. (n=5 or 7), *p<0.05 vs. Negative Control siRNA group (Welch’s t-test). (D)
Representative fluorescence image of MHC 6 days after transfection of siRNA. Scale bar=200 um. (E) Quantitative analysis of the mean number
of nuclei in each fiber. Data are presented as means+S.E.M. (n=8). **p<0.01 vs. Negative Control siRNA group (Student’s t-test).
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Figure 3. Impaired caspase-3 activation during differentiation in SMN-
knockdown C2C12 cells. (A) Cleaved-caspase-3 and SMN protein
expression was examined by western blot analysis in C2C12 cells. (B)
Quantitative analysis of the expression level of cleaved-caspase-3. Data
are presented as means+S.E.M. (n=5 or 7). ¥**p<0.01 vs. Negative
Control siRNA group (Student’s t-test).

Similar findings using SMNA7 derived muscle cells have been
reported (12, 25). Importantly, the ability to form multinuclei
myotubes was reduced in SMN-knockdown C2C12 cells
(Figure 2). This result is in concordance with impaired myotube
formation in SMNA7-derived muscle cells and SMN-
knockdown C2C12 cells using shRNA (12, 13, 25). Contraction
ability is also one of the key factors reflecting skeletal muscle
maturation, and a reduction of cell-autonomous contraction was
observed in SMN-knockdown C2C12 cells (Supplementary
video 1, 2). Therefore, SMN protein is required for normal
myotube maturation, and inadequate timing of MHC expression
may contribute to impaired myotube formation.

Caspase-3 is known as an effector of typical
intracellular changes in apoptosis (26). However,
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Figure 4. Impaired Akt activation during differentiation in SMN-
knockdown C2CI12 cells. (A) p-Akt and total Akt expression was
examined by western blot analysis in C2C12 cells. (B) Quantitative
analysis of the expression level of p-Akt and total Akt. Data are
presented as means+S.E.M. (n=5 or 7). *p<0.05 vs. Negative Control
SiRNA group (Student’s t-test).

inhibition of caspase-3 activity in myoblasts results in a
dramatic reduction in multinuclei myotube formation and
expression of muscle-specific proteins (21). Therefore,
caspase-3 activation is required for effective differentiation
in myoblasts. In SMN-knockdown C2C12 cells, caspase-3
activity was decreased in the early phase of differentiation
(Figure 3). Hence, impaired activation of caspase-3 by
SMN-knockdown may contribute to the reduced ability for
multinuclei myotube formation, observed in Figure 2. In
contrast, deficiency of SMN protein in motor neurons
leads to caspase-3 activation and subsequent apoptosis (27,
28). Therefore, the mechanism of regulation for caspase-3
activity by SMN protein may differ between myoblasts and
motor neurons.
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In the present study, impaired activation of Akt was
observed in SMN-knockdown C2C12 cells (Figure 4). The
Akt/mTOR pathway contributes to skeletal muscle
differentiation and hypertrophy via protein synthesis (22,
29). It was reported that the expression of mature
acetylcholine receptor subunits was delayed in the skeletal
muscles of SMA model mice (23). In SMN-knockdown
C2C12 cells, decreased cell-autonomous contraction was
observed (Supplementary Video 1 and 2). Therefore,
decreased activation of Akt is considered responsible for the
impaired maturation of SMN-knockdown myoblasts.

Impaired muscle cell differentiation and proliferation was
observed in SMN A7 mice, and impaired maturation was also
observed in SMN-knockdown C2C12 cells. Furthermore,
activation of caspase-3 and Akt was suppressed by SMN-
knockdown. These results are important findings that suggest
the need for therapeutic intervention of SMN proteins into
skeletal muscle in SMA pathology. However, we could not
show that the SMN knockdown-induced reduction of
caspase-3 and Akt is directly involved in muscle
differentiation, and further investigation is needed. In
conclusion, these findings provide new evidence for a role
of SMN protein in skeletal muscle cell differentiation.
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