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Abstract. Charcot‑Marie‑Tooth disease (CMT) is the most 
common inherited neurological disorder of the peripheral 
nervous system. The major subtype, CMT type 1A (CMT1A), 
accounts for ~40% of CMT cases and is characterized by distal 
muscle atrophy and gait disturbances. Short hairpin (sh) RNA 
sequences are potentially advantageous therapeutic tools for 
distal muscle atrophy‑induced gait disturbance. Therefore, 
the current study focused on the effects of an optimal shRNA 
injection using the myostatin (mstn) gene inhibition system. 
shLenti‑Mstn A  demonstrated significant suppression of 
endogenous mstn gene expression (>40%) via RT‑qPCR 
following direct injection into the gastrocnemius and rectus 
femoris of the hind limb in C22 mice. The results also reported 
that shLenti‑Mstn A treatment increased muscle mass and 
size of the hind limbs compared with mock‑treated mice via 
measurement of the mass of injected muscles and magnetic 
resonance imaging study. Furthermore, electrophysiological 

measurement using a Nicolet Viking Quest device revealed 
significantly improved compound muscle action potential 
(CMAP) in shLenti‑Mstn A‑treated mice compared with the 
mock group (P<0.05) whereas nerve conduction velocity (NCV) 
showed no difference between groups. The shLenti‑Mstn A 
treatment directly affected increased muscle regeneration, 
including mass and size, but not regeneration of peripheral 
nerve. Additionally, shLenti‑Mstn A treatment significantly 
enhanced mobility, including locomotor coordination (P<0.01) 
and grip strength of the hindlimbs (P<0.01). Furthermore, 
MotoRater analysis using real‑time recording with a 
high‑speed camera revealed that shLenti‑Mstn‑treated mice 
exhibited an improved walking pattern in terms of step length, 
base support and duty factor compared with the mock group. 
It was hypothesized that treatment with shLenti‑Mstn A may 
provide a novel therapeutic strategy for improving gait in 
patients with CMT1A.

Introduction

Gait disorders are commonly caused by peripheral nerve 
and muscle weakness due to the external environment or 
hereditary factors (1). Skeletal muscles are connected to the 
motor axons of peripheral nerves through neuromuscular 
junctions that control body movement  (2). Peripheral 
neuropathy causes damage to nerves and muscles, leading to 
gait disturbances (3‑5).

Previous studies have reported that hereditary peripheral 
neuropathy causes proximal and distal muscle atrophy due to 
axonal loss in motor nerves in murine models (6‑8). However, 
the majority of current neuromuscular disease therapies are 
focused on regenerating axon nerves and myelination, not 
on muscle regeneration  (3,9‑11). For instance, a candidate 
drug for Schwann cell myelination improves the phenotype 
of peripheral neuropathy, motor nerve electrophysiology and 
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locomotor coordination (10,11). However, the drug does not 
directly improve muscle regeneration or gait pattern.

In  vivo gene targeting therapies provide stronger 
therapeutic effects in the treatment of hereditary diseases 
compared with drug therapies (12,13). A clustered regularly 
interspaced short palindromic repeats (CRISPR)/caspase 
9‑based therapy demonstrated a significant improvement 
in peripheral neuropathy following direct intraneural 
CRISPR‑ribonucleoprotein injection into the sciatic nerve 
immediately distal to the sciatic notch in a C2C12 murine model 
with Charcot‑Marie‑Tooth disease type 1A (CMT1A) (13). The 
peripheral myelin protein 22 (PMP22)‑overexpressing murine 
model C22 presents with severe demyelinating neuropathy, 
including muscle weakness and sensory depression, similar 
to symptoms exhibited by patients with CMT  1A. These 
mice usually develop CMT symptoms at 3 weeks of age (14). 
However, in the previous study, treatment for neuropathy did 
not improve gait regeneration (12).

Myostatin (Mstn) serves crucial roles in muscle regeneration 
and embryonic skeletal myogenesis (15,16). Previous studies 
have demonstrated that Mstn inhibition is a strong potential 
candidate for the treatment of neuromuscular disease, 
including Duchenne muscular dystrophy (17‑19). These results 
strongly indicated that adeno‑associated virus‑mediated 
Mstn inhibition improved muscle regeneration in terms of 
muscle mass and size. Another previous study reported that 
insulin‑like growth factor‑1 stimulates muscle hypertrophy 
by suppressing the Mstn signaling pathway (20). Therefore, 
it has been hypothesized that regulating Mstn expression 
may treat neuromuscular diseases, including amyotrophic 
lateral sclerosis (ALS), neuromuscular junction disorders and 
peripheral neuropathy.

In murine models of diseases, conventional behavioral 
tests, including the rotarod performance test, hind‑limb 
grip strength test and footprint analysis, are useful tools for 
examining therapeutic effects on the central nervous system 
and peripheral nervous system (PNS) (7‑11). Animal studies 
have attempted to analyze walking patterns using digital 
recording systems (21‑23). For instance, in an ALS disease 
mouse model (23), the DigiGait™ Imaging System measures 
step length and >30  gait‑related traits, including stance 
duration, swing duration and stance width (21,22). Therefore, 
the DigiGait™ Imaging System may be a valuable tool for 
developing novel therapies to treat abnormal gait diseases.

The present study aimed to improve gait disorders using 
short hairpin (sh)RNA shLenti‑Mstn therapy and evaluate 
effectiveness in the CMT1A mouse model using a digital 
gait system. RNA‑based gene silencing, specifically using 
shRNAs, is a valuable tool and has clinical applications for 
target validation and therapeutics (24,25).

Materials and methods

Cell culture. Mouse myoblast C2C12 (cat. no. CRL‑1772) and 
293T (cat. no. CRL‑11268) cell lines were purchased from the 
American Type Culture Collection. C2C12 and 293T cells 
were cultured in DMEM with high glucose supplemented with 
10% FBS, 100 U/ml penicillin and 100 µg/ml streptomycin 
(all from Thermo Fisher Scientific, Inc.). Cultures were main-
tained at 37˚C at 5% CO2. C2C12 cells were differentiated into 

myotubes by replacing the growth medium with a medium 
containing 2% horse serum (Thermo Fisher Scientific, Inc.) 
with 1% penicillin‑streptomycin (Thermo Fisher Scientific, 
Inc.) and 1X insulin‑transferrin‑selenium supplement 
(Sigma‑Aldrich; Merck KGaA).

In vitro transfection and selection of allele‑specific shRNAs. 
Allele‑specific shRNAs and control shRNAs were purchased 
from OriGene Technologies, Inc. A total of five vectors (one 
p‑green fluorescence protein (GFP)‑V‑mock and four different 
shMstn sequences; 4 µg/well) were transfected into C2C12 
myoblasts using Lipofectamine® 3000 (Invitrogen; Thermo 
Fisher Scientific, Inc.), according to the manufacturer's 
protocol. The four different shRNAs contained the following 
sequences: shRNA‑Mstn A, 5'‑TGG​CTC​TTG​AAG​ATG​ACG​
ATT​ATC​ACG​‑3'; B, 5'‑ACA​ATC​ATT​ACC​ATG​CCT​ACA​
GAG​TCT​GA‑3'; C, 5'‑CAA​CAG​TGT​TTG​TGC​AAA​TCC​
TGA​GAC​TC‑3'; and D, 5'‑AAT​TCC​AGC​CAT​GGT​AGT​AGA​
CCG​CTG​TG‑3'. To differentiate from myoblast cell to nascent 
myotubes, growth medium was replaced the following day 
and for five additional days with fresh medium containing 2% 
horse serum and 1% penicillin‑streptomycin in DMEM with 
high glucose. At 7 days post‑transfection, allelic specificity 
of the shRNAs was determined by comparing the expres-
sion of mstn mRNA in each transfected group using reverse 
transcription‑quantitative PCR (RT‑qPCR).

RNA isolation and cDNA synthesis. To quantify mRNA 
levels in the cell lines and lentivirus injected tissues, total 
mRNA was prepared for RT using an RNeasy Mini kit 
(Qiagen GmbH), according to the manufacturer's protocol. 
mRNA concentrations were determined by optical density as 
measured by a spectrophotometer (NanoDrop 2000; Thermo 
Fisher Scientific, Inc.). Total mRNA (2  µg) was used for 
cDNA synthesis using SuperScript™ II reverse transcriptase 
(Invitrogen; Thermo Fisher Scientific, Inc.).

PCR. A total of 1 µl template cDNA, 45 µl PCR SuperMix 
(Invitrogen; Thermo Fisher Scientific, Inc.) and 10 pmol (total 
volume, 50 µl) of each of the following primers: mstn forward, 
5'‑AGT​GGA​TCT​AAA​TGA​GGG​CAG​T‑3' and reverse, 5'‑GTT​
TCC​AGG​CGC​AGC​TTA​C‑3'; GAPDH forward, 5'‑TCA​CCA​
TGG​AGA​AGG​C‑3' and reverse, 5'‑GCT​AAG​CAG​TTG​GTG​
CA‑3' were processed using a TP600 thermocycler (Takara 
Biotechnology Co., Ltd.). PCR products were confirmed by 
ethidium bromide staining following electrophoresis on 1% 
agarose gels. Quantitative analyses of band densities were 
performed using a Gel Doc XR imaging system (Bio‑Rad 
Laboratories, Inc.).

RT‑qPCR. A total of 1 µl template cDNA, 5 µl SYBR‑Green 
PCR master mix (Applied Biosystems; Thermo Fisher 
Scientific, Inc.) and 10 pmol (total volume, 10 µl) of each 
primer aforementioned was amplified were performed using 
an ABI 7900 PCR system (Applied Biosystems; Thermo Fisher 
Scientific, Inc.). The following thermocycling conditions were 
used for qPCR: 3 min at 95˚C, followed by two‑step PCR at 
95˚C for 15 sec and 60˚C for 60 sec for 40 cycles, with fluores-
cence monitoring at the end of each elongation step. Relative 
mRNA expression of target genes was calculated using the 
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2‑ΔΔCq method (26). GAPDH was utilized as the endogenous 
control.

In vitro transduction. Viral particles of shLenti‑Mstn GFP 
were purchased from Sirion Biotech GmbH based on the 
shRNA‑Mstn A. To identify shLenti‑Mstn GFP expression, 
0.5 µl viral particles (VPs; 8x108 VP/ml) were transduced into 
293T cells. At 3 days post‑transduction, GFP expression in 
transfected cells was confirmed using a fluorescence micro-
scope (Ti2U FL; Nikon Corporation) and photographed using 
NIS‑Element software (version 5.01.00; Nikon Corporation).

Western blotting. Proteins were collected from differentiated 
C2C12 cells using RIPA lysis buffer (Biosesang) supple-
mented with a 1X protease/phosphatase inhibitor cocktail 
(cat. no. 5871; Cell Signaling Technology, Inc.). Cell lysates 
were centrifuged at 13,000 x g for 20 min at 4˚C and the 
supernatants were used for quantification using the BCA 
method. A total of 15 µg/lane of each sample was separated on 
a 12% SDS‑PAGE gel and transferred to PVDF membranes. 
The membranes were blocked with 5% bovine serum albumin 
(cat. no. 0219989680; MP Biomedicals, LLC) in TBST [20 mM 
Tris‑HCl (pH 8.0), 150 mM NaCl, 0.1% (v/v) Tween‑20; all 
Sigma‑Aldrich; Merck KGaA] for 1 h at room temperature. 
Then, membranes were incubated overnight at 4˚C with the 
following primary antibodies: Anti‑GDF8 (cat. no. ab71808; 
Abcam; 1:1,000) and anti‑β‑actin (cat. no. ab8227; Abcam; 
1:1,000). Subsequently, bound antibodies were incubated 
with horseradish peroxidase‑conjugated anti‑rabbit immuno-
globulin G secondary antibodies (cat. no. 7074; Cell Signaling 
Technology, Inc.; 1:2,000) for 1 h at room temperature. Western 
blotting luminol reagent (Santa Cruz Biotechnology, Inc.) was 
used to detect proteins. Integrated optical densities of the 
immunoreactive protein bands were measured using ImageJ 
software (version 1.8.0_112; National Institutes of Health).

Prepared mouse model. All animals were tested in a blinded 
manner. After administration, rotarod test, grip strength, 
MRI, NCS data acquisition, gait analysis and muscle isola-
tion were performed separately by different researchers 
without information regarding the treatments. Animals were 
managed with strict adherence to protocols approved by the 
Institutional Animal Care and Use Committee of the Samsung 
Medical Center (approval no. SMC‑20160507001). The mice 
were maintained in an environment of an illuminance of 
300 lux, 30‑70% humidity and at 21˚C (±2˚C). The mice were 
fed a normal diet, and access to food and water was free. The 
dark/light cycle was performed through dimming control at 
08:00 am and 06:00 pm. C22 mice [B6;CBACa‑Tg(PMP22)
C22Clh/H] were purchased from MRC Harwell Institute. 
A total of 24 C22 and its wild‑type littermate (WT) mice 
were used. According to a previous study, myelination in 
rodents begins on postnatal day 6, and thus treatment for 
demyelinating neuropathy was conducted on postnatal 
day  6  (7). Therefore, administration of shLenti‑Mstn or 
shLenti‑mock was initiated on postnatal day 90 (P90) in C22 
mice, which represented the phenotypic expression of CMT. 
At this day, WT (male, 30.0±2.2 g; female, 25.50±1.6 g) and 
C22 (male, 29.6±1.1 g; female, 24.0±1.2 g) were weighed. 
Thereafter, rotarod test, grip strength, electrophysiological 

study, magnetic resonance imaging and gait analysis were 
performed in all groups of mice at postnatal day 120 (P120). 
Subsequently, mice were sacrificed for muscle isolation. 
The mice were divided into the following groups: Mock 
(male, n=4; female, n=3) and shLenti‑Mstn A (male, n=7; 
female, n=3).

Mouse genotyping. Tail biopsies (0.5 cm) of mice at P24 
were incubated at 55˚C for 5‑6  h in 150  µl Direct PCR 
Reagent (cat. no. 102; FIAT International Ltd.) containing 
200  µg/ml proteinase  K (cat. no.  p6556; Sigma‑Aldrich; 
Merck KGaA). Following centrifugation at 300 x g for 1 min 
at room temperature, the supernatant was inactivated at 85˚C 
for 45 min. Subsequently, the supernatant was diluted with 
deionized water at 1/10, and 1 µl supernatant was used as 
a template gDNA for PCR. Genotyping of C22 mice was 
performed using a pair of primers that amplify mouse and 
human cDNA. The typical PCR sample consisted of a 25 µl 
volume containing 5 pmol primers for Yeast artificial chro-
mosome (YAC; forward,5'‑GCT​ACT​TGG​AGC​CAC​TAT​
CGA​GAC​GCG​AT‑3' and reverse, TGA​TAA​ATT​AAA​GTC​
TTG​CGC​CTT​AAA​CC‑3') and a control pair of primers for 
amplifying CD79b as a wild‑type allele [IC1250; forward, 
5'‑GAG​ACT​CTG​GCT​ACT​GAT​CC‑3' and reverse, 5'‑CCT​
TCA​GCA​AGA​GCT​GGG​GAC​‑3'  (27)]. The reaction also 
contained Hifi mixture (cat. no. 12532016; Thermo Fisher 
Scientific, Inc.) according to the manufacturer's protocol. 
The following PCR conditions were applied: Initial dena-
turation for 5 min at 94˚C; cyclic denaturation for 30 sec at 
94˚C, annealing for 30 sec at 58˚C and elongation for 1 min 
at 72˚C for 35  cycles; and elongation for 5  min at 72˚C. 
PCR amplification products were analyzed by agarose gel 
electrophoresis as aforementioned.

In  vivo transduction. Mice were injected with 120  µl 
(8x108 VP/ml) shLenti‑Mstn or 120 µl PBS at the gastroc-
nemius muscle (GA) and rectus femoris (RF) sites into hind 
muscles using 1 ml insulin syringe (cat. no. 328820; Becton, 
Dickinson and Company). As 120  µl is a large quantity 
compared with muscle volume, administration was divided 
into three injections of 40 µl with 10 min intervals. Doses 
were calculated using an in  vitro assay (20‑100 pmol/ml; 
cat. no. 631235; Clonetech Laboratories, Inc.) according to the 
manufacturer's protocol.

Muscle isolation. To evaluate muscle weight and evaluate 
mRNA expression levels at injection sites (GA and RF) of C22 
transgenic mice administered with lentivirus, mice were eutha-
nized at P120 at the end of the experiment. All mice euthanasia 
was performed by appropriately trained personnel approved 
by the Institutional Animal Care and Use Committee of the 
Samsung Medical Center (approval no. SMC‑20160507001). 
Mice were euthanized by slow (30% per minute) displace-
ment of chamber air with compressed CO2 gas for 5 min in 
a CO2 chamber, and decapitation was performed to confirm 
complete irreversible euthanasia. Subsequently, each tissue of 
all groups was separated in a blinded manner by an experi-
enced researcher. The isolated muscle was weighed using a 
microbalance and mRNA was isolated from the tissues as 
aforementioned.
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Rotarod performance test. To evaluate the motor coordination 
and balance of all groups of mice, mice performed the rotarod 
performance test by gradual acceleration on a 3‑cm horizontal 
rotating rod at a maximum speed of 2 m/min. Prior to the 
experiment, mice were pretrained for 3 days for acclimation. 
Performance was measured for a maximum of 5 min.

Grip strength test. Grip strength of hind limbs in all groups 
of mice was measured every other day using a Grip Strength 
Meter (Ugo Basile S.R.L). Maximal forces of three trials were 
averaged and averaged values were divided by body weight.

Electrophysiological study. To assess electrophysiological 
status in mice groups of mock and shMstn‑A, a nerve conduc-
tion study (NCS) was performed as previously described (13). 
Briefly, mice were initially anesthetized with CO2 gas and 
maintained with 1.5% isoflurane supplied using a nose cone for 
the duration of the procedure. This is a common and manda-
tory procedure to examine electrophysiological functions in 
NCS (12,13). The present study administered 10‑30% chamber 
vol/min of CO2 gas used for the initiation of anesthesia and then 
changed to isoflurane (2‑3%; ≥1 l/min) to reduce any potential 
health risk and obtain accurate results. Previous studies have 
reported that an increased catecholamine concentration due 
to CO2 exposure can cause a higher stress response (increased 
heart rate and blood pressure), compared with isoflurane 
exposure (28‑31). This method is frequently required by the 
Institutional Animal Care and Use Committee of the Samsung 
Medical Center (approval no. SMC‑20160507001) for any 
repeated measurements of electrophysiological experiments to 
reduce potential stress.

Fur from the distal back to the hind limbs was completely 
removed. NCS was performed using a Nicolet Viking Quest 
device (Natus Medical, Inc.). For sciatic nerve motor NCS, 
an active recording needle electrode was placed into the 
gastrocnemius muscle with the reference electrode on the 
tendon. The stimulating cathode was placed proximal to the 
recording electrode in the midline of the posterior thigh to 
obtain the distal response and 6 mm proximally in the medial 
gluteal region to obtain the proximal response. Compound 
motor action potentials amplitudes (CMAP) and motor nerve 
conduction velocities (MNCV) were determined.

Lower limb magnetic resonance imaging (MRI) studies. 
To evaluate the muscle size of all groups of mice including 
WT, mock and shMstn A, MRI was performed using a 1.5T 
system (Siemens AG). Axial, mid‑sagittal and coronal scout 
rapid acquisition with fast low angle shot imaging was used 
to localize the legs. Area analysis using MRI images was 
measured using Paravision software (version  6.0; Bruker 
Corporation).

Gait analysis. Mouse gait was analyzed in all groups of 
mice using a TSE system MotoRater  303030 instrument 
(TSE Systems). Prior to measurement, mice were trained to 
spontaneously walk through the passage of the experimental 
apparatus. Mice were allowed to make a free round trip, for 
about 10 min, by going back and forth from the beginning to 
the end of the equipment passage (width, 4 cm; length, 80 cm), 
at the same location for 4 days. At the end of each mouse's 

training, the inside of the passage was disinfected using 70% 
ethanol and dried. Video recordings were made to compare the 
changes in mouse pace throughout the daily training process. 
Prior to and to facilitate joint observation, the hair on the right 
hind flank of the mouse was flattened and white points were 
used to display each point of the iliac crest‑hip‑knee‑ankle‑foot. 
Video recordings began following confirmation that walking 
was performed normally compared with the 4‑day training 
records. After the mouse walk measurements were completed, 
the interior of the aisle was disinfected using 70% ethanol 
and dried. The collected video recordings were analyzed to 
measure the time‑dependent distance and joint angle changes 
using MotoRater and TSE System software (version 8.5.12; 
TSE Systems). Three indicators were selected as evaluation 
items: i) Stride length, which was the distance between the 
right front foot and the right rear foot with all feet touching the 
ground; ii) duty factor, which was the % of time the feet stayed 
in the air and on the ground; and iii) base of support, which 
was the gap with both forefeet touching the ground.

Statistical analysis. All data are presented as mean ± SEM 
from at least three independent experiments. The statistical 
significance of the data presented in all figures was evalu-
ated using one‑way ANOVA with Tukey's post hoc multiple 
comparisons test. P<0.05 was considered to indicate a statisti-
cally significant difference. Additionally, all animals were 
randomly assigned to each treatment and tested in a blinded 
manner.

Results

Determination of an optimal shRNA‑Mstn system to suppress 
endogenous Mstn expression. Mstn expression regulates 
myoblast differentiation and proliferation by serving as a crucial 
negative activator during embryonic myogenesis (15‑17).

The downregulation of Mstn expression using a shRNA 
system in the myogenic mouse C2C12 line was investigated. 
Four different types of shRNA‑Mstn (A, B, C and D) and 
mock (control shRNA) were transfected into C2C12 cells. 
When examined by PCR, shRNA‑Mstn A  exhibited the 
highest significant Mstn suppressive effect (>60%; P<0.01) 
compared with the other shRNA‑Mstns and shRNA‑Mstn A 
exhibited a higher significant suppressive effect compared 
with the mock group (Fig. 1A). Furthermore, shRNA‑Mstn A 
decreased expression the endogenous protein level of Mstn 
(≥50%; P<0.001) compared with controls.

Following this, a Lenti‑associated viral vector was 
constructed, which included shRNA‑Mstn A  and GFP 
(shLenti‑Mstn A) for the in vivo study (Fig. 1B). Fluorescence 
imaging demonstrated GFP‑expressing cells in 293T cells 
following shLenti‑Mstn transduction (Fig. 1C). GFP expres-
sion was observed in most cells (~80%) and levels were similar 
to those in the mock group (Lenti‑positive GFP). These results 
indicated that shLenti‑Mstn‑GFP may decrease Mstn expres-
sion in an in vivo model.

Improvement of muscle regeneration using shLenti‑Mstn 
in C22 mice. The regulation of Mstn expression serves an 
important role in recovering skeletal muscle volume and 
mass (16‑19). Whether treatment with shLenti‑Mstn increased 
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muscle volume and mass in C22 mice with hind‑limb muscle 
atrophy was investigated. The current study attempted to 
increase skeletal muscle volume and mass by injecting 
shLenti‑Mstn A into two different sites, GA and RF of the hind 
limb, in C22 mice on postnatal day 90 (Fig. 2A).

Previous studies have demonstrated that C22 mice exhibit 
demyelinating neuropathy on P6 and muscle atrophy on 
P30 (3,4,8). mRNA of the muscles from GA and RF of the hind 
limbs were isolated on P120. The results of RT‑qPCR demon-
strated that Mstn expression in the hind limb was significantly 

reduced (by 46.9%, P<0.01) by shLenti‑Mstn compared with 
the wild‑type (WT) and mock groups (Fig. 2B). Furthermore, 
shLenti‑Mstn decreased the level of endogenous Mstn in the C22 
mice following long‑term transgene expression (Fig. 2B). MRI 
revealed that shLenti‑mock (muscle atrophy, 0.312±0.012 cm2) 
caused a ~27% decrease (P<0.001) in the cross sectional 
areas of hind limb volume in C22 mice compared with WT 
mice (muscle atrophy, 0.429±0.018 cm2; Fig. 2C). In contrast, 
shLenti‑Mstn A (muscle atrophy, 0.355±0.014 cm2) exhibited 
a significantly increased cross sectional area of the hind limb 

Figure 1. The optimal design of shRNA mstn and construction of the shLenti‑system. (A) PCR analysis of the inhibition levels of mstn gene expression by 
four different shRNAs (shRNA‑Mstn A, B, C and D) compared with the negative control and mock groups (left). Western blotting following transfection of 
shRNA‑Mstn A to analyze the expression of endogenous Mstn (right). (B) Construction of the Lenti‑shRNA system with GFP expression. Co‑expression 
of shRNA‑Mstn A  and GFP following transduction genomic integration. (C) E xpression of shLenti‑Mstn A‑ GFP in 293T cells post‑transfection. 
Magnification, x200. Scale bar, 40 µm. **P<0.01. ***P<0.001. Mstn, myostatin; GFP, green fluorescent protein; Chr, chromosome; Pr, promoter; CMV, cyto-
megalovirus; LTR, long terminal repeat; W, wild‑type; M, mock; sh, shLenti‑Mstn A. 

Figure 2. In vivo efficacy of shLenti‑Mstn A treatment in CMT1A mice. (A) Schematic diagram of the in vivo study using the CMT1A mouse (C22) model 
and sites of infection by shLenti‑Mstn in the hind limb of mice. (B) Reverse transcription‑quantitative PCR of mstn expression levels at day 30 post‑infection 
at two different sites, GA and RF, in the hind limb. (C) MRI images of the hind limb muscle area (left) in three different mice and quantification (right)(n=3). 
(D) Images of the GA and RF muscle mass (left) and quantification (right). WT (male n=3, female n=4), mock (male n=4, female n=3) and shLenti‑Mstn A 
(male n=6, female n=3) groups were analyzed. *P<0.05, **P<0.01 and ***P<0.001. Mstn, myostatin; GA, gastrocnemius; RF, rectus femoris; MRI, magnetic 
resonance imaging; TG, transgenic; W, wild‑type; M, mock; sh, shLenti‑Mstn A; P, postnatal; NCS, nerve conduction study; CMT1A, Charcot‑Marie‑Tooth 
disease type 1A. 
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compared with the shLenti‑mock group (P<0.05). Additionally, 
whether muscle mass was altered in shLenti‑Mstn A‑treated 
C22 mice was investigated by measuring the masses of GA 
and RF in each group. Following excision, muscle weight 
was significantly higher in the shLenti‑Mstn A group (GA, 
6.09±0.25  mg; RF, 7.11±0.48  mg) mice compared with 
mock (GA, 4.89±0.27 mg; RF, 5.51±0.47 mg) and WT (GA, 
6.38±0.14 mg; RF, 7.35±0.29 mg) groups (Fig. 2D). These 
results demonstrated that shLenti‑Mstn increased the muscle 
mass of both the GA and RF of the hind limb in C22 mice.

Enhancement of the electrophysiology in hind limbs following 
muscle regeneration. Nerve electrophysiology changes in the 
hind limb following shLenti‑Mstn treatment were examined. 
C22 mice exhibiting demyelinating neuropathies, including 
abnormal MNCV and CMAP caused by human PMP22 gene 
overexpression (14,32‑34). Following shLenti‑Mstn A injec-
tions into the hind limbs of C22 mice, electrophysiological 
patterns were improved in the shLenti‑Mstn A group compared 
with the mock group (Fig. 3). However, the NCS demonstrated 
that MNCV in the shLenti‑Mstn A group (3.4±0.4 m/sec) was 
not significantly different compared with the mock group 
(3.7±0.5 m/sec) (Fig. 3A). In contrast, CMAP was significantly 
increased by ~23% in the shLenti‑Mstn A group (9.9±0.7 mv) 
compared with the mock group (6.7±0.6 mv) (P<0.01; Fig. 3B). 
Thus, these results indicated that the increased muscle mass 
improved CMAP in the hind limb of C22 mice injected with 
shLenti‑Mstn A.

Regenerated hind‑limb muscle improves locomotor coordina-
tion in C22 mice. Whether shLenti‑Mstn A injections led to 
the improvement of locomotor coordination of C22 mice due 
to an increase in muscle mass was investigated. Behavioral test 
results, including those of the rotarod, grip strength and gait 
analysis were analyzed. This evaluation was used to determine 
locomotor coordination during mouse movement (13,14).

C22 mice are reported to have unsteady gaits and muscle 
weakness caused by demyelinating peripheral neuropa-
thies (32). In the current study, behavioral evaluations were 

measured on day 30 following injections of shLenti‑Mstn A 
and a mock viral particle. As determined by the rotarod test 
(shLenti‑mock, 2.8±0.49 sec; shLenti‑Mstn A, 14.17±2.71 sec; 
Fig. 4A) and grip strength test [shLenti‑mock, 0.25±0.11 gram 
force (gf); shLenti‑Mstn A, 1.12±0.17 gf; Fig. 4B], mobility in the 
hind limb (>5‑fold, P<0.01) and grip strength (>1.7‑fold, P<0.01) 
were significantly increased in shLenti‑Mstn A‑injected group 
compared with the mock group. However, increased behavioral 
values in the shLenti‑Mstn A group were significantly lower 
compared with the WT group (P<0.001). Following this, gait 
improvement was examined using a MotoRater system, which 
analyzes walking in C22 mice. Numerous previous studies on 
ALS have used walking analysis with the DigiGait system in 
mice (21‑23). In these studies, mice exhibiting muscle atrophy 
demonstrated shortened stride and increased swing of the hind 
legs.

In the current study, swinging and walking in three different 
mice was measured using the MotoRater system. The results 
demonstrated that mock mice exhibited significantly lower 
stride‑to‑stride variability in both legs compared with the WT 
(SL‑RH, P<0.001; SL‑LH, P<0.01) and shLenti‑Mstn A groups 
(SL‑RH, P<0.05; SL‑LH, P<0.05) (indicated by red arrows; 
Fig. 4C and D). Furthermore, shLenti‑Mstn A mice demon-
strated improved swinging and walking compared with mock 
mice (Fig. 4D). These results indicated that shLenti‑Mstn A 
injections resulted in improved swinging and walking in the 
hind limbs of C22 mice.

Discussion

The current study investigated shRNA‑based gene therapy 
using shLenti‑Mstn in a mouse model of CMT1A. The 
results demonstrated that gait improved following therapy. 
shLenti‑Mstn therapy reported a >60% reduction of mstn 
mRNA in the myogenic C2C12 mouse cell line. Furthermore, 
a single dose [240 µl (8x108 VP/ml)/site] of shLenti‑Mstn by 
intramuscular injection to C22 mice was accompanied with 
a >40% reduction in mstn mRNA expression, which was 
observed on day 30.

Figure 3. Electrophysiological parameters of motor nerves in hind limbs following shLenti‑Mstn A treatment in C22 mice. (A) Average of velocity for NCV 
and (B) average of amplitude for CMAP were compared between the mock (n=7) and shLenti‑Mstn A groups (n=7/group). **P<0.01. Mstn, myostatin; M, mock; 
sh, shLenti‑Mstn A; NCV, nerve conduction velocity; CMAP, compound muscle action potential. 
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To support the results of mstn silencing, MRI imaging 
demonstrated that cross sectional area and muscle mass in 
GA significantly increased alongside the levels of CMAP. 
Consequently, the locomotion and gait pattern of C22 mice 
were improved. The shLenti‑Mstn system used in the present 
study may be an important approach in the treatment of gait 
disorders and may increase the quality of life in patients with 
PNS conditions.

RNA‑based gene‑silencing methodologies represent an 
effective therapeutic strategy for the inhibition of specific 
target molecules in disease pathways. Due to the potential for 
increased specificity and reduced toxicity and side effects, 
RNA interference has the potential to surpass treatment with 
standard pharmacological drugs (12,35).

Previous studies have demonstrated that non‑coding RNAs, 
including microRNA and small interfering RNA, are potent 
therapeutic strategies for the treatment of neuropathies (12,35). 
However, few studies have reported improvement in gait 
disorders due to muscle regeneration. Therefore, using the 
shMstn system, the current study attempted to increase the 
recovery of neurological disease‑induced muscle atrophy. 
Among the four designed shMstn sequences targeting Mstn 

exon 1, shMstn A exhibited the highest suppression of Mstn 
in vitro with high transfection efficiency.

The regulation of Mstn expression is essential during 
myogenesis and skeletal muscle regeneration (15,16). Following 
damage to the skeletal muscle, the regeneration process is acti-
vated and myoblasts sequentially differentiate into myocytes, 
myotubes and myofibers  (15‑20). In adulthood, MSTN is 
produced by skeletal muscles, circulated by the blood and acts 
to limit muscle fiber growth and it is a well‑established endog-
enous inhibitor of myogenesis (15,16,36). Furthermore, several 
studies have demonstrated that skeletal muscle satellite cells 
differentiate into myofibers during the regeneration mecha-
nism in adult muscles (15‑20,36). This has led to speculation 
about the potential physiological roles of Mstn in peripheral 
neuropathies. Other previous studies have established animal 
models of muscle hypertrophy in various species through mstn 
gene knockouts or mutations (37‑40). Notably, Lin et al (41) 
reported increased myogenesis and decreased adipogenesis 
through examination of intramuscular mechanisms in an 
mstn‑knockdown mouse model.

PNS diseases, including Guillain‑Barrè syndrome and 
CMT, are accompanied by the demyelination of Schwann cells 

Figure 4. Effects of shLenti‑Mstn A treatment on locomotion in C22 mice. (A) Rotarod test and (B) hind‑limb grip strength following muscular injections of 
shLenti‑Mstn A in the mock (n=5) and shLenti‑Mstn A (n=6) groups. (C) Real‑time gait analysis of WT, mock and shLenti‑Mstn A‑treated mice (n=3/group). 
Footprint colors were assigned by the software (foot, yellow circles; yellow line, distance between each footstep; red line, line connecting the pelvis, hip, knee, 
ankle and foot points together for analysis; red arrow, decreased step length compared with WT). (D) Quantitative analysis of SL (left panel), duty factor (middle 
panel) and base of support (right panel). n=3/group. *P<0.05. **P<0.01. ***P<0.001. Mstn, myostatin; W, wild‑type; M, mock; sh, shLenti‑Mstn A; SL, stride length; 
RH, right hind limb; LH, left hindlimb. 
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and axonal damage to sensory and motor nerve cells (1‑5). In 
particular, motor nerve weakness gradually leads to muscle 
atrophy and gait disorders  (1,4,5). Following the onset of 
neuropathy, patients with CMT develop gait disorders due to 
the degeneration of motor nerves and skeletal muscle (1,5). 
Treatments for skeletal muscle and the PNS are required to 
overcome these challenges. To the best of our knowledge, a 
direct correlation between CMT and Mstn muscle regeneration 
has not yet been reported. A recent study demonstrated that 
follistatin (a protein secreted by skeletal muscle)‑based fusion 
protein binds and potently neutralizes Mstn (42). Furthermore, 
to the best of our knowledge, the current study is the first to use 
shLenti‑Mstn therapy to treat gait disorder in a CMT disease 
mouse model.

Prepared shLenti‑Mstn A was injected into two locations 
in the CMT1A disease mouse model. The two injection points, 
at the GA and RF, are the major muscles of the hind limb and 
are indispensable for walking (43). The results confirmed that 
shLenti‑Mstn A significantly suppressed mstn gene expression 
and increased muscle volume and mass in the hind limbs in 
the CMT1A disease model compared with the mock group. 
Furthermore, the results of electrophysiological analysis 
revealed a statistically significant increase in CMAP compared 
with the mock group. However, there was no significant differ-
ence in MNCV between the shLenti‑Mstn A group and the 
mock group. This indicated that in the neuropathy model, 
improved muscle mass ameliorated poor motor coordination, 
even if nerve function was not regenerated by shMstn therapy. 
The results suggested that shLenti‑Mstn A treatment lead to 
enhanced muscle hypertrophy and functionality.

Furthermore, the present results demonstrated that 
increased muscle mass of the hind limb supported gait 
improvement in the C22 mouse model. The C22 mouse 
develops abnormal behavior at ~2 weeks of age and gradu-
ally exhibits abnormal gait (10‑13). Previous studies focused 
on behavior assessments of locomotor coordination in CMT 
mouse models (12,13,35).

MotoRater analysis provides more detailed information 
about mouse gait through real‑time recording compared 
with footprint analysis (21,22). Generally, footprint analysis 
can demonstrate the ability of mouse locomotion, including 
walking stability and body balance, which is based on the 
distance between footprints (44). Mancuso et al (23) focused 
on gait analysis using the DigiGait system for measuring the 
walking pattern in a mouse model of ALS.

The present study investigated the footprints and complete 
walking patterns in a mouse model of CMT1. Accordingly, 
shLenti‑Mstn A treatment improved the unstable walking 
patterns in terms of stride length, duty factor and base of 
support. Additionally, during measurement of stride length 
in the right hind limb, stride was significantly decreased 
in the mock group compared with the WT group. The 
shLenti‑Mstn A‑injected mice demonstrated a significantly 
improved stride length and duty factor, and these values 
were increased in WT mice, although not significant for 
stride length. These results indicated that an increase in 
muscle mass may be able to mitigate walking patterns in the 
neuropathy model. Therefore, it was hypothesized that the 
regulation of Mstn activity improves gait problems caused 
by CMT disease.

In conclusion, it was hypothesized that shLenti-
Mstn A‑inducted Mstn suppression is associated with the growth 
and differentiation underlying CMT disease, which suppresses 
muscle contractions and induces muscle changes. As a result, 
Mstn suppression served an important role in CMT disease, 
thereby directly or indirectly affecting gait improvement. The 
regulation of muscle activity in neurological diseases allevi-
ated the condition, which is associated with Mstn suppression. 
Further studies are required to identify the potential mechanism 
of action between the muscle and Mstn. Although lentivirus 
was used to knockdown Mstn expression in the present study, 
using lentivirus has limitations in clinical drug development 
as neuropathy‑induced DNA integration, muscle loss and gait 
are regulated by regulating the expression of genes involved in 
muscle formation and development. Therefore, it is necessary to 
develop symptomatic therapeutic strategies for improving gait 
of CMT 1A by further investigating the mechanisms underlying 
neuromuscular development.
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