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Abstract

Background It has been observed that Slo1 knockout mice have reduced motor function, and people with certain Slo1
mutations have movement problems, but there is no answer whether the movement disorder is caused by the loss of
Slo1 in the nervous system, or skeletal muscle, or both. Here, to ascertain in which tissues Slo1 functions to regulate
motor function and offer deeper insight in treating related movement disorder, we generated skeletal muscle-specific
Slo1 knockout mice, studied the functional changes in Slo1-deficient skeletal muscle and explored the underlying
mechanism.
Methods We used skeletal muscle-specific Slo1 knockout mice (Myf5-Cre; Slo1flox/flox mice, called CKO) as in vivo
models to examine the role of Slo1 in muscle growth and muscle regeneration. The forelimb grip strength test was used
to assess skeletal muscle function and treadmill exhaustion test was used to test whole-body endurance. Mouse primary
myoblasts derived from CKO (myoblast/CKO) mice were used to extend the findings to in vitro effects on myoblast
differentiation and fusion. Quantitative real-time PCR, western blot and immunofluorescence approaches were used
to analyse Slo1 expression during myoblast differentiation and muscle regeneration. To investigate the involvement
of genes in the regulation of muscle dysfunction induced by Slo1 deletion, RNA-seq analysis was performed in primary
myoblasts. Immunoprecipitation and mass spectrometry were used to identify the protein interacting with Slo1. A
dual-luciferase reporter assay was used to identify whether Slo1 deletion affects NFAT activity.
Results We found that the body weight and size of CKO mice were not significantly different from those of Slo1flox/flox

mice (called WT). Deficiency of Slo1 in muscles leads to reduced endurance (~30% reduction, P < 0.05) and strength
(~30% reduction, P < 0.001). Although there was no difference in the general morphology of the muscles, electron
microscopy revealed a considerable reduction in the content of mitochondria in the soleus muscle (~40% reduction,
P < 0.01). We found that Slo1 was expressed mainly on the cell membrane and showed higher expression in
slow-twitch fibres. Slo1 protein expression is progressively reduced during muscle postnatal development and regener-
ation after injury, and the expression is strongly reduced during myoblast differentiation. Slo1 deletion impaired myo-
blast differentiation and slow-twitch fibre formation. Mechanistically, RNA-seq analysis showed that Slo1 influences
the expression of genes related to myogenic differentiation and slow-twitch fibre formation. Slo1 interacts with FAK
to influence myogenic differentiation, and Slo1 deletion diminishes NFAT activity.
Conclusions Our data reveal that Slo1 deficiency impaired skeletal muscle regeneration and slow-twitch fibre
formation.
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Introduction

Skeletal muscle is made up of elongated multinuclear cells
called myocytes (or myofibres), which are derived from myo-
blast fusion during prenatal development. Myoblasts have
been shown to be capable of myogenic differentiation.1 Adult
skeletal muscle possesses amazing regeneration potential,
mainly due to myoblasts, a population of muscle-resident
stem cells. When myofibres are damaged, myoblasts prolifer-
ate and then differentiate and fuse into multinuclear
myofibres, allowing damaged muscle to be repaired or re-
placed. Insulin-like growth factor 1 (IGF-1), Notch, Wnt, and
interleukin-6 are just a few of the signalling pathways and
molecules that have been reported to regulate myoblast fate
regulation.2–4 However, it is not completely clear what signal-
ling affects myoblast function and how it modulates the state
of myoblasts.

The primary function of the muscle is determined by the
predominant fibre type in a muscle.5 Mammalian skeletal
muscle is made up of a variety of myofibres with different
contraction speeds and metabolic qualities to accommodate
a variety of motor activities. In general, slow-twitch (type I)
myofibres contain many mitochondria and have high oxida-
tive capacity and good endurance. Fast-twitch (type II)
myofibres, on the other hand, have smaller mitochondria,
use ATP predominantly through glycolysis, and contract rela-
tively rapidly for short-term activity. However, muscle fibre
types and these phenotypes are not perfectly aligned as once
believed and myofibres are not fixed units and can change
their phenotypic profile in response to functional demands.
The molecular regulation of fibre type determination remains
a mystery. Recent research has begun to pinpoint some of
the factors that alter the distribution of fibre types. Calcine-
urin, AMP-activated protein kinase (AMPK), peroxisome
proliferator-activated receptor gamma coactivator 1-alpha
(PGC-1), and protein kinase C are all involved in the formation
of oxidative myofibres.6,7

The Slo1 channel, also known as BK or MaxiK, differs from
other K+ channels in that it has an extremely large single-
channel conductance and is regulated by both intracellular
Ca2+ and membrane voltage.8 The Slo1 channel serves as a
hub in a variety of physiological processes that link membrane
excitability to Ca2+ signalling events, such as neuronal excit-
ability, muscular contraction, audition, hormone secretion,
neurotransmitter release, and sleep duration.9,10 Deficiencies
in the Slo1 channel are associated with a spectrum of patho-
physiological conditions including movement disorders, hy-
pertension, epilepsy, intellectual disability, and autism.11 The
Slo1 channel is subjected to many mechanisms, including
alternative splicing, auxiliary subunit modulation, posttransla-
tional modifications, and protein–protein interactions.

Slo1, the α subunit of this channel forms the conducting
pore and is encoded by a single gene, Slowpoke (KCNMA1).
In addition to acting as the α subunit, the significance of

Slo1 in cell signalling is becoming clearer as emerging
evidence suggests Slo1 interacts with a variety of proteins
not just at the plasma membrane but also in internal organ-
elles. Many protein partners of Slo1 have been detected
and confirmed, including β1-integrin, Akt, GSK-3β, PDK1,
FAK, and Src.12,13 Slo1 has been detected in both neurons
and muscles in C. elegans, and evidence for its significance
in motor function has been confirmed.14,15 Furthermore, it
has been observed that Slo1 knockout mice have reduced
motor function,16–19 and people with certain Slo1 mutations
have movement problems, but there is no answer whether
the movement disorder is caused by the loss of Slo1 in the
nervous system, or skeletal muscle, or both. Given that other
studies found Slo1 can affect myoblast differentiation in pa-
tients with hypokalaemic periodic paralysis and muscular
dystrophy,20,21 and mice with complete knockout of Slo1
showed a decrease in muscle mass and strength, we assumed
that this phenomenon is caused, in part at least, by the
deficiency of Slo1 in skeletal muscle. Therefore, we wanted
to develop the mouse model by generating skeletal
muscle-specific Slo1 knockout mice and to ascertain in which
tissues Slo1 functions to regulate motor function and offer
deeper insight in treating related movement disorder.

Here, we assess the role of Slo1 in the regulation of skele-
tal muscle phenotype and function. Although the slightly but
significantly loss of strength has been observed, there is no
obvious muscle atrophy in CKO mice. We show that Slo1 is
mainly expressed in slow-twitch muscle fibres. Interestingly,
Slo1 deletion in skeletal muscle impaired myoblast differenti-
ation and slow-twitch fibre formation.

Methods

Animal experiments

All mice used in the experiments were maintained in the
C57BL/6 background. Animal experiments of this study were
approved by the Ethics Committee of Xinhua Hospital Affili-
ated to Shanghai Jiao Tong University School of Medicine.

The Slo1flox/flox mouse line, which has been described in
our previously published study,22 and Myf5-Cre (Jackson
Laboratories) mice were crossed to generate skeletal muscle
specific Slo1-deficient mice. The experiment was performed
twice with independent cohorts.

To detect Slo1 protein expression during postnatal
development, as the skeletal muscles were too small to be
dissected completely in newborn mice, whole calf muscle
complex was collected from WT mice at postnatal days 3, 5,
8, and 14 (three mice each group).

Given that the tibialis anterior (TA) is commonly used for
regeneration studies, and as a result of its superficial posi-
tion, TA was used as the damaged sites in BaCl2-induced in-
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jury model. In brief, 10-week-old WT and CKO mice were
anaesthetised, legs were cleaned with alcohol, and tibialis an-
terior (TA) muscles were intramuscularly injected with 50 μL
of 1.2% BaCl2 (Sigma, USA) and harvested 3, 7, and 14 days
after injury.

Exercise tolerance and forelimb grip strength test

Eight- to 12-week-old WT and CKO mice ran on the treadmill.
Mice first ran at 10 m/min with 0% grade for 5 min, and the
speed was increased by 2 m/min every 2 min until they were
exhausted. The criterion of exhaustion was defined as the in-
ability of the animal to run on the treadmill for 10 s despite
mechanical prodding. Running time was calculated.

A force tension apparatus (grip strength meter, Bioseb)
was used to measure forelimb grip strength. As a mouse
grasped the bar, the peak pull force in grams was recorded
on a digital force transducer. We conducted the procedure
at a constant speed sufficiently slow to permit mice to build
up a resistance against it and performed 6 consecutive mea-
surements at one-minute intervals.

Cell culture

The isolation of primary myoblasts was conducted as the pro-
tocol described.23 In brief, hind limb muscles was collected
and dissected into small pieces followed by digestion with
collagenase II (Worthington Biochemical, cat. no. 4176) in a
shaking water bath at 37°C. Myoblasts were then isolated
and maintained in F-10 culture medium containing 20%
FBS, 1% penicillin, and 1% streptomycin. To obtain myotubes,
myoblasts of 80% confluence were cultured in differentiation
medium containing 2% horse serum for 3 days.

RNA extraction and quantitative real-time PCR

Total RNA extraction and quantitative real-time PCR method
has already been described previously.24 The fold change was
calculated with the 2�ΔΔCT method and normalized to the
level of the housekeeping gene GAPDH. The primer se-
quences used in this study are listed in Table S1.

RNA sequencing

Total RNA was isolated from cells using the RNeasy Mini Kit
(QIAGEN, cat. no. 74104). Strand-specific cDNA libraries were
generated using the Illumina TruSeq Stranded Total RNA
Library Prep Kit with Ribo-Zero Gold. cDNA quality was
determined using the Agilent high-sensitivity DNA kit on an
Agilent 2100 BioAnalyzer (Agilent Technologies). Paired-end
125 BP reads were generated on an Illumina HiSeq 2500 in-

strument at the Oebiotech.corp. Reads were aligned to the
GRCh38.p7 genome using TopHat v2.1.1 with the library type
option set to first strand. Fragments per kilobase per millions
(FPKMs) of known genes were calculated using express
v1.5.1.

Gene set enrichment analysis

The gene expression dataset was transferred to the Gene Set
Enrichment Analysis software (http://www.broadinstitute.
org/gsea), and the analysis was carried out with default pa-
rameters except that the ‘exclude smaller sets’ was set to
25 and gene permutation was applied. We used a modified
list of the C2 and C5 symbols gene set (http://www.
broadinstitute.org/gsea/msigdb). FDR q-value < 0.25 was
considered statistically significant.

Western blotting

Cells were lysed with cold RIPA buffer with protease and
phosphatase inhibitors. Muscle tissues were lysed with the
same buffer using stainless steel grinding balls. The concen-
tration of the lysates was measured with the BCA protein as-
say kit (Thermo Scientific, cat. no.23225) following the manu-
facturer’s instructions. The samples were loaded to
SDS-polyacrylamide gel, proteins were transferred to PVDF
membranes and incubated with primary antibody at 4°C
overnight, and then further immunoblotted with
HRP-conjugated antibody at 37°C for 1 h, developed with
enhanced chemiluminescence (ECL) substrate (Millipore,
cat. no. WBKLS0500) and chemiluminescence detection by
ChemiDocTM MP Imaging System (Bio-Rad). Primary antibod-
ies and dilutions used were as follows: MYH3 (cat. no. sc-
53091), Pax7 (cat. no. sc-81648), MyoG (cat. no. sc-12732)
(1:200, Santa Cruz Biotechnology); Slo1 (1:1000, Alomone
Labs, cat. no. APC-021); HSC70 (cat. no. 8444), p70S6K (cat.
no. 9202), p-p70S6K (cat. no. 97596), AKT (cat. no. 4691),
p-AKT (cat. no. 4060) (1:1000, Cell Signaling Technology);
BA-F8, BF-F3 (1:250, Developmental Studies Hybridoma
Bank); GAPDH (cat. no. 60004-1-Ig), α-tubulin (cat. no.
11224-1-AP) (1:5000, Proeintech).

For immunoprecipitation of Slo1 and FAK, cell lysates
were precleared with 5 μg of appropriate control IgG (Santa
Cruz Biotechnology, cat. no. sc-2025) and 20 μL of protein
A/G plus-agarose (Santa Cruz Biotechnology, cat. no.
sc-2003) for 1 h rotation at 4°C. Lysates were centrifuged
(500× g for 5 min at 4°C) and 5 μg of Slo1 (Alomone Labs)
or FAK (Cell Signaling Technology, cat. no. 3285) antibody
or corresponding IgG was added to the precleared lysates
and kept on ice for 4 h. After incubation, 30 μL of protein
A/G plus-agarose was added to each tube and kept on a rota-
tor overnight at 4°C. Lysates were then centrifuged (500× g
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for 5 min at 4°C). The pellet fractions were washed four times
and then resuspended in 20 μL loading buffer. Samples
were electrophoresed and immunoblotted with the appropri-
ate antibody.

Histochemistry and immunofluorescence

Mouse muscle samples were frozen in liquid nitrogen-cooled
isopentane in Tissue-Tek OCT. 10 mm sections were stained
with haematoxylin–eosin staining and using the following pri-
mary antibodies: Slo1 (1:500, Alomone Labs), WGA (conju-
gated Alexa Fluor 488, Thermo Scientific, cat. no. W6748),
and Desmin (1:1000, Abcam, cat. no. ab32362).

Primary mouse myoblasts were cultured in differentiation
medium for 3 days and fixed with 4% paraformaldehyde for
15 min and stained with MYH3 (1:100, Santa Cruz Biotechnol-
ogy) for myotubes.

For signal detection, Alexa Fluor 594-conjugated secondary
antibodies (1:500, Biolegend, cat. no. 406709) were used.
Nuclei were labelled with DAPI.

RNA interference

Small interfering RNA (siRNA) against mouse FAK, Slo1 and
negative control were purchased from Shanghai Genechem
Co., Ltd. (Shanghai, China). siRNA was transfected using
Lipofectamine 2000 transfection reagent (Thermo Fisher
Scientific, USA, cat. no. 11668019) according to the manufac-
turer’s recommendations.

Luciferase reporter gene assay

Myoblasts were transfected with NFAT-luc (firefly luciferase
plasmid; Yeasen, China, cat. no. 11512ES03) and pRL-TK
(Renilla luciferase plasmid; Promega, USA, cat. no. E6881)
using Lipofectamine 2000. TK-Renilla luciferase was used as
a transfection control. Promega’s dual luciferase assays were
performed according to the manufacturer’s instructions. All
experiments were done in quadruplicate and repeated at
least three times.

Statistical analysis

All data are expressed as the mean ± standard deviation (SD)
and were analysed using GraphPad Prism 8 (GraphPad Soft-
ware, Inc.). Differences between two groups were evaluated
by unpaired two-tailed Student’s t-test. Comparisons among
three or more groups of independent samples were made
with one-way ANOVA and Dunnett’s test for multiple com-
parisons against the same control value. All experiments
were performed at least three times, and P < 0.05 was

considered statistically significant and the significance is indi-
cated by *P < 0.05, **P < 0.01, and ***P < 0.001.

Results

The expression of Slo1 in skeletal muscles and
myoblasts

Many other studies have shown the expression of Slo1 in
skeletal muscle; however, expression of Slo1 differs depend-
ing on muscle phenotype. For instance, slow-twitch rat fibres
indeed showed an elevated expression of Slo1. In contrast,
Slo1 found in the fast-twitch rat fibres showed low
expression.25 In this study, we found that Slo1 was expressed
mainly on the cell membrane (Figure 1A) and showed higher
expression in soleus muscles (predominantly slow-twitch)
than in gastrocnemius muscles (primarily fast type) (about
6.5-fold change, P < 0.001; Figure 1B).

We next investigated the in vivo expression of Slo1 during
muscle postnatal development and muscular post-injury re-
generation (Figure S1a, b). Slo1 protein expression was pro-
gressively reduced during muscle postnatal development
(Figure 1C) and regeneration after injury (Figure 1D). To test
the expression of Slo1 in myoblast differentiation in vitro,
we isolated and studied primary mouse myoblasts. These
cells can differentiate into myotubes with multiple nuclei
and express MYH3, the myogenic marker at the later stage
of myogenesis, thus displaying stem cell characteristics
(Figure S1c, Figure 1E). We found that the expression of
Slo1 was strongly reduced at the protein level during myo-
blast differentiation (Figure 1F, Figure S1d–f). All the above
in vivo and in vitro studies suggest that Slo1 is associated with
myogenesis.

Deficiency of Slo1 in muscles leads reduced
endurance and strength

To investigate the role of Slo1 in skeletal muscle, we devel-
oped a specific knockout mouse. The generation process and
identification of CKO mice are shown in Figure S2a,b. It has
been reported that the complete knockout of the Slo1 gene
in mice is not lethal, and mice made homozygous null for
Slo1 (Slo1-KO) exhibit numerous deficits in physiological
functions, which includes Slo1-KO mice whose weight
increase was slower than that of wild-type littermates.26

Another study found that there was no significant difference
in the absolute weight and weight gain between the WT and
Slo1-KO mice.19 As for human, children with Slo1 mutation
may tend to develop more slowly than other children.9

In this study, we found that the body weight and size of
CKO mice were not significantly different from those of
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Figure 1 The expression of Slo1 in skeletal muscle and myoblasts. (A) Immunofluorescence studies revealed the expression of Slo1 in wild type (WT)
soleus muscle fibre (bar = 200 μm). (B) Western blotting assays to detect Slo1 expression in various mice skeletal muscles. GAS, Gastrocnemius muscle;
SOL, Soleus muscle. (C, D, F) Protein expression of Slo1 during skeletal muscle postnatal development (C), regeneration (D), and during myoblast dif-
ferentiation (F). To detect Slo1 protein expression during postnatal development, as the skeletal muscles were too small to be dissected completely in
newborn mice, whole calf muscle complex was collected from WT mice at postnatal days 3, 5, 8, and 14 (3 mice each group). Given that the tibialis
anterior (TA) is commonly used for regeneration studies, and as a result of its superficial position, TA was used as the damaged sites in BaCl2-induced
injury model. TA muscles were intramuscularly injected with BaCl2 and harvested 3, 7, and 14 days after injury. (E) Primary myoblasts were treated in
differentiation medium for 3 days. Myotubes were stained with anti-MYH3 antibody followed by Alexa594-conjugated antibody (red) (bar = 100 μm).
Results are expressed as mean ± SD (*P < 0.05, **P < 0.01, and ***P < 0.001).
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WT mice in development (Figure 2A; Figure S2c) nor was the
weight of the gastrocnemius muscle or soleus muscle
(Figure S2d,e).

Then we performed the treadmill to test whole-body en-
durance. And the limb grip strength assay was used to assess
muscle functions.27 The treadmill exhaustion test indicated
that the time to exhaustion covered by CKO mice was shorter
than that of their control counterparts (~30% reduction,
P < 0.05) (Figure 2B). In addition, CKO mice displayed signif-

icantly lower average grip strength than WT mice strength
(~30% reduction, P < 0.001) (Figure 2C).

Although the function of muscles is abnormal, there is no
difference in the general morphology of the muscles. Then,
we examined the changes in the muscles at both the light
and electron microscope levels. Myofibrillar changes were
not visible under light microscopy (Figure 2D, top panel),
while electron microscopy revealed a considerable reduction
in the number of mitochondria in the soleus muscle

Figure 2 Slo1 deletion reduced skeletal muscle endurance and strength. (A) Gross appearance of Slo1flox/flox mice (WT) and Myf5Cre/Slo1flox/flox mice
(CKO). (B) Running time in seconds to exhaustion of WT (n = 6) and CKO (n = 5) mice. (C) Comparison of forelimb grip strength between CKO (n = 6) and
WT (n = 6) mice. (D) Histological sections of representative muscle groups of CKO and WT mice were stained with H&E (top panel) and analysed by
electron microscopy (middle and bottom panels) (bar: 100 μm, top; 1 μm, middle; 200 nm, bottom). (E, F) Expression of MYH4 (E) and MYH7 (F) tran-
scripts in gastrocnemius (GAS) and soleus (SOL) muscle of CKO and WT mice was determined by quantitative real-time PCR (n = 3 in each group. mRNA
expression data are normalized to GAPDH). Results are expressed as mean ± SD (*P < 0.05, **P < 0.01, and ***P < 0.001).
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(Figure 2D, middle and bottom panel; ~40% reduction,
P < 0.01, Figure S2f), similar to previous findings in muscle fi-
bres of Slo1 mutant flies,28 but not in the gastrocnemius mus-
cle (Figure S2g, h).

Skeletal muscles are made up of a spectrum of different
fibres, ranging from fast glycolytic type IIb fibres to slow,
oxidative, fatigue-resistant type I fibres. Fibre types I exhibit
an oxidative metabolism, while type IIb fibres have glycolytic
capacities. Then we examined the fibre composition of the
gastrocnemius (predominantly fast-twitch) and soleus (pre-
dominantly slow-twitch) muscles to elucidate the morpholog-
ical and molecular underpinnings of the decreased endurance
capacity of CKO mice. Interestingly, in soleus muscles of CKO
mice, the mRNA level of the marker of glycolytic fibre
(MYH4) was increased significantly (about 31-fold change,
P < 0.001; Figure 2E), corresponding to the decreased MYH7
(about 3.5-fold change, P < 0.001; Figure 2F), which is the
marker of oxidative fibre. However, this change did not occur
in the gastrocnemius muscles (Figure 2E,F). These findings in-
dicate that Slo1 may play a role in slow-twitch fibre formation.

Slo1 deletion impaired myoblast differentiation
and slow-twitch fibres formation

Myotubes are developed from myoblasts and can differenti-
ate into both slow (type I) and fast fibre types (type II). To
further test the role of Slo1 in myoblast differentiation, we
studied primary mouse myoblasts. After 3 days of treatment
in the differentiation medium, myoblasts/CKO were able to
form mature myotubes (Figure S3a), but the fusion index
was significantly lower than that of myotubes derived from
WT mice (myoblasts/WT) (Figure S3a, b), suggesting that
Slo1 is involved in myotube formation. Consistent with the
results of fusion analysis, during myoblast differentiation,
the mRNA expression of myogenic marker MYH3 was lower
in myoblasts/CKO than myoblasts/WT (Figure 3A). It has been
reported that expression of Pax7 was confined to proliferat-
ing myoblasts and was strongly downregulated during termi-
nal differentiation.29 We found that Pax7 mRNA expression
was not significantly reduced in the myoblasts/CKO during
myoblast differentiation, compared with myoblasts/WT
(Figure 3B). The corresponding protein expression levels of
MYH3 and Pax7 showed similar changes (Figure 3C;
Figure S3c,d). Taken together, these results demonstrate that
Slo1 deletion impaired myoblast differentiation.

Given that Slo1 is primarily expressed in slow-twitch mus-
cle fibres (Figure 1B), and MYH4 (a marker of fast-twitch fi-
bre) mRNA expression was increased significantly in soleus
muscles of CKO mice (Figure 2E,F), corresponding to the de-
creased MYH7 (a marker of slow-twitch fibre), it is possible
that Slo1 is involved in slow-twitch fibre formation. Our
results showed that MYH7 mRNA and protein expression
was decreased significantly (Figure 3D,F) and MYH4 expres-

sion was increased (Figure 3E,F) during differentiation of
myoblasts/CKO compared with that of myoblasts/WT. Collec-
tively, these results suggest that Slo1 deletion can impair
slow-twitch fibre formation in vivo and in vitro.

Skeletal muscle regeneration is delayed in
Slo1-deficient mice

Myoblast differentiation is critical for muscle regeneration
and repair after injury. To examine the function of Slo1 during
skeletal muscle regeneration, we injected the tibialis anterior
muscles of CKO and WT mice with BaCl2 to analyse muscle re-
generation after injury (Figure S1a), and assessed the expres-
sion of Desmin, which is expressed in newly formed myofibres
during muscle regeneration. On day 3 after injury, the injured
site had newly formedmyofibres with centralized nuclei, and a
mononuclear infiltration of inflammatory cells and activated
myoblasts both for CKO and WT mice, but in CKO mice, the
newly formed myofibres were less and smaller (more that
30% reduction in the size of regenerated muscle fibre,
P< 0.001; Figure 4A,B), and more inflammatory cells were ob-
served (Figure S4a). Moreover, the percentage of regenerating
fibres, including two or more centralized nuclei, was signifi-
cantly reduced in CKO mice (~40% reduction, P < 0.001),
although there was no significant difference in fibre size
between the two groups at 7 days after injury (Figure 4A,C).

On day 14 post injection themuscle architecture was largely
restored in both CKO and WT mice, and the size of newly
formed myofibres and the number of nuclei in regenerating fi-
bres were not significantly different between the two groups
by light microscopy (Figure 4A,C; Figure S4b). However, by
electron microscopy we found narrow Z-discs (more that
40% reduction, P< 0.01; Figure 4D,E) andmore glycogen gran-
ules (Figure S4c) in regenerating fibres of CKO mice, which is
similar to previous findings that Z-discs were narrower and gly-
cogen concentration was higher in fast-twitch fibres than in
slow-twitch fibres.5 In agreement with these results, we fur-
ther found that MYH4 mRNA expression was increased (about
5-fold change, P < 0.001) while MYH7 mRNA expression de-
creased (about 5.7-fold change, P < 0.001) in CKO mice on
day 14 post injection (Figure 4F). These results suggest that
Slo1 deletion, to some extent, delayed skeletal muscle regen-
eration in the early stage of repair and impaired slow-twitch fi-
bre formation during muscle regeneration.

Slo1 deletion influences the skeletal muscle
regulation involving genes

To investigate the expression of genes involved in the muscle
dysfunction induced by Slo1 deletion, RNA-seq analysis was
performed in myoblasts/CKO and myoblasts/WT. Following
data normalization 877 differentially expressed genes (DEGs)
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were selected of which 553 were upregulated and 324 down-
regulated in myoblasts/CKO (Figure 5A; Figure S5a,b;
Table S2). We found that the expression of most genes with
high basal expression in skeletal muscle were downregulated
in myoblasts/CKO (Table S2). Gene ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) analysis

revealed that these downregulated DEGs significantly
enriched in cell adhesion, cardiac muscle contraction, and
vascular smooth muscle contraction; cellular component
had significant enrichment in extracellular matrix and
membrane-associated components (Figure 5B,C). Cell–cell
communication, in which extracellular matrix and

Figure 3 The expression of myogenic and fibre markers during myoblast differentiation. (A, B) Primary myoblasts derived from CKO (myoblasts/CKO)
and WT (myoblasts/WT) were induced to differentiate for the indicated times. The levels of MYH3 (A) and Pax7 (B) mRNA were analysed by quanti-
tative real-time PCR. (C) Western blotting assays to detect MYH3, Pax7 and MyoG expression during differentiation of myoblasts/CKO and myoblasts/
WT. (D, E, F) MYH7 mRNA (D), MYH4 mRNA (E), and their protein (F) expression were detected for the indicated times by quantitative real-time PCR
and western blotting during differentiation of myoblasts/CKO and myoblasts/WT. Results are expressed as mean ± SD (*P < 0.05, **P < 0.01, and
***P < 0.001).
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Figure 4 Skeletal muscle regeneration after injury in CKO and WT mice. (A) Regenerating tibialis anterior (TA) muscles from CKO and WT mice were
stained at day 3, 7, and 14 after injury with DAPI (blue) for nuclei, Desmin (red) for newly formed myofibres, and WGA (green) for myofibre membrane
boundaries (bar = 100 μm, 4 mice of each genotype were measured). (B) Fibre size were quantified at day 3 after injury in ImageJ based on Desmin
(red) staining. (C) Quantification of the ratio of regenerating myofibres containing two or more centralized nuclei per field at day 7 and day 14 post
injury. (D) Electron microscopy photographs of tibialis anterior muscle after 14 days muscle injury induced by BaCl2 (bar = 1 μm). Red boxes are shown
at higher magnification (bar = 200 nm). (E) Quantification of 100 Z-disc widths from n = 4 mice per group. (F) mRNA expression of MYH7 and MYH4
during WT and CKO mice muscle regeneration at day 14 after injury. Results are expressed as mean ± SD (*P < 0.05, **P < 0.01, and ***P < 0.001).
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Figure 5 Differential gene expression between myoblasts/CKO and myoblasts/WT. (A) Heat map and hierarchical clustering analysis of RNA-seq data
from myoblasts/CKO and myoblasts/WT based on the log 2 intensity (n = 3). (B) Gene ontology (GO) enrichment analysis of the expression of down-
regulated mRNAs. Representative GO terms that exhibit statistically significant differences are shown in the graphic. (C)KEGG signalling pathway en-
richment of the expression of downregulated genes in myoblasts. (D, E) GSEA result of RNA-seq data of myoblasts/CKO and myoblasts/WT. Muscle
contraction (D) and muscle cell differentiation (E) are enriched.
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membrane-associated proteins play critical roles, is also
important in skeletal muscle development. Cell adhesion
and fusion are dependent on cell–cell communication. Fur-
thermore, Gene Set Enrichment Analysis (GSEA) from
RNA-seq analysis revealed a strong induction of muscle cell
differentiation and muscle contraction genes (Figure 5D,E;
Figure S5c,d). These findings might provide clues to find
target genes for Slo1.

Slo1 interacts with FAK to influence myogenic
differentiation

As GO and KEGG analysis revealed that DEGs were signifi-
cantly involved in functions like cell adhesion and pathways
like PI3K-AKT and the insulin-like growth factor receptor sig-
nalling pathway (Figure 5B,C), we focused on the factors in-
volved in these pathways. IGF-1 promotes the differentiation

Figure 5 Continued
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of skeletal myoblasts by activating the PI3K/Akt signalling
pathway.30 Our previous study found that Slo1 knockout im-
paired the activation of FAK,13 and other research showed
that Slo1 interacted with FAK in human myoblast.31 We,
therefore, hypothesized that Slo1 might be able to interact
with FAK to influence the FAK-mediated PI3K-Akt pathway.
To test this hypothesis, we detected the expression of FAK
during myoblast differentiation, and found the protein level
of FAK were downregulated (Figure 6A). Knocking down
the expression of FAK with siRNA inhibited myoblast
differentiation (more than 50% reduction in fusion index,

P < 0.05; ~40% reduction in MYH3 expression, P < 0.05;
Figure 6B–D), which is in accordance with previous
findings.32 In order to confirm the effect of Slo1 deletion
on FAK-PI3K-AKT pathway, IGF-1 was used to induce myo-
blast differentiation. As shown in Figure 6E, Slo1 deletion re-
duced phosphorylation of FAK-PI3K-AKT signalling proteins in
differentiating myoblasts (Figure 6E). Protein mass spectrom-
etry was used to identify proteins in myoblasts interacted
with Slo1. Unfortunately, we did not find the interaction
between Slo1 and FAK from mass spectrometry results
(Table S3). Then we confirmed that Slo1 binds to FAK in pri-

Figure 6 Slo1 interacts with FAK to regulate PI3K/AKT pathway. (A) Western blotting assays to detect the expression of FAK during myoblast differ-
entiation. (B) Myoblasts/WT transfected with si-FAK or si-NC were induced to differentiate for 3 days then stained with a MYH3 antibody and DAPI
(nuclei). (C) Fusion indices in myoblasts with knockdown of FAK were measured after 3 days of culture in differentiation medium. (D) Western blotting
assays to detect MYH3 expression in myotubes developed from myoblasts with downregulated FAK. (E) Lysates of myoblasts/WT and myoblasts/CKO
treated with IGF-1 (10 nM) for 15 min were western blotted with anti-pAKT (S473), p-p70S6K (Thr389), and p-FAK (Tyr397). (F) Co-immunoprecipitation
(IP) of endogenous Slo1 and FAK in myoblasts. Results are expressed as mean ± SD (*P < 0.05, **P < 0.01, and ***P < 0.001).
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mary mouse myoblasts by co-immunoprecipitation
(Figure 6F). Collectively, these results indicate that Slo1
interacts with FAK to influence PI3K-AKT signalling during
myoblast differentiation.

Slo1 deletion inhibits NFAT signalling

Calcineurin/Ca2+-dependent NFAT pathway is an important
regulator of slow-twitch fibre formation.33 GSEA analysis of
RNA-Seq data from myoblasts/CKO showed a significant in-
duction of the genes regulated by NFAT pathway
(P = 0.006, FDR = 0.027; Figure 7A), suggesting that Slo1 de-
letion impaired slow-twitch fibre formation through this
pathway. In addition, GSEA analysis showed that these genes
that belong to soleus muscle-associated gene set were down-
regulated in myoblasts/CKO, which indicated that the soleus
muscle of CKO mice might have fewer slow-twitch fibre char-
acteristics (P < 0.001, FDR < 0.001; Figure S6a). Further-
more, we examined the mRNA levels of troponin C1 (TNNC1)
and troponin I1 (TNNI1), which are slow-twitch fibre markers,
and troponin I2 (TNNI2), which is a fast-twitch fibre marker.
As shown in Figure S6b, TNNC and TNNI1 were expressed at

lower levels (more than 50% reduction, P < 0.001) in soleus
muscles of CKO mice, and TNNI2 was expressed at higher
levels (about 1.4-fold change, P < 0.01).

We found that the expression levels of NFATc2 and NFATc3
were downregulated in soleus muscles of CKO mice (~15% re-
duction, P< 0.05; Figure 7B). Consistent with this finding, sig-
nificantly downregulated Rcan1 (~60% reduction, P < 0.001),
which is specifically increased on activation of calcineurin,34

was detected in soleus muscles of CKO mice (Figure 7C). In ad-
dition, Slo1 deletion increased the expression of key genes
inhibiting NFAT activity, including Myoz1 and Myoz3, known
muscle-specific inhibitors of calcineurin (Figure 7C). Further-
more, Rcan1 expression was significantly decreased during dif-
ferentiation of myoblasts/CKO (Figure 7D). On the other hand,
the expression of Myoz1 was significantly increased during
CKO mice muscle regeneration after injury (Figure 7E). To test
whether Slo1 regulates NFAT activity, we transfected primary
myoblasts with Slo1 siRNA and an NFAT-luciferase reporter.
Slo1 knockdown decreased luciferase activity (more than
50% reduction, P< 0.01, Figure 7F) in primary myoblasts, indi-
cating that it inhibits NFAT signalling in myoblasts. Thus, Slo1
deletion diminishes slow-twitch fibre formation through the
calcineurin/NFAT pathway.

Figure 7 Slo1 deletion was associated with the expression of genes involved in NFAT signalling. (A) GSEA analysis showing that Slo1 knockout affected
the expression of genes involved in calcineurin/NFAT signalling. (B) Nfatc1–4 mRNA expression in Slo1 deleted soleus muscles. (C) Effect of Slo1 de-
letion on the expression of genes associated with NFAT activity in soleus muscles. (D) Myoblasts were induced to differentiate for the indicated times.
The level of Rcan1 mRNA was analysed by quantitative real-time PCR. (E) Myoz1 mRNA expression was analysed by quantitative real-time PCR during
tibialis anterior (TA) muscle regeneration. (F) NFAT-luciferase reporter assay in myoblasts transfected with Slo1 siRNA or negative control. Results are
expressed as mean ± SD (*P < 0.05, **P < 0.01, and ***P < 0.001).
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Discussion

In this study, we show that Slo1 deletion in skeletal muscle
dose not influence the weight of mice or the volume of
muscle, slightly but significantly diminishes the grip strength.
Although the treadmill test is a measure of whole-body
phenotype, because of the skeletal muscle-specific knockout
of Slo1, the reduced endurance of CKO mice in treadmill test
is due to skeletal muscle alterations specifically. Muscle
function changes in Slo1 knockout mice are more obvious
and manifest as a reduced survival rate among pups.26

Because postnatal survival demands an ability of the pup to
grasp the dam, the weaker grip strength of Slo1 knockout
mice might limit success at nursing. This weakness could
result from impaired signal transmission at the neuromuscu-
lar junction in universal Slo1 knockout mice. In addition, the
activity and muscle fibre size of Slo1�/� rats were decreased
and tremor appeared.17 We found that the effect of Slo1
conditional knockout on the function of skeletal muscle was
not strong because the survival rate of CKO pups during the
breeding process was comparable with that of WT pups (data
not shown). In addition, no muscle tremors were found in
CKO mice. For the rather modest loss of grip strength and en-
durance in the CKO mice compared with WT, some of the
dysfunction observed in total Slo1 loss mice could be due
to motor neuron dysfunction. Unfortunately, at present,
there is no mouse model of neural system specific knockout
of Slo1. Li et al. found that the locomotion speed of Slo1 de-
letion worms was lower than that of WT worms in early life
and same Slo1 neuronal transgene failed to rescue the re-
duced motor activity phenotype, which indicates this pheno-
type in young Slo1 deletion worms may be caused by the de-
fective muscle.15 However, mammalian skeletal muscle is
different from worm muscle, and much further work needs
to be done to reveal the mechanism of Slo1 in skeletal muscle
and neuron.

At the cellular level, myoblast differentiation was signifi-
cantly reduced after Slo1 deletion. Because regeneration af-
ter skeletal muscle injury is closely related to the differentia-
tion of myoblasts, we predicted that Slo1 deletion would
inhibit skeletal muscle regeneration. However, the regenera-
tion capacity of skeletal muscle in CKO mice was not signifi-
cantly reduced, at least in the general structure of skeletal
muscle. This may be due to the additional compensation
in vivo for the effect induced by Slo1 deletion on muscle re-
generation. Combining the conclusion of that study with the
symptoms of the Slo1 knockout animal model, we suggest
that the expression of Slo1 in skeletal muscle may not be crit-
ical for muscle development, regeneration, and performance,
although it was found to inhibit myoblast differentiation
in vitro.

We found that Slo1 is highly expressed in slow-twitch mus-
cle fibres. In the process of myogenic differentiation of myo-
blasts with Slo1 deletion, the proportion of slow-twitch mus-

cle fibres was significantly reduced, while the proportion of
fast-twitch fibres increased. Consistent with this, in skeletal
muscle regenerated after injury, the amount of newly formed
slow-twitch muscle fibres decreased. Additionally, we also
found that the content of mitochondria decreased and the
content of glycogen increased in regenerated myofibrils of
CKO mice, which is in line with the characteristics of
fast-twitch muscle fibres. Previously published results re-
ported that microgravity exposure (flown in space) induced
a significant reduction in Slo1 expression and showed an ex-
pected myofibre type shift from slow to fast mainly in soleus
muscle.35 Aging is associated with a fast-to-slow fibre type
shift.36,37 A study found that an abnormally enhanced Slo1
channel current is observed during aging in fast-twitch rat
muscle fibres that are undergoing a fast- to slow-twitch
transition.38 A recent study showed that genetic ablation of
Slo1 on C. elegans motor neurons reduced the rate of
age-dependent motor activity decline to slow motor aging.
Interestingly, when Slo1 was manipulated early in C. elegans
life, it had no effect on lifespan and actually had a detrimen-
tal effect on motor function. However, when Slo1 was
blocked in mid-late life, both motor function and lifespan
were improved.15 We found that CKO mice display mild
phenotypes in motor functions; nevertheless, older CKO mice
were not examined for motor functions, nor was their
lifespan in this study. Together, we speculate that the
elevated expression of Slo1 may be an important cause of
skeletal muscle aging.

At the molecular level, we found that deletion of Slo1 dis-
rupts the FAK/PI3K/AKT pathway, which has been shown to
control myoblast differentiation, as well as NFAT signalling,
which is required and sufficient for the maintenance of the
slow twitch fibre gene program. Unfortunately, our study
did not delve into the further mechanisms by which Slo1 reg-
ulates NFAT signalling. It has been reported that NFATc3 de-
letion induced a decrease in the mRNA expression of Slo1 in
murine urinary bladder smooth muscle,39 while our findings
showed that the decreased mRNA expression of NFATc3 re-
sulted from Slo1 deletion.

In conclusion, the present results identify Slo1 as an impor-
tant factor in skeletal muscle myoblast differentiation and
show that Slo1 is an integral part of the slow muscle fibre
program. Our results provide new directions to study and
manipulate myoblast behaviour during regeneration and to
better understand the role of Slo1 in muscle diseases and
aging.
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