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Abstract

Skeletal muscle mass and homeostasis during postnatal muscle development and regeneration

largely depend on adult muscle stem cells (satellite cells). We recently showed that global overex-

pression of miR-378 significantly reduced skeletal muscle mass in mice. In the current study, we

used miR-378 transgenic (Tg) mice to assess the in vivo functional effects of miR-378 on skeletal

muscle growth and regeneration. Cross-sectional analysis of skeletal muscle tissues showed that

the number and size of myofibers were significantly lower in miR-378 Tg mice than in wild-type

mice. Attenuated cardiotoxin-induced muscle regeneration in miR-378 Tg mice was found to be

associated with delayed satellite cell activation and differentiation. Mechanistically, miR-378 was

found to directly target Igf1r in muscle cells both in vitro and in vivo. These miR-378 Tg mice may

provide a model for investigating the physiological and pathological roles of skeletal muscle in

muscle-associated diseases in humans, particularly in sarcopenia.
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Introduction

Skeletal muscle accounts for 40% of body weight and is physiologic-
ally significant, acting not only as a supportive organ but also as a
metabolic and endocrine organ during development [1–4]. Muscle
mass and quality are physiologically important in maintaining
whole body homeostasis, and muscle loss associated with
pathological conditions, including cancer, chronic heart disease,
liver cirrhosis, Crohn’s disease, rheumatoid arthritis, tuberculosis,
and age-related sarcopenia, can impair activities of daily living and
significantly reduce quality of life [5,6]. Understanding the mechan-
isms underlying skeletal muscle atrophy in these conditions may

assist in the design of therapeutic strategies to prevent and treat skel-
etal muscle loss associated with these diseases.

Postnatal muscle growth and maintenance of muscle homeostasis
largely rely on adult muscle stem cells, also known as satellite cells
[7–9]. In resting muscle, satellite cells are mostly quiescent; however,
in response to stress or injury, these cells are activated, proliferate,
and undergo differentiation to repair damaged muscle or self-
renewal to replenish the quiescent cell pool [10–12]. Reduced satel-
lite cell function has been observed in patients with chronic diseases,
including cancer-induced cachexia and diabetes [13,14]. Moreover,
reduced muscle stem cell function may be a potentially important
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mechanism in the pathogenic development of age-related sarcopenia
[15,16].

Several signaling pathways have been implicated in the regula-
tion of satellite cell-mediated muscle growth and homeostasis,
including Janus kinase (JAK)-signal transducer and activator of tran-
scription (STAT) signaling [17], the p38α and p38β mitogen-
activated kinase pathway [18] and the insulin-like growth factor I
receptor (IGF1R)/phosphatidylinositol 3-kinase (PI3K) pathway
[19–21]. Recently, miRNAs have been found to be involved in mus-
cle development and regeneration [22,23]. A subset of miRNAs that
is either specifically expressed or predominantly enriched in skeletal
and/or cardiac muscle has been identified, including miRNAs-1,
-133, -206, -208a, -208b, -499, and -486 [24]. miRs-1, -133, and
-206 are up-regulated during myogenic differentiation and can be
inhibited by inhibitors of the PI3K/AKT pathway [25]. In addition,
miR-431 was found to enhance muscle generation by targeting Pax7
in satellite cells primed for differentiation during muscle regener-
ation [26].

miR-378, which is embedded within the first intron of the gene
encoding peroxisome proliferator-activated receptor γ coactivator
1β (Ppargc1b or Pgc-1β), is preferentially expressed in skeletal
muscle, cardiac muscle, and brown adipose tissue [27,28]. The
physiological mechanisms by which miR-378 regulates muscle devel-
opment and regeneration in vivo remain to be determined. We previ-
ously reported that skeletal muscle mass was significantly reduced in
transgenic mice globally overexpressing miR-378 under the control
of the β-actin promoter (pCAGGS) [29]. As an extension of that
study, in the present work we evaluated the in vivo functions of
miR-378 in miR-378 Tg mice, and found that miR-378 regulates
skeletal development and regeneration by targeting the gene encod-
ing insulin-like growth factor 1 receptor (Igf1r).

Materials and Methods

Animal care and tissue collection

All animal experiment procedures were approved by the Animal
Ethics Committee of Peking Union Medical College (Beijing, China).
Mice were housed in the animal facility and had free access to water
and standard rodent chow. miR-378 Tg mice (two transgenic lines,
C and D lines) were generated as described previously [29].

Muscle injury and regeneration

To induce muscle injury, 8-week-old mice were anesthetized by
intraperitoneal injection of ketamine (10mg/kg) and xylazine
(1 mg/kg), followed by injection of 20 μl of 10 μM cardiotoxin
(CTX; Sigma, St Louis, USA) in phosphate-buffered saline (PBS)
into the mid-belly of the right tibialis anterior (TA) muscle. As an
internal control, 20 μl PBS was injected into the left TA muscle of
each mouse. Muscles were harvested 1.5, 3.5, 5, and 7 days after
injection to assess the completion of regeneration and repair.

Cell culture and cell transfection

C2C12 and HEK293 cells were cultured in growth medium consist-
ing of DMEM (Gibco, Carlsbad, USA) supplemented with 4.5 g/l
glucose, 10% FBS, 1% antibiotic/antimycotic, and 1% gentamycin
at 37°C in a 5% CO2 atmosphere. C2C12 and HEK293 cells were
transfected with miR-378 mimics (RiboBio, Guangzhou, China)
using Lipofectamine 2000 (Invitrogen, Carlsbad, USA).

Western blot analysis

Muscle tissues or C2C12 cells were lysed in a buffer containing
50mM Tris (pH 7.5), 150mM NaCl, 0.5% Nonidet P-40, and pro-
tease and phosphatase inhibitors. The protein lysates were resolved
by sodium dodecyl sulfate polyacrylamide gel electrophoresis, trans-
ferred to polyvinylidene fluoride membranes, and immunoblotted
with primary antibodies against IGF1R (Cell Signaling, Beverly,
USA) and GAPDH (Millipore, Billerica, USA). The membranes were
washed for 30min, incubated with horseradish peroxidase-
conjugated secondary antibodies (Zhongshanjinqiao Corporation,
Beijing, China) for 1 h at room temperature, and washed again for
30min. Each membrane was then placed into ECL detection solu-
tion (Thermo Scientific, Waltham, USA), incubated for 1min at
room temperature, and exposed to X-ray film.

Immunohistochemistry

Frozen tissue sections (10-μm thick) were fixed in 4% paraformalde-
hyde and stained with antibody to laminin (Sigma), Pax7
(Developmental Studies Hybridoma Bank, Iowa City, USA), or
MyoD (Santa Cruz Biotechnology, Santa Cruz, USA), as described
previously [26]. Cross-sectional areas (CSAs) were measured using
NIH Image J software (http://rsb.info.nih.gov/ij).

Real-time reverse transcriptase polymerase chain

reaction

Total RNA was extracted from skeletal muscle tissue samples with
TRIzol reagent (Invitrogen). mRNA expression was analyzed with Fast
EvaGreen qPCRMaster Mix (BioRad, Hercules, USA) and normalized
to GAPDH. Primers for PCR were as follows: MyoD-F: 5′-CAA
CGCCATCCGCTACAT-3′;MyoD-R: 5′-GGTCTGGGTTCCCTGTT
CT-3′; eMHC-F: 5′-TCTAGCCGGATGGTGGTCC-3′; eMHC-R:
5′-GAATTGTCAGGAGCCACGAAA-3′; GAPDH-F: 5′-AATGT
GTCCGTCGTGGATCTG-3′; GAPDH-R: 5′-TAGCCCAAGAT
GCCCTTCAGT-3′.

Target-gene prediction and luciferase-reporter assays

miR-378 targets were predicted with TargetScan. To construct the
3′-UTR-luciferase reporter, the multiple cloning site of the pGL3-
Control vector was removed and placed downstream of the lucifer-
ase gene. The 3′-UTRs of mouse Igf1r were amplified by PCR and
cloned into the pGL3-Control vector, resulting in Igf1r-3′-UTR con-
structs. Empty pGL3-Control vector was used as a negative control.
Each firefly luciferase construct was co-transfected with a plasmid
encoding a Renilla luciferase construct as a transfection control. The
results were expressed as firefly luciferase activity relative to Renilla
luciferase activity.

Grip strength assay

Grip strength was measured as described previously [30,31]. Briefly,
limb grip strength was measured as tension force using a computer-
ized force transducer (Grip Strength Meter, Bioseb, Pinellas Park,
USA). Each animal was subject to three trials, with three measure-
ments per trial and a rest period of a few minutes between trials.
The average tension force corrected by total body weight was calcu-
lated for each group of mice.
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Statistical analysis

Values were presented as the mean ± standard error of the mean
(SEM), and compared by Student’s t-tests. P < 0.05 was considered
statistically significant.

Results

miR-378 transgenic mice have fewer and smaller

myofibers

We recently reported that skeletal muscle mass was significantly reduced
in transgenic mice globally overexpressing miR-378 compared with that
in their wild-type (Wt) littermates [29]. To further evaluate the mechan-
ism by which miR-378 regulates muscle development and regeneration
in vivo, we performed cross-sectional analyzes of the TA and soleus
muscles from miR-378 Tg and Wt mice. Muscle histology as well as
hematoxylin and eosin (H&E) staining showed no differences in muscu-
lar architecture (data not shown). To compare the number and size of
myofibers in miR-378 Tg and Wt mice, cryosections of their soleus
muscles were stained with anti-laminin antibody (Fig. 1A) and analyzed
with Image J software. Both the number (Fig. 1B) and size (Fig. 1C) of
fibers were significantly reduced in miR-378 Tg mice. Consistent with
the reductions in muscle mass and fiber size, muscle strength was mark-
edly lower in miR-378 Tg than in Wt mice (Fig. 1D). As the two trans-
genic lines (C and D lines) of miR-378 Tg mice have a similar
phenotype, only D line was further characterized in detail.

miR-378 Tg mice exhibit delayed muscle regeneration

resulting from attenuated satellite cell differentiation

As skeletal muscle loss has been reported because of declined satel-
lite cell function [12], muscle loss in miR-378 Tg mice may be

resulted from miR-378-mediated abnormalities of satellite cell
functions. This possibility was addressed experimentally by eval-
uating muscle injury and regeneration in miR-378 Tg and Wt
littermates following injection of CTX. During muscle regeneration,
satellite cells are activated, subsequently expanding and differentiat-
ing to fuse with each other and then repair damaged muscle.
Therefore, satellite cell functions during muscle regeneration could
be evaluated by measuring the size of newly-formed (regenerated)
myofibers, as characterized by centralized nuclei. Cryosections of
CTX-damaged TA muscles 5 days (Fig. 2A) and 7 days (Fig. 2D)
after CTX injection were immunostained with anti-laminin antibody
and with DAPI to visualize nuclei. The regenerated myofibers, as
determined with Image J software, were significantly smaller in miR-
378 Tg than in Wt mice both 5 days (Fig. 2B) and 7 days (Fig. 2E)
after CTX-induced injury, indicating that muscle regeneration was
significantly slower in miR-378 Tg than in Wt mice. Furthermore,
the myogenic differentiation marker, embryonic myosin heavy chain
(eMyHC), was highly expressed in the damaged TA muscle of miR-
378 Tg mice 5 days after CTX-induced injury (Fig. 2C), and was
even higher 7 days after CTX-induced injury (Fig. 2F) than in Wt
mice, suggesting that the slower formation of neonatal myofibers in
miR-378 Tg than in Wt mice may be attributed to delayed satellite
cell differentiation in the former. The observation was further corro-
borated by eMyHC immunostaining on the cryosections of the TA
muscle 7 days post-CTX injury in miR-378 transgenic mice and
wild-type littermates (Fig. 2G). In miR-378 Tg mice, the number of
eMyHC positive myofibers in the TA muscle 7 days post-CTX
injury was significantly more than that in wild-type littermates
(Fig. 2H). These findings indicate that delayed muscle regeneration
in miR-378 Tg mice may be due, at least in part, to attenuated satel-
lite cell differentiation.

Figure 1. The number and size of myofibers are reduced in miR-378 transgenic mice (A) Immunostaining of cryosections of soleus muscle from miR-378 trans-

genic (Tg) and wild-type (Wt) mice with anti-laminin antibody. The images are representative of five pairs of 2-month-old Tg and Wt mice. Scale bars, 50 μm.

(B) Number of myofibers in soleus muscle based on laminin-stained sections in panel A. (C) Cross-sectional area (CSA) of myofibers based on laminin-stained

sections in panel A. (D) Grip strength of miR-378 Tg and Wt mice (n = 5–8). *P < 0.05, **P < 0.01.
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Delayed activation of satellite cells in miR-378 Tg mice

during muscle regeneration

Satellite cell-mediated muscle regeneration involves a cascade of sat-
ellite cell activation, proliferation, and differentiation. We therefore
assessed the ability of miR-378 to regulate satellite cell activation
and proliferation. During the process of muscle regeneration follow-
ing CTX injection, satellite cells become fully activated, as shown by
the expressions of Pax7 and MyoD, after 1.5 days, with the growth
of satellite cells peaking after 3.5 days. Cryosections of damaged TA
muscle from miR-378 Tg mice and Wt controls were immunos-
tained with antibody to the satellite cell activation marker MyoD
(Fig. 3A). Fewer MyoD+ cells were present (Fig. 3B), and the level
of expression of MyoD was lower (Fig. 3C) in Tg mice than in Wt
mice, suggesting that the activation of satellite cells was delayed in
the former. As proliferating satellite cells are doubly positive for

Pax7 and MyoD, cryosections of damaged TA muscle from Tg mice
and Wt mice 3.5 days after injury were stained with anti-Pax7 and
anti-MyoD antibodies, and then the numbers of Pax7+/MyoD+ cells
were counted (Fig. 3D). The numbers of Pax7+ (Fig. 3E), MyoD+

(Fig. 3F) and Pax7+/MyoD+ (Fig. 3G) cells did not differ signifi-
cantly between groups of miR-378 Tg mice and Wt mice, suggesting
that miR-378 has little effect on satellite cell proliferation.
Collectively, our data indicate that miR-378 attenuates muscle
regeneration by delaying satellite cell activation and differentiation.

miR-378 directly targets Igf1r in muscle cells both

in vitro and in vivo
To understand the molecular mechanisms underlining miR-
378-mediated muscle loss and attenuation of muscle regeneration,

Figure 2. miR-378 Tg mice exhibit delayed muscle regeneration due to attenuated satellite cell differentiation (A,D) Representative images of laminin-stained

(green) cryosections of damaged TA muscle 5 (A) and 7 (D) days after injection of CTX. DAPI staining (red) indicates nuclei. Scale bars, 100 μm. (B, E) Cross-

sectional areas (μm2) of regenerated myofibers with centralized nuclei, based on laminin-stained sections in panels A (B) and D (E). (C and F) Expression of

eMyHC mRNA in damaged TA muscle 5 (C) and 7 (F) days after CTX injection, as determined by Real-time reverse transcriptase polymerase chain reaction

(qRT-PCR). (G) eMyHC immunostaining on the cryosections of the TA muscle 7 days post-CTX injury in miR-378 Tg mice and Wt littermates. Laminin staining

(red) indicates basal lamina of myofibers. Scale bars, 100 μm. (H) eMyHC positive myofibers were calculated based on eMyHC-stained sections presented in (G).

The data are from five pairs of miR-378 Tg and Wt littermates. *P < 0.05, **P < 0.01.
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we attempted to identify the targets of miR-378 in muscle cells.
Interestingly, by searching for miR-378 targets with TargetScan, we
found that the 3′-UTR of insulin-like growth factor 1 receptor
(Igf1r) mRNA contains a miR-378 binding site (Fig. 4A). The sig-
naling pathways involving IGF1 and IGF1R are important in regu-
lating myogenic differentiation and muscle mass during muscle
development and regeneration [21,32]. To confirm that Igf1r is a
target of miR-378, HEK-293 cells were transfected with miR-378
and a luciferase reporter construct containing a partial sequence of
the Igf1r 3′-UTR encompassing the miR-378 binding site. It was
found that luciferase activity was repressed (Fig. 4B). In addition,
the level of IGF1R protein in C2C12 cells transfected with miR-378
mimics was significantly reduced (Fig. 4C). Consistent with these
in vitro data, the IGF1R protein levels were found to be lower in
skeletal muscle from miR-378 Tg mice than in Wt mice (Fig. 4D).
These findings indicate that miR-378 directly targets Igf1r both
in vitro and in vivo.

Discussion

Muscle loss is frequently observed in chronic diseases, including can-
cer, chronic heart disease, liver cirrhosis, Crohn’s disease, rheuma-
toid arthritis, and tuberculosis, as well as during age-related
sarcopenia [6]. As prevention of muscle loss can improve patients’
functional status and quality of life, it is of great importance to
determine the mechanisms underlying muscle loss. This study
showed that miR-378 transgenic mice had a muscle loss phenotype

and defective muscle regeneration due to an attenuated IGF1R sig-
naling pathway.

Our experimental data demonstrate that miR-378 directly tar-
gets Igf1r both in vitro and in vivo. IGF1R-mediated signaling
has been shown to enhance myogenic differentiation [33–35].
Consistent with the reduced IGF1R signaling in skeletal muscle of
miR-378 Tg mice, it was found that satellite cell differentiation was
delayed and muscle regeneration was attenuated in these mice, sug-
gesting that miR-378 may functionally inhibit muscle cell differenti-
ation by targeting Igf1r. These findings, however, conflict with
previously published data related to miR-378-mediated muscle cell
differentiation [36,37]. For example, miR-378 was reported to accel-
erate C2C12 cell differentiation by targeting the myogenic differenti-
ation inhibitor MyoR [36], and to promote C2C12 cell
differentiation by targeting BMP4 [37]. These discrepancies may be
due to differences in the in vivo and in vitro activities of miR-378.
To the best of our knowledge, this study is the first to show that
miR-378 regulates muscle cell differentiation in vivo. In addition,
we previously found that miR-378 regulates metabolic homeostasis
in skeletal muscle by targeting the Akt1/FoxO1/PEPCK pathway
[29]. Therefore, it is very likely that the modified metabolic niche in
skeletal myofibers mediated by miR-378 greatly influences satellite
cell function. Therefore, the miRNA-target pairs may function dif-
ferently, depending on biological context (niche). The development
of satellite cell specific miR-378 transgenic mice may help clarify the
physiological function of miR-378 in muscle cell differentiation
in vivo.

Figure 3. Delayed activation of satellite cells in miR-378 Tg mice during muscle regeneration (A) Representative images of MyoD-stained (red) sections of

damaged TA muscle of miR-378 Tg and Wt mice 1.5 days after CTX injection (n = 5 each). DAPI staining (blue) indicates nuclei. Scale bars, 20 μm. (B) Number

of MyoD positive cells based on MyoD-stained sections in A. (C) Expression of MyoD mRNA, normalized to GAPDH, in damaged TA muscle 1.5 days after CTX

injection, as determined by qRT-PCR. Data are presented relative to Wt controls, which were set at 1. (D) Representative images of damaged TA muscle from

miR-378 Tg and Wt mice (n = 5 each) 3.5 days after CTX injection after staining with anti-Pax7 (red) and anti-MyoD (green) antibodies. DAPI staining (blue) indi-

cates nuclei. (E–G) Numbers of Pax7 positive (E), MyoD positive (F) and double positive cells (G), calculated based on immunostained TA sections in panel D.

*P < 0.05; NS, not significant.
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In addition to its involvement in myogenic differentiation,
IGF1R signaling plays important roles in muscle growth and
hypertrophy [38]. The IGF1R/Akt pathway is one of the main sig-
naling pathways controlling protein turnover in skeletal muscle.
IGF-1 has been shown to activate the phosphatidylinositol 3-kinase
(PI3K)-Akt pathway, with inhibition of this pathway enhancing pro-
teolysis and the expression of atrogin-1 [39]. The induction of
atrogin-1 as well as of murf1, another muscle-specific E3 similar to
atrogin-1, plays an important role in the loss of muscle protein [32].
Consistent with the attenuated IGF1R signaling observed in skeletal
muscle of miR-378 Tg mice, muscle atrophy, as evidenced by
reduced myofiber size and number, was evident. Taken together,
these findings indicate that miR-378 induces skeletal muscle loss by
targeting Igf1r.

In conclusion, the present findings demonstrate that miR-378 Tg
mice are characterized by skeletal muscle loss and dysfunction in
muscle regeneration, with miR-378 regulating muscle loss and
regeneration by targeting Igf1r. These miR-378 transgenic mice may
constitute a model for investigating the molecular mechanisms of
skeletal muscle disease, especially sarcopenia.
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