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Hepatocyte growth factor (HGF) has been well characterized
for its roles in the migration of muscle progenitors during
embryogenesis and the differentiation of muscle stem cells,
but its function in adult neurogenic muscle atrophic conditions
is poorly understood. Here we investigated whether HGF/c-met
signaling has any effects on muscle-atrophic conditions. It was
found that HGF expression was upregulated in skeletal muscle
tissue following surgical denervation and in hSOD1-G93A
transgenic mice showing severe muscle loss. Pharmacological
inhibition of the c-met receptor decreased the expression level
of pri-miR-206, enhanced that of HDAC4 and atrogenes, and
resulted in increased muscle atrophy. In C2C12 cells, HGF in-
hibited phosphorylation of Smad3 and relieved TGF-b-medi-
ated suppression of miR-206 expression via JNK. When extra
HGF was exogenously provided through intramuscular injec-
tion of plasmid DNA expressing HGF, the extent of muscle
atrophy was reduced, and the levels of all affected biochemical
markers were changed accordingly, including those of primary
and mature miR-206, HDAC4, and various atrogenes. Taken
together, our finding suggested that HGFmight play an impor-
tant role in regard to neurogenic muscle atrophy and that HGF
might be used as a platform to develop therapeutic agents for
neuromuscular disorders.

INTRODUCTION
Skeletalmuscle is a highlydynamic tissue that can vary in size, structure,
and contractile force under different conditions. Innervation of themo-
tor neuron provides various trophic factors to the targetmuscle that are
essential to maintain skeletal muscle function. One of the pathological
hallmarks of motor neuron diseases, such as amyotrophic lateral scle-
rosis (ALS) or poliomyelitis, is deterioration of muscle innervation.
In these diseases, the skeletal muscle undergoes severe physiological
changes, such as debilitating muscle loss because of the deficiency in
neural input. Loss of nerve supply to muscle fiber could activate the
muscle atrophy program, including activation of ubiquitin-dependent
proteasomal or autophagosomal lysis of the muscle components.1

The muscle-specific E3-ubiquitin ligases MuRF1 and Atrogin-1 are
known to be responsible for proteasomal degradation of muscle. His-
tone deacetylase 4 (HDAC4) has been reported to positively regulate
the expression of these E3-ubiquitin ligases via two independent mech-
anisms, especially in neurogenic muscle atrophy.2,3
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MicroRNAs (miRNAs) are single-stranded 21- to 22-nt noncoding
RNAs that can control gene expression via a post-transcriptional
mechanism. Specific miRNAs have recently been discovered as crit-
ical regulatory factors controlling skeletal muscle metabolism,
including muscle differentiation and homeostasis. For example,
miR-206, a member of muscle-enriched miRNAs (myo-miR), is
known to facilitate muscle differentiation by regulating the expression
of myogenic regulatory factors in vitro4,5 and in vivo.6 It was recently
shown that miR-206 could delay the progression of ALS by suppress-
ing the expression of HDAC4 and, thereby, promoting regeneration
of the neuromuscular synapse, suggesting that miR-206 might affect
the course of the neurogenic muscle-atrophic condition.7

Hepatocyte growth factor (HGF) was first discovered as a potent
mitogen for hepatocytes and later found to also contain mitogenic,
morphogenic, angiogenic, anti-apoptotic, and anti-fibrotic activ-
ities.8–12 It is well known that interaction of HGF with its cellular re-
ceptor, c-met, turns on a variety of signaling pathways, such as Stat3,
Erk, and Akt, depending on the cell types. In skeletal muscle, HGF is
known to be secreted by activated muscle stem cells (also known as
satellite cells) in vivo13,14 as well as in vitro.15,16 Upon muscle injury,
HGF activates muscle stem cells that reside in muscle fiber,
leading to regeneration of damaged muscle.14,17 Exogenously added
recombinant HGF protein has been shown to ameliorate pathological
conditions in mouse models for hypoxia-induced muscle atrophy18,
polymyositis and dermatomyositis.19 It has been reported that HGF
can promote the survival of motor neurons in vitro20 and that HGF
overexpression might attenuate the death of motor neurons and
axon degeneration in ALS mice.21 Despite its interesting biological
characteristics, the role of HGF regarding muscles under denervation
conditions remains poorly understood.

Here we report that the role of HGF is partially compensational
in neurogenic muscle atrophy. HGF expression was upregulated
following surgical denervation. When mice were treated with
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Figure 1. Expression Kinetics of HGF in Denervated Muscle

(A) Expression kinetics of HGF protein after denervation. The muscle was isolated 3,

7, 10, and 14 days after denervation, and total proteins were analyzed by ELISA to

measure the protein level of HGF. ***p < 0.001, ****p < 0.0001 versus control muscle

(unpaired Student’s t test), n = 4 per group. (B) Change in the RNA level of HGF after

denervation. RNAs were prepared from TA muscles 3 days after denervation, fol-

lowed by qRT-PCR. The values were normalized to glyceraldehyde-3-phosphate

dehydrogenase (GAPDH). **p < 0.01 (unpaired student’s t test). (C) Expression

kinetics of c-met and phosphorylated c-met proteins in denervated TA muscle.

Muscle was isolated on days 3 and 7, and total proteins were prepared, followed by

western blot using specific antibodies to total or phosphorylated c-met. Each lane

represents a sample from an individual mouse. Two representative results are

shown. Two independent experiments were performed (n = 4), and similar results

were obtained. (D) Comparison of the HGF protein level in TA muscles between

wild-type (WT) and 150-day-old hSOD1-G93A transgenic mice. The TAmuscle was

isolated, and total proteins were analyzed by ELISA to measure the protein level of

HGF. ****p < 0.0001 versus WTmice (unpaired Student’s t test), n = 6 per group. All

data are represented as mean ± SEM.
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PHA-665752, an inhibitor of the c-met receptor, muscle atrophy was
exacerbated. Consistently, the expression level of HDAC4 was further
increased, whereas the opposite was the case for miR-206. HGF over-
expression by intramuscular (i.m.) injection of a plasmid expression
vector slowed down the progression of muscle atrophy. Data from
C2C12 cell culture experiments indicated that HGF regulated the
expression of miR-206 by suppressing transforming growth factor b
(TGF-b)-mediated phosphorylation of Smad3. Taken together, our
data suggest that HGF might be used as a platform for developing
therapeutic agents to treat neurogenic muscle atrophy.

RESULTS
HGF/c-met Signaling Was Upregulated in Denervated Muscle

To investigate the possible involvement of HGF in neurogenic
muscle atrophy, a sciatic nerve transectionmodel, in which irreversible
damage was made to the nerve by cutting the sciatic nerve, was used.
Denervation was induced by severing the sciatic nerve of a 10-week-
old C57BL/6 mouse, and total proteins were prepared from the tibialis
anterior (TA) muscle of the injury site at appropriate time points, fol-
lowed by ELISA. The basal level ofHGFprotein on the control side was
maintained at 50–80 pg/mg of total cellular protein in the TA muscle.
After denervation, the level of HGF protein on the ipsilateral side was
rapidly increased, reaching a plateau at approximately 250 pg/mg of to-
tal cellular protein on day 10 (Figure 1A). A similarmagnitude of RNA
induction was observed after denervation, as measured by qRT-PCR
(Figure 1B). These data suggest that HGF expression was induced
by 3- to 5-fold after denervation at both the RNA and protein levels
compared with the normal, uninjured situation.

C-met is the only known receptor for HGF. When HGF is expressed,
its receptor, c-met, becomes activated by phosphorylation. Therefore,
the level and content of c-met protein were analyzed after nerve injury
in the same sciatic nerve transection model. Total proteins were pre-
pared from the TA muscle, followed by western blot using antibodies
to total c-met or the phosphorylated form (Figure 1C). After dener-
vation, the level of total c-met protein rapidly increased, and the
phosphorylated form of c-met protein was also upregulated in the
denervated muscle.

The effect of denervation on HGF expression was also measured in
hSOD1-G93A transgenic mice, a widely used model for ALS. These
mice overexpress the mutated superoxide dismutase (SOD1) protein,
resulting inmotor neuron death and severemusclewasting throughout
the entire body.22 Total proteins were prepared from the TAmuscle of
hSOD1-G93A transgenicmice on day 150 after birth, when themuscle
atrophy progressed severely, and the HGF protein level was measured
using ELISA. Wild-type mice produced 70-–80 pg/mg of HGF in the
TA muscle. In hSOD1-G93A transgenic mice, the amount of the
HGF protein was higher by approximately 2-fold (Figure 1D).

Inhibition of c-met Signaling Aggravated Neurogenic Muscle

Atrophy

It was tested whether denervation-induced expression of HGF played
a pathological or compensational role using an inhibitor specific to
the c-met receptor, PHA-665752. After sciatic nerve transection,
mice were intraperitoneally (i.p.) injected with PHA-665752 on a
daily basis. Treatment with PHA-665752 effectively suppressed
c-met phosphorylation in denervated muscle (Figure S1A). Ten
days later, the TAmuscle mass from vehicle (DMSO)-treated animals
was found to be reduced by 24% ± 2%, from 50.1 1.1 mg to 38.1 ±

1.0 mg, compared with the sham-operated group, whereas PHA-
665752-treated mice showed a larger reduction, by 34% ± 3% (Fig-
ure 2A). The skeletal muscle cross-section was analyzed by H&E
staining of the TA muscle. In vehicle-treated mice, muscle fiber size
was decreased by 41% ± 1%, from 1,671 ± 128 mm2 to 972 ±

14 mm2, compared with the sham-operated animals. In PHA-
665752-treated mice, it was further reduced, by 51% ± 1%, compared
with the sham-operated group (Figure 2B). These data indicate that
inhibition of c-met signaling could worsen muscle mass and cross-
sectional area during neurogenic muscle atrophy, suggesting that
HGF works as part of the compensatory system.
Molecular Therapy: Nucleic Acids Vol. 12 September 2018 569
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Figure 2. Effect of the c-met Inhibitor PHA-665752 on

Muscle Atrophy in the Sciatic Nerve Transection

Model

After sciatic nerve transection, mice were injected i.p. with

20 mg/kg of PHA-665752 on a daily basis until sacrifice.

(A) Effect on muscle weight. The graph on the left shows

actual weight, whereas, on the right, muscle mass was

normalized with the initial weight of mice. Den, denervation;

PHA, PHA-665752; ns, not significant. *p < 0.05 (one-way

ANOVA), n = 5 per group. (B) The effect on the cross-

sectional area (CSA) of TA muscle was analyzed 10 days

after denervation. At least 300 muscle fiber areas were

counted per sample. Mean CSA is indicated in the graph.

**p < 0.05, ***p < 0.01 (one-way ANOVA). Scale bars,

200 mm. (C) Effect on the expression of MuRF1 and

Atrogin-1. The RNA level of two genes was determined by

real-time qRT-PCR using TA muscles isolated 3 days after

denervation. *p < 0.05 (one-way ANOVA), n = 4 per group.

All data are represented as mean ± SEM.

Molecular Therapy: Nucleic Acids
MuRF1 and Atrogin-1 are involved in proteasomal degradation of
muscle components, and their expression is highly increased at the
RNA level after denervation. The sciatic nerve was severed to induce
denervation of the TA muscle. Three days later, RNAs were isolated
from TA muscles of mice when the RNA level of MuRF1 and
Atrogin-1 was greatly induced. In animals treated with PHA-
665752, the expression of MuRF1 and Atrogin-1 was even further
increased (Figure 2C). In sham-operated animals, PHA-665752 did
not have significant effects on either gene. These data suggest that
the HGF/c-met signaling pathway might counteract the process of
neurogenic muscle atrophy by controlling the expression of genes
involved in muscle breakdown.

c-met Signaling Controls the miR-206-HDAC4 Cascade

Because HDAC4 is a key player in the regulation of MuRF1 and
Atrogin-1 during neurogenic muscle atrophy,2 the effect of PHA-
665752 on the denervation-mediated increase of HDAC4 expression
was studied by qRT-PCR and western blot. As shown in Figure 3A,
the RNA level of HDAC4 was highly increased after denervation,
whereas treatment with PHA-665752 did not have any effect. The
570 Molecular Therapy: Nucleic Acids Vol. 12 September 2018
protein level of HDAC4 showed a similar pattern
(a sharp increase after denervation), whereas
treatment with PHA-665752 always gave a small
but highly reproducible increase in the level of
HDAC4 compared with the untreated but dener-
vated animals (Figure 3B; compare lanes 5 and 6
with lanes 7 and 8). These data indicate that
HDAC4 expression might be controlled at the
post-transcriptional level.

HDAC4 expression has previously been shown to
be regulated by miR-206 under muscle-atrophic
conditions.7 To test whether miR-206 expression
was affected by c-met signaling, the level of pri-
mary miR-206 transcript was analyzed in TA
muscles by qRT-PCR 3 days after nerve transection in the presence
or absence of PHA-665752 administration. Denervation markedly
increased the level of pri-miR-206. When animals were treated with
PHA-665752, however, the level of pri-miR-206 transcript was
reduced in both sham and denervated mice (Figure 3C). The magni-
tude of reduction was approximately 2-fold in both cases. Taken
together, these data suggest that c-met signaling can downregulate
HDAC4 expression by upregulating miR-206, not only under dener-
vation but also in the uninjured situation.

miR-206 expression is known to be controlled by two different path-
ways; one is E-box transcription factors, including myoD and
myogenin,23,24 and the other is TGF-b signaling.25,26 We found that
treatment with PHA-665752 had little or no effect on the former (Fig-
ures S1B and S1C). TGF-b is highly induced in denervated muscle
and participates in developing pathological conditions.25 The antag-
onistic relationship between HGF and TGF-b signaling has already
been reported under fibrotic conditions.27,28 Therefore, it was tested
whether HGF regulates the expression of miRNA by interacting
with TGF-b signaling. Because TGF-b signaling is already known
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Figure 3. Effect of the c-met Inhibitor PHA-665752 on the miR-206-HDAC4

Cascade

After denervation by sciatic nerve transection, mice were injected i.p. with 20 mg/kg

of PHA-665752 on a daily basis until sacrifice. Three days later, TA muscles were

prepared, and total RNAs and proteins were isolated, followed by qRT-PCR or

western blot. (A) Effect on HDAC4 RNA. n = 4 per group. (B) Effect on HDAC4 and

total and phosphorylated Smad3 protein. This presents two representative results

from two independent experiments, with the total number of mice being 4. The

graph shows the result of quantification of HDAC4 protein. Values were normalized

to GAPDH. ***p < 0.001 (unpaired student’s t test). (C) Effect on the miR-206 pri-

mary transcript. *p < 0.05 (one-way ANOVA), n = 4 per group. ND, not detected. All

data are represented as mean ± SEM. See also Figure S1.
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to downregulate the expression of miR-206 through its canonical
pathway, Smad2/3 signaling,26 the effect of PHA-665752 on Smad3
phosphorylation was tested. Total proteins were prepared from TA
muscles, followed by western blot using antibodies detecting Smad3
or its phosphorylated form. As expected, denervation significantly
increased the level of total and phosphorylated Smad3 (Figure 3B;
compare lanes 1 and 2 with lanes 5 and 6). However, when animals
were treated with PHA-665752, Smad3 phosphorylation was even
more increased in both sham and denervated mice (Figure 3B;
compare lanes 5 and 6 with lanes 7 and 8). These data indicate that
HGF/c-met signaling might regulate the expression of miR-206
through the Smad3-dependent pathway.

HGF Regulates miRNA-206 Expression by Suppressing TGF-b

Signaling

To understand the mechanism(s) underlying the effect of HGF at the
molecular and cellular levels in vitro, C2C12, a murine myoblast cell
line, was used. Cells were differentiated to myotubes by changing the
medium to DMEM supplemented with 2% horse serum. Four days
later, cells were treated with various concentrations of recombinant
human HGF (hHGF) protein in the presence of 1 ng/ml of recombi-
nant TGF-b for 24 hr. When differentiated C2C12 myotubes were
treated with TGF-b only, the expression level of pri-miR-206 was
reduced to about 40% compared with the untreated control. Cotreat-
ment with 10 ng/ml HGF inhibited a TGF-b-mediated decrease in the
level of pri-miR-206 transcript, resulting in a 1.5-fold increase
compared with the TGF-b-only group (Figure 4A). Similar patterns
were observed when the expression level of mature miR-206 was
measured (Figure 4B). The level of miR-206 was not affected by
HGF in the absence of TGF-b, suggesting that HGF might upregulate
the expression of miR-206 by suppressing TGF-b signaling.

Next, the effect of HGF on Smad3 phosphorylation was tested. C2C12
cells were pretreated with various concentrations of hHGF protein for
30 min, followed by incubation with 2 ng/ml TGF-b for an additional
30 min. Treatment with TGF-b increased the level of phosphorylated
Smad3 up to 4-fold (Figure 4C; compare lane 1 with lane 5). The pres-
ence of HGF lowered it in a dose-dependent manner, whereas the
level of total Smad3 remained unchanged (Figure 4C). These results
indicate that HGF might control the expression of miR-206 by inhib-
iting Smad3 phosphorylation induced by TGF-b.

It is well known that HGF/c-met signaling utilizes downstream effec-
tors such as Erk1/2, p38, JNK, Akt, and mTOR, to induce various
cellular responses. It was tested which downstream effectors of
HGF/c-met signaling would be involved in the suppression of
Smad3 phosphorylation. C2C12 cells were pretreated with pharmaco-
logical inhibitors of Erk1/2, p38, JNK, Akt, andmTOR for 30min, fol-
lowed by treatment with 10 ng/ml of hHGF for 30 min and then by
incubation with 2 ng/ml of TGF-b for an additional 30 min. Again,
HGF inhibited TGF-b-induced Smad3 phosphorylation (Figure 4D;
compare lane 2 with lane 3). Among different inhibitors, SP600125,
an inhibitor of JNK, seems to be the only one that can rescue
the HGF-mediated suppression of Smad3 phosphorylation (Fig-
ure 4D; compare lane 3 with lane 6). Consistent with these data,
treatment with SP600125 significantly reduced the effect of HGF
on the pri-miR-206 expression suppressed by TGF-b (Figure 4E).
Taken together, these data suggest that JNK might act as a
downstream signal of the HGF/c-met pathway to inhibit Smad3
phosphorylation.

Exogenous Introduction of HGF Alleviates Neurogenic Muscle

Atrophy

Based on the above data indicating a positive role(s) of HGF inmuscle
atrophy, we tested the effects of exogenous addition of HGF in the
same model. Because HGF has a very short half-life, less than
5 min in serum, the use of recombinant HGF protein for this purpose
was not thought to be a viable approach.29 In the following experi-
ments, we delivered HGF using a plasmid DNA expression vector.
pCK-HGF-X7 (or VM202) is a plasmid designed to express two iso-
forms of hHGF, HGF723 (or dHGF) and HGF728 (or cHGF), at high
levels in vivo,30–32 and it has been used in a variety of clinical studies
and animal models.30–34

Denervation was induced by severing the sciatic nerve of a 10-week-
old C57BL/6 mouse, and 100 mg of pCK-HGF-X7 or pCK control
Molecular Therapy: Nucleic Acids Vol. 12 September 2018 571
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Figure 4. Effect of Recombinant HGF Protein on miR-

206 and Smad3 in C2C12 Cells

C2C12 cells were plated and then cultured in differentiation

medium in the presence or absence of recombinant TGF-b

and HGF proteins. Total RNAs and proteins were prepared

and analyzed for miR-206 and Smad3 by qRT-PCR and

western blot, respectively. For the western blot, two inde-

pendent experiments were performed, and one represen-

tative result is shown. The graph displays the result of the

protein band quantification. (A) Effect on the pri-miR-206

transcript. Values were normalized to GAPDH. *p < 0.05,

**p < 0.01 (unpaired Student’s t test), n = 3 per group. (B)

Effect on mature miR-206. Values were normalized to

miR-103a-3p. *p < 0.05, (unpaired Student’s t test), n = 3

per group. (C) Effect of HGF on Smad3 phosphorylation.

The graph shows the result of protein band quantification.

Values were normalized to total Smad3. *p < 0.05,

**p < 0.01 (unpaired Student’s t test). (D) Effect of various

chemical inhibitors on HGF-mediated suppression of

phosphorylated Smad3. Values were normalized to total

Smad3. *p < 0.05 (unpaired Student’s t test). (E) Effect

of the JNK inhibitor on HGF-mediated regulation of pri-

miR-206 transcript expression. Values were normalized to

GAPDH. *p < 0.05, (unpaired Student’s t test), n = 3 per

group. All data are represented as mean ± SEM. See also

Figure S2.
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vector lacking the HGF sequence was administered i.m. into the ipsi-
lateral TA muscle, followed by a second injection 7 days later. The
in vivo protein expression kinetics of this plasmid have been well es-
tablished previously;30–32 the protein level of hHGF produced from
pCK-HGF-X7 gradually increases upon injection, reaching a peak
(about 30 ng/mg) 7 days after the first injection and then steadily de-
creases before returning to the control level after approximately
572 Molecular Therapy: Nucleic Acids Vol. 12 September 2018
2 weeks.30,31 The hHGF protein is detectable
within 5–10 mm from an injection needle point
(K.R.K., unpublished data).

The TA muscle was isolated and quantitated at
different time points after denervation. As shown
in Figure 5A, in denervated mice injected with the
pCK control vector, muscle mass was decreased
by 32% and 42% on days 10 and 14, respectively.
When mice were injected with pCK-HGF-X7, the
reduction of muscle weight was slowed down,
to 21% and 34% compared with the control, on
days 10 and 14, respectively.

The muscle cross-section was analyzed by H&E
staining to measure muscle fiber size 10 days after
denervation. In pCK-treated animals, muscle fi-
ber size was decreased by 61% ± 1% compared
with the sham-operated group, from 1,750 ±

173 mm2 to 688 ± 11 mm2. When mice were in-
jected i.m. with pCK-HGF-X7, the magnitude of
denervation-induced muscle loss was reduced
from 61% to 41% (Figure 5B). Overall, our data show that exogenous
addition of HGF, delivered in the form of a plasmid expression vector,
could slow down the progress of neurogenic muscle atrophy.

The effects of i.m. injection of pCK-HGF-X7 on atrogenes were also
measured. Denervation was induced, and pCK or pCK-HGF-X7 was
injected i.m. into the TA. Three days after denervation, TA muscles
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were isolated, and the expression level was measured using qRT-PCR.
The levels ofMuRF1 and Atrogin-1 were highly increased after dener-
vation, but pCK-HGF-X7 treatment reduced the denervation-medi-
ated induction of these genes (Figure 6A).

The effect on HDAC4 was also analyzed by measuring the RNA and
protein levels 3 days after denervation and plasmid injection. Dener-
vation greatly increased the RNA level of HDAC4, but i.m. injections
of pCK-HGF-X7 had no significant effect (Figure 6B). When the pro-
tein level was measured, however, a completely different picture
emerged; pCK-HGF-X7 administration significantly reduced the
denervation-mediated increase in HDAC4 protein level (Figure 6C).

The effects of pCK-HGF-X7 on primary and mature miR-206 RNAs
were determined by qRT-PCR. The level of miR-206 primary tran-
script was increased by denervation and became even higher by i.m.
injection of pCK-HGF-X7 (Figure 6D). A similar observation was
made regarding the level of mature miR-206 (Figure 6E). These
data strongly indicate that HGF overexpression by gene transfer
technology could reduce the RNA level of atrogenes by controlling
miR-206 and HDAC4.

DISCUSSION
In this report, we demonstrate that HGF/c-met signaling plays
a compensatory role(s) in mitigating muscle atrophy because of
denervation. The HGF level was increased by 3- to 5-fold following
denervation. Treating denervated mice with a specific inhibitor for
c-met, PHA-665752, aggravated muscle atrophy, as measured by
muscle mass and its cross-sectional area. Consistent with this obser-
vation, treatment with PHA-665752 further increased the expres-
sion level of atrogenes like MuRF1 and Atrogin-1 but reduced
that of miR-206. Exogenous supply of the HGF protein to the
affected region by i.m. injection of a highly efficient plasmid
expression vector improved muscle atrophy by all measurements,
including muscle weight, cross-sectional area, and the expression
levels of miR-206, HDAC4, and atrogenes. Taken together,
Molecular Therapy: Nucleic Acids Vol. 12 September 2018 573
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HGF/c-met signaling appears to modulate the miR-206-HDAC4
cascade in denervated muscle.

TGF-b has been reported to downregulate the expression of miR-206
through Smad3.26 We found that treatment of C2C12 cells with re-
combinant hHGF protein increased the RNA level of miR-206 while
decreasing the amount of phosphorylated Smad3 protein induced by
TGF-b, indicating that HGF might counteract the biological conse-
quences generated by TGF-b. Consistently, HGF has been reported
to increase the activity of TG-interacting factor (TGIF) and galec-
tin-7, both of which act as repressors of TGF-b-stimulated signal
transduction by inhibiting transcriptional activity or translocation
of Smad3 from the cytoplasm to the nucleus, respectively.35–37 These
data suggest that HGFmay be used as a basis for developing therapeu-
tic agents for diseases where TGF-b is a major pathologic factor.

JNK appears to play a key role in the control by HGF of TGF-b-medi-
ated Smad3 phosphorylation. Among several pharmacological inhib-
574 Molecular Therapy: Nucleic Acids Vol. 12 September 2018
itors, SP600125, a JNK inhibitor, was the only
one that could relieve the HGF-mediated sup-
pression of Smad3 phosphorylation. Together
with data from previous publications, JNK
appears to control Smad3 in two ways: by
transcriptional regulation of TGF-b38 and
through phosphorylation of the linker region of
Smad3.39 The former is not the case for HGF
because the RNA level of TGF-bwas not changed
byHGF treatment in our experiments. Therefore,
HGF may follow the case of epidermal growth
factor (EGF), which inhibits the activity of
Smad3 by phosphorylating the linker region
between Mad homology-1 (MH1) and MH2
and, subsequently, suppresses phosphorylation
of serine 423/425 residues at the C terminus.40
The final outcome is a reduction in the amount of the transcription-
ally active form of Smad3. It remains to be elucidated whether HGF
also regulates TGF-b signaling by controlling phosphorylation of
the linker region of Smad3.

Muscle atrophy results from an imbalance between synthesis and
breakdown of muscle proteins. The data from our study suggest
that HGF/c-met signaling might improve atrophic conditions by
slowing down the breakdown process through suppression of atro-
gene expression. It is interesting to note a difference between our
data and those by Hauerslev et al.,18 who used the mouse hypoxia-
induced muscle atrophic model. In that study, mouse recombinant
HGF protein was administered i.p. once, and it was observed that
the mTOR-S6K pathway was activated, and muscle protein synthesis
was facilitated, within a few hours. These results suggest that the
mTOR pathwaymight be involved in the effect of HGF on neurogenic
muscle atrophy. However, mTOR seemed to play only a small role
in our case. For example, inhibition of HGF/c-met signaling by daily



www.moleculartherapy.org
i.p. injection of the c-met inhibitor PHA-665752 did not affect the
phosphorylation status of mTOR (Figure S1A), and mTOR inhibition
did not affect the HGF-mediated upregulation of pri-miR-206
expression in C2C12 cells (Figure S2A). Taken together, HGF may
work differently in these two different muscle atrophy models, each
induced by hypoxia or denervation.

HGF is a growth factor binding to the c-met receptor. The interaction
between the ligand and the receptor turns on a series of signaling
pathways, triggering biological reactions that vary depending on the
types of cells. For example, in the muscle atrophy described in this
report, HGF reduced the expression of HDAC4, which facilitates dis-
ease progression, and increased the level of miR-206, which has been
reported to delay ALS progression.7 Therefore, HGF may be able to
produce multiple effects in various diseases associated with muscle at-
rophy following denervation.

Because the HGF protein has a short half-life, gene transfer technol-
ogy may provide a powerful way to deliver the HGF protein. Using
naked DNA is a particularly attractive method because high-level
HGF gene expression for a long term is undesirable because of its
angiogenic and, thus, potentially oncogenic property.41 All that is
needed is an amount of HGF protein that can trigger reactions and
then disappear, rather than lingering for a long time. In our study,
pCK-HGF-X7 (VM202) seemed to be generating an amount of
HGF protein sufficient to provide visible therapeutic effects. Our re-
sults are consistent with positive data observed in several clinical
studies done for peripheral and coronary artery diseases and neuro-
logical diseases as well as in respective animal models involving
pCK-HGF-X7.30,31,33,34,42–46

In summary, we demonstrated that HGF/c-met signaling could
improve muscle atrophic conditions by upregulating the expression
of miR-206. miR-206 is now well known to play important roles in
a majority of neurogenic muscle atrophy cases, including ALS. Cur-
rent treatment methods for these diseases are extremely limited; their
efficacy, if any, is marginal, and safety is questioned, as in the case of
riluzole or valproic acid, respectively.47,48 Given the safety and effi-
cacy records of pCK-HGF-X7 (VM202), shown in several clinical
studies for other indications, further studies are warranted to investi-
gate the potential of using HGF, and in particular, plasmid DNA vec-
tors expressing HGF, for various neuromuscular diseases.

MATERIALS AND METHODS
Animal Care

Ten-week-old male C57BL/6 mice were purchased from Orient Bio
(Seongnam, Korea) for animal studies. Mice were housed at 24�C
with a 12-hr light-dark cycle. All experiments were performed ac-
cording to the guidelines set by the International Animal Care and
Use Committee at Seoul National University.

Surgical Procedures

All surgical protocols were approved by the International Animal
Care and Use Committee at Seoul National University. For sciatic
nerve transection, 10-week-old male C57BL/6 mice were anesthetized
with isoflurane. The sciatic nerve of the right leg was cut, and a 3-mm
piece was excised. To prevent nerve reattachment, severed nerve end-
ings were tied with 6-0 black silk suture (AILEE, Pusan, Korea). Then
the incision was sutured using 5-0 silk suture (AILEE, Pusan, Korea).
Sham surgery was performed by following the same procedure
without severing the sciatic nerve. PHA-665752 (Tocris Bioscience,
MO), a c-met inhibitor, was dissolved in DMSO (Sigma-Aldrich,
MO) and administered i.p. to each mouse on a daily basis with a
dose of 20 mg/kg. For i.m. injection, a 0.3-mm needle size and
0.5 mL insulin syringe (BD Biosciences, NJ) were used. The pCK or
pCK-HGF-X7 plasmid expression vector was dissolved in 50 mL
PBS (2 mg/mL). The injection procedure was performed by injecting
the needle parallel to the tibia and then delivering the plasmid into
the middle of the TA muscle.

Immunohistochemistry

Immunohistochemical analyses were performed as described previ-
ously.49 Briefly, TA muscles were fixed in 4% paraformaldehyde in
PBS and cryo-sectioned to 6-mm thickness. Sections were washed in
0.1 M PBS (pH 7.4) twice and then blocked for 1 hr with PBS contain-
ing 5% fetal bovine serum (Corning Life Sciences, NY), 5% donkey
serum (Jackson ImmunoResearch Laboratories, PA), 2% BSA
(Sigma-Aldrich, MA), and 0.1% Triton X-100 (Sigma-Aldrich,
MA). Samples were incubated with primary antibodies diluted in
blocking buffer overnight at 4�C. Sections were washed four times
in PBS and incubated for 1 hr at room temperature with secondary
antibodies (Invitrogen, CA) diluted in PBS. Immunostained samples
were further washed 6 times and counterstained with DAPI (Sigma-
Aldrich, MA) for nuclear staining. The fluorescence images were
obtained using a Zeiss LSM 700 confocal microscope (Zeiss, Oberko-
chen, Germany).

H&E Staining and Morphometric Analysis

TA muscles were fixed in 10% normalized buffered formalin (Sigma-
Aldrich, MA) and dehydrated with a gradient series of ethanol from
70% to 100%. Samples were embedded in the paraffin block and
sectioned to 6-mm thickness. A paraffin section of the TA muscle
was stained with H&E to analyze a cross-sectional area of the muscle.
The area of each myofiber was measured by ImageJ software (NIH,
MD). More than 300 myofibers were assessed from 4 individual
mice in each group.

RNA Isolation and qRT-PCR

TAs were prepared and mechanistically homogenized using polypro-
pylene pestles (Bel-Art Scienceware, NJ), and total RNAwas extracted
in RNAiso (Takara, Kusatsu, Japan) following the manufacturer’s
instructions. One microgram of RNA was converted to cDNA using
oligo dT primers (QIAGEN, Hilden, Germany) and Reverse Tran-
scriptase XL (avian myeloblastosis virus [AMV]) (Takara, Kusatsu,
Japan). Gene expression was assessed using real-time qPCR with
the Thermal Cycler Dice Real Time System TP800 (Takara, Kusatsu,
Japan) and SYBR Premix Ex Taq (Takara, Kusatsu, Japan). For
miRNA analysis, RNA was converted to cDNA using the miRCURY
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LNA Universal cDNA synthesis kit (Exiqon, Vedbaek, Denmark).
Gene expression was measured using real-time qPCR with the Exi-
LENT SYBR Green Master Mix kit (Exiqon, Vedbaek, Denmark).
Mature miR-206- and miR-103-3p-specific primers were purchased
from Exiqon.

ELISA

TA muscles were prepared and mechanistically homogenized using
polypropylene pestles (Bel-Art Scienceware, NJ), and total proteins
were extracted in radioimmunoprecipitation assay (RIPA) lysis buffer
(Sigma-Aldrich, MO) containing a protease inhibitor (Roche, Basel,
Switzerland), phosphatase inhibitor (Roche, Basel, Switzerland),
and PMSF (Sigma-Aldrich, MO). Samples were centrifuged at
12,000 rpm for 15 min at 4�C, and the supernatants containing total
protein were subjected to mHGF or hHGF ELISA (R&D Systems,
MN) following the manufacturer’s protocol.

Western Blot

For immunoblotting, TAs were prepared and homogenized in RIPA
lysis buffer (Sigma-Aldrich, MO) containing a protease inhibitor
(Roche, Basel, Switzerland) and phosphatase inhibitor (Roche, Basel,
Switzerland) using polypropylene pestles (Bel-Art Scienceware, NJ).
Equal amounts of protein were then resolved by 10% SDS-polyacryl-
amide gel and transferred to polyvinylidene fluoride membranes
(Millipore, MA). The membranes were blocked with 5% BSA (Gibco,
MA) in TBST (1 M Tris-HCl [pH 7.4], 0.9% NaCl, and 0.1% Tween
20) for 1 hr and probed with antibodies diluted in 3% BSA blocking
solution overnight at 4�C. Membranes were then incubated with
HRP-conjugated anti-mouse or anti-rabbit immunoglobulin G
(IgG) (1:100,000; Sigma-Aldrich, MO) for 1 hr, and the protein bands
were visualized with an enhanced chemiluminescence system (Milli-
pore, MA). Quantification of the band intensity was done by ImageJ
software (NIH, MD)

Cell Culture and Reagents

C2C12 myoblasts were grown in DMEM (Welgene, Gyeongsan, Ko-
rea) supplemented with 10% fetal bovine serum (FBS) (Corning, NY)
and antibiotics (100 U/mL penicillin and 100 mg/mL streptomycin;
Sigma-Aldrich, MO). Cells were differentiated in DMEM supple-
mented with 2% horse serum (Sigma-Aldrich, MO). Recombinant
hHGF (R&D Systems, MN) and recombinant TGF-b (eBioscience,
MA) were used at appropriate concentrations. U0126 (an MEK1/2
inhibitor, Sigma-Aldrich, MO), SB203580 (a p38 inhibitor, Calbio-
chem, MA), SP600125 (a JNK inhibitor, Sigma Aldrich, MO), and
Akti1/2 (an Akt inhibitor, Sigma-Aldrich, MO) were used at
10 mM, and rapamycin (an mTOR inhibitor, Sigma-Aldrich, MO)
was used at 100 nM for experiments.

Statistical Analysis

All values are represented as mean ± SEM from two or more indepen-
dent experiments. Statistical significance was determined using un-
paired Student’s t test or one-way ANOVA followed by Bonferroni’s
multiple comparison tests, provided by the GraphPad Prism 7 soft-
ware (GraphPad, CA).
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