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Abstract

Hepatocyte growth factor (HGF) has been well chtaraaed for its roles in the
migration of muscle progenitors during embryogesasid the differentiation of muscle stem
cells, yet its function(s) in adult neurogenic masatrophic conditions is poorly understood.
Here, we investigated whether HGF/c-met signaliag &ny effects on muscle atrophic
conditions. It was found that HGF expression waggplated in skeletal muscle tissue
following surgical denervation and in hSOD1-G93&sgenic mice showing severe muscle
loss. Pharmacological inhibition of c-met receptecreased the expression level of pri-miR-
206, enhanced that of HDAC4 and atrogenes, andtedsa increased muscle atrophy. In
C2C12 cells, HGF inhibited phosphorylation of SmadBeved TGH-mediated
suppression of miR-206 expression via JNK. WheragdGF was exogenously provided
through intramuscular injection of plasmid DNA eggsing HGF, the extent of muscle
atrophy was reduced, and the levels of all affebiedhemical markers were changed
accordingly including those of primary and matun&f06, HDAC4, and various atrogenes.
Taken together, our finding suggested that HGF trpégy an important role(s) in regard to
neurogenic muscle atrophy and that HGF might bd asea platform to develop therapeutics

for neuromuscular disorders.
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I ntroduction

The skeletal muscle is a highly dynamic tissue Wigian vary in size, structure, and
contractile force under different conditions. Inregron of the motor neuron provides various
trophic factors to the target muscle, which areesal to maintain the skeletal muscle
function. One of the pathological hallmarks of nrateuron diseases, such as amyotrophic
lateral sclerosis (ALS) or poliomyelitis, is deteation of the muscle innervation. In these
diseases, the skeletal muscle undergoes severdloigysal changes such as debilitating
muscle loss due to the deficiency in neural inpass of nerve supply to muscle fiber could
activate the muscle atrophy program, includingvatiton of ubiquitin-dependent proteasomal
or autophagosomal lysis of the muscle componehte muscle-specific E3-ubiquitin
ligases, MuRF1 and Atrogin-1/MAFbx, are known toregponsible for proteasomal
degradation of the muscle. Histone deacetylaseDAE#) was reported to positively
regulate the expression of these E3-ubiquitin Bgasia two independent mechanisms,
especially in neurogenic muscle atropHy.

mMiRNAs are single-stranded 21-22 nucleotide ndmgpRNASs that can control gene
expression via a post-transcriptional mechanisreclip miRNAs have recently been
discovered as critical regulatory factors contrgjlskeletal muscle metabolism, including
muscle differentiation and homeostasis. For exampiR-206, a member of muscle-
enriched miRNAs (myo-miR), is known to facilitateugtle differentiation by regulating the
expression of myogenic regulatory factorsitro®® andin vivo.° It was recently shown that
miR-206 could delay the progression of ALS by segpmg the expression of HDAC4 and
thereby promoting regeneration of the neuromus@ylaapse, suggesting that miR-206

might affect the course of the neurogenic musclephic conditior’.
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Hepatocyte growth factor (HGF) was first disc@eeas a potent mitogen for
hepatocytes, and later found to also contain mitmgenorphogenic, angiogenic, anti-
apoptotic, and anti-fibrotic activiti€s:? It is well known that the interaction of HGF wits
cellular receptor, c—met, turns on a variety ohaigng pathways, such as Stat3, Erk, and Akt,
depending on the cell types. In the skeletal myst&F is known to be secreted by activated

131455 well agn vitro'>*® Upon

muscle stem cells (also known as satellite catlls)vo
muscle injury, HGF activates muscle stem cells tbside in muscle fiber, leading to
regeneration of damaged mustié’ Exogenously added recombinant HGF protein has been
shown to ameliorate pathological conditions in neoosdels for hypoxia-induced muscle
atrophy® and polymyositis/dermatomyositilt was reported that HGF could promote the
survival of motor neuronis vitro?®, and that HGF overexpression might attenuate ¢a¢hd
of motor neurons and axon degeneration in ALS fli@espite its interesting biological
characteristics, the role(s) of HGF regarding mescinder denervation conditions remains
poorly understood.

Here, we report that the role of HGF is parti@iiynpensational in neurogenic
muscle atrophy. HGF expression was upregulatedviiig surgical denervation. When mice
were treated with PHA-665752, an inhibitor of c-mexteptor, muscle atrophy was
exacerbated. Consistently, the expression levellAC4 was further increased, whereas it
was the opposite for miR-206. HGF overexpressiomtrgmuscular (i.m.) injection of
plasmid expression vector slowed down the progressi muscle atrophy. Data from the
C2C12 cell culture experiments indicated that HEgutated the expression of miR-206 by
suppressing TGB-mediated phosphorylation of Smad3. Taken togetherdata suggested
that HGF might be used as a platform for developigapeutic agents to treat neurogenic

muscle atrophy.
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Results

HGF/c-met signaling was uprequlated in denervatadahe

To investigate the possible involvement of HGF @émirogenic muscle atrophy, a
sciatic nerve transection model, in which irrevéliesidamage is made to the nerve by cutting
the sciatic nerve, was used. Denervation was irdlbgesevering the sciatic nerve of a 10-
week-old C57BL/6 mouse, and total proteins wer@gred from the tibialis anterior (TA)
muscle of the injury site at appropriate time pwifilowed by ELISA. The basal level of the
HGF protein in the control side was maintained@86 pg/mg of total cellular protein in the
TA. After denervation, the level of HGF proteinthre ipsilateral side was rapidly increased,
reaching a plateau at approximately 250 pg/mgtef tellular protein at day 10 (Figure 1A).
A similar magnitude of RNA induction was observdigiadenervation as measured by RT-
gPCR (Figure 1B). These data suggested that HGfessipn was induced by 3-5 folds after
denervation at both RNA and protein levels compé#oatie normal, uninjured situation.

C-met is the only known receptor for HGF. When H&Expressed, its receptor, c-
met, becomes activated by phosphorylation. Thegetbe level and content of the c-met
protein was analyzed after nerve injury in the samatic nerve transection model. Total
proteins were prepared from the TA followed by Westblot using antibodies to total c-met
or phosphorylated form (Figure 1C). After denermatithe level of total c-met protein
rapidly increased, and the phosphorylated formimfet protein was also upregulated in the
denervated muscle.

The effect of denervation on HGF expression was aleasured in hSOD1-G93A
transgenic mice, a widely used model for ALS. Thasee overexpress the mutated

superoxide dismutase (SOD1) protein, resulting ®amneuron death and severe muscle

-5-
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wasting throughout the entire botfyTotal proteins were prepared from the TA of hNSOD1-
G93A transgenic mice at day 150 after birth whenrttuscle atrophy progressed severely,
and the HGF protein level was measured using ELI8#d-type mice produced 70-80

pag/mg of HGF in the TA. In hSOD1-G93A transgenicejithe amount of the HGF protein

was higher by approximately 2-fold (Figure 1D).

Inhibition of c-met signaling aggravated neurogenigscle atrophy

It was tested whether denervation-induced expresHfitiGF played a pathological
or compensational role, using an inhibitor spediithe c-met receptor, PHA-665752. After
sciatic nerve transection, mice were intraperittip€ap.) injected with PHA-665752 on a
daily basis. Treatment of PHA-665752 effectivelppgressed c-met phosphorylation in
denervated muscle (Figure S1A). Ten days latem&as from vehicle (DMSO)-treated
animals was found to be reduced by 24+2% from 50I#ng to 38.1+1.0 mg, compared to
that of the sham-operated group, while PHA-6657&atéd mice showed a larger reduction,
by 34+3% (Figure 2A). The skeletal muscle crossiseavas analyzed by hematoxylin and

eosin (H&E) staining of the TA. In vehicle-treatedlce, muscle fiber size was decreased by

41+1% from 1671+12@m? to 972+14um? compared with that of the sham-operated animals.

In PHA-665752 treated mice, it was further redudsd51+1%, compared to the sham-
operated group (Figure 2B). These data indicatatittie inhibition of c-met signaling could
worsen muscle mass and cross-sectional area duginggenic muscle atrophy, suggesting
that HGF worked as part of the compensatory system.

MuRF1 and Atrogin-1 are involved in proteasomajrdelation of muscle
components, and their expression is highly increasehe RNA level after denervation. The

sciatic nerve was severed to induce denervatidheoTA. Three days later, RNAs were
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isolated from TAs of mice when the RNA level of MERand Atrogin-1 was greatly induced.
In animals treated with PHA-665752, the expressioMuRF1 and Atrogin-1 was even
further increased (Figure 2C). In sham-operatethals, PHA-665752 did not have
significant effects on either gene. These dataessigg that the HGF/c-met signaling pathway
might counteract the process of neurogenic musab@lay by controlling the expression of

genes involved in muscle breakdown.

C-met signaling controls miR-206 - HDAC4 cascade

Since HDAC4 is a key player in the regulation of RRL and Atrogin-1 during
neurogenic muscle atrophyhe effect of PHA-665752 on the denervation-meediancrease
of HDAC4 expression was studied by RT-gPCR and ¥vadtlot. As shown in Figure 3A,
the RNA level of HDAC4 was highly increased aftendrvation, while treatment with PHA-
665752 did not have any effect. The protein le¥¢iDAC4 showed a similar pattern, that is,
a sharp increase after denervation, while treatméhtPHA-665752 always gave a small,
but highly reproducible, increase in the levelled HDAC4 compared to the untreated but
denervated animals (Figure 3B; compare lanes Hamith 7 and 8). These data indicated
that HDAC4 expression might be controlled at thsetgoanscriptional level.

HDAC4 expression has previously been shown teebalated by miR-206 under
muscle atrophic conditiorlsTo test whether miR-206 expression was affected-imet
signaling, the level of primary miR-206 transcnyds analyzed in TAs by RT-gPCR 3 days
after nerve transection in the presence or absafeelA-665752 administration.
Denervation markedly increased the level of pri-2F6. When animals were treated with
PHA-665752, however, the level of pri-miR-206 tremst was reduced in both sham and

denervated mice (Figure 3C). The magnitude of redlnevas approximately 2-fold in both
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cases. Taken together, these data suggestedniett signaling could downregulate HDAC4
expression by upregulating miR-206, not only urdisrervation but also in the uninjured
situation.

MiR-206 expression is known to be controlled by fferent pathways; one is E-
box transcription factors including myoD and mycigéh** and the other is TGB-
signaling®™?®We found that treatment with PHA-665752 had littteno effect on the former
(Figures S1B and S1C). TG@Fis highly induced in denervated muscle and pgaigs in
developing pathological conditioASThe antagonistic relationship between HGF and BGF-
signaling has already been reported in fibroticdiions?’? Therefore, it was tested
whether HGF regulates the expression of miRNA lgracting with TGH3 signaling. Since
TGF9 signaling is already known to downregulate thereggion of miR-206 through its
canonical pathway, Smad?2/3 signafihghe effect of PHA-665752 on Smad3
phosphorylation was tested. Total proteins werpgmed from TAs followed by Western blot
using antibodies detecting Smad3 or its phosphtagltorm. As expected, denervation
significantly increased the level of total and gttosrylated Smad3 (Figure 3B, compare
lanes 1 and 2 with 5 and 6). However, when animwel® treated with PHA-665752, Smad3
phosphorylation was even more increased in botmsirad denervated mice (Figure 3B,
compare lanes 5 and 6 with 7 and 8). These dateaited that HGF/c-met signaling might

regulate the expression of miR-206 through the Stpendent pathway.

HGF requlates miRNA-206 expression via suppress®E-{ signaling

To understand the mechanism(s) underlying the teffiedd GF at the molecular and
cellular levelsn vitro, C2C12, a murine myoblast cell line, was usedlsGeére

differentiated to myotube by changing media to DMEipplemented with 2% horse serum.
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Four days later, cells were treated with variouscenmtrations of the recombinant human
HGF (hHGF) protein in the presence of 1 ng/ml @brabinant TGH3 for 24 hours. When
differentiated C2C12 myotubes were treated with JpGnly, the expression level of pri-
miR-206 was reduced to about 40%, compared toritreated control. Cotreatment with
HGF 10 ng/ml inhibited a TGB-mediated decrease in the level of pri-miR-206<caipt,
resulting in a 1.5-fold increase compared to th&P@nly group (Figure 4A). Similar
patterns were observed when the expression levahtire miR-206 was measured (Figure
4B). The level of miR-206 was not affected by H@&Rhe absence of TGF;-suggesting that
HGF might upregulate the expression of miR-206uppsessing the TGB-signaling.

Next, the effect of HGF on Smad3 phosphorylati@s wested. C2C12 cells were
pretreated with various concentrations of the hHi@¥tein for 30 minutes followed by
incubation with 2 ng/ml TGBB-for an additional 30 minutes. Treatment with TGF-
increased the level of phosphorylated Smad3 upftddd(Figure 4C, compare lanes 1 with
5). The presence of HGF lowered it in a dose-depetwhanner while the level of total
Smad3 remained unchanged (Figure 4C). These rasditsited that HGF might control the
expression of miR-206 by inhibiting Smad3 phosplatign induced by TGPB-

It is well known that HGF/c-met signaling utilizdewnstream effectors such as
Erk1/2, p38, IJNK, Akt, and mTOR, to induce vari@efiular responses. It was tested which
downstream effectors of HGF/c-met signaling wowdrvolved in the suppression of
Smad3 phosphorylation. C2C12 cells were pretreatddpharmacological inhibitors of
Erk1/2, p38, JNK, Akt, and mTOR for 30 minutes]daled by treatment with 10 ng/ml of
hHGF for 30 minutes and then by incubation withg2wm of TGFf for an additional 30
minutes. Again, HGF inhibited TGf-induced Smad3 phosphorylation (Figure 4D, compare

lanes 2 with 3). Among different inhibitors, and6BB125, an inhibitor of JNK, seems to be
_9_
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the only one that could rescue the HGF-mediategrasgion of Smad3 phosphorylation
(Figure 4D, compare lanes 3 with 6). ConsistenhwWiese data, treatment with SP600125
significantly reduced the effect of HGF on the miR-206 expression suppressed by T|GF-
(Figure 4E). Taken together, these data suggestedNK might act as a downstream signal

of the HGF/c-met pathway to inhibit Smad3 phospladign.

Exogenous introduction of HGF alleviates neurogemirscle atrophy

Based on the above data indicating a positivdsplef HGF in muscle atrophy, we
tested the effects of the exogenous addition of H&@Re same model. Since HGF has a very
short half-life, less than 5 minutes in serum,ube of recombinant HGF protein for this
purpose was not thought to be a viable appréaththe following experiments, we
delivered HGF by using a plasmid DNA expressionameCK-HGF-X7 (or VM202) is a
plasmid designed to express two isoforms of hum@f,HHGF23(or dHGF) and HGF2s(or
cHGF), at high levelin vivo®***2 and it has been used in a variety of clinicatiigsi and
animal model$23*

Denervation was induced by severing the sciatieenef a 10-week-old C57BL/6
mouse, and 100g of pCK-HGF-X7 or pCK control vector lacking the3fF sequence was
i.m. administered into the ipsilateral TA, followbg a second injection seven days later. The
in vivo protein expression kinetics of this plasrhive been well established previou¥Iy?
whereby which the protein level of hLHGF producemhfrpCK-HGF-X7 gradually increases
upon injection, reaching a peak (about 30 ng/mdays after the first injection, then steadily
decreases before returning to the control lever @pproximately 2 week8:** The hHGF

protein is detectable within 5-10 mm from an inj@ctneedle point (KR Ko, unpublished

data).
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The TA was isolated and quantitated at diffetené points after denervation. As
shown in Figure 5A, in denervated mice injectechviiite pCK control vector, muscle mass
was decreased by 32% and 42% at days 10 and pécte®ly. When mice were injected
with pCK-HGF-X7, the reduction of muscle weight veswed down, to 21% and 34%,
compared to the control, at days 10 and 14, respct

The muscle cross-section was analyzed by H&mistgito measure muscle fiber
size 10 days after denervation. In pCK-treated alsyrmuscle fiber size was decreased by
61+1% compared to that of the sham-operated gifooi, 1750+173:m? to 688+11um?.
When mice were i.m. injected with pCK-HGF-X7, thagnitude of denervation-induced
muscle loss was reduced from 61% to 41% (Figure 6Bgrall, our data showed that the
exogenous addition of HGF, delivered in the fornplasmid expression vector, could slow
down the progress of neurogenic muscle atrophy.

The effects of i.m. injection of pCK-HGF-X7 orr@genes were also measured.
Denervation was induced, and pCK or pCK-HGF-X7 was injected into the TA. Three
days after denervation, TAs were isolated and xipeession level was measured using RT-
gPCR. The level of MuRF1 and Atrogin-1 were higimgreased after denervation, but pCK-
HGF-X7 treatment reduced the denervation-mediatdddtion of these genes (Figure 6A).

The effect on HDAC4 was also analyzed by measuhedrNA and protein levels, 3
days after denervation and plasmid injection. Deatewn greatly increased the RNA level of
HDAC4, but i.m. injections of pCK-HGF-X7 had no sificant effect (Fig 6B). When the
protein level was measured, however, a completéfigrent picture emerged; pCK-HGF-X7
administration significantly reduced the denervatmediated increase in the HDAC4 protein
level (Figure 6B).

The effects of pCK-HGF-X7 on primary and matur&kr206 RNAs were
-11-



determined by RT-gPCR. The level of miR-206 primiaaynscript was increased by
denervation, and became even higher by i.m. igeaif pCK-HGF-X7 (Figure 6C). A
similar observation was made with the level of mamiR-206 (Figure 6D). These data
strongly indicated that HGF overexpression by geawesfer technology could reduce the

RNA level of atrogenes by controlling miR-206 anDALC4.
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Discussion

In this report, we demonstrated that the HGF/c-siggtaling plays a compensatory
role(s) in mitigating muscle atrophy due to dengora The HGF level was increased by 3 -
5 folds following denervation. Treating denervabaide with a specific inhibitor for c-met,
PHA-665752, aggravated muscle atrophy as measyratibcle mass and its cross-sectional
area. Consistent with this observation, treatmetiit RHA-665752 further increased the
expression level of atrogenes like MuRF1 and Amebiwhile reducing that of miR-206.
Exogenous supply of the HGF protein to the affeceggion, by i.m. injection of a highly
efficient plasmid expression vector, improved mestdtophy by all measurements, including
muscle weight, cross-sectional area, and expressiafs of miR-206, HDAC4, and
atrogenes. Taken together, HGF/c-met signalingagspe modulate miR-206-HDAC4
cascade in denervated muscle.

TGFf has been reported to downregulate the expressimiR3206 through
Smad3® We found that treatment of C2C12 cells with recovabt hHGF protein increased
the RNA level of miR-206, while decreasing the amtaef phosphorylated Smad3 protein
induced by TGH3, indicating that HGF might counteract biologicahsequences generated
by TGF{. Consistently, HGF has been reported to incrdasadtivity of TGIF and galectin-
7, both of which act as repressors of TEBtimulated signal transduction by inhibiting
transcriptional activity or translocation of Smdddm the cytoplasm to the nucleus,
respectively> %' These data suggest that HGF may be used as ddradés/eloping
therapeutics for diseases where TGis-a major pathologic factor.

JNK appears to play a key role(s) in the cortgoHGF of TGFB-mediated smad3

phosphorylation. Among several pharmacologicalbitbis, SP600125, a JNK inhibitor, was
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the only one that could relieve the HGF-mediatqupsession of Smad3 phosphorylation.
Together with data from previous publications, J&j}ifears to control Smad3 in two ways,
by the transcriptional regulation of TG#2 and through phosphorylation of the linker region
of Smad3® The former is not the case for HGF as the RNAllef&@ GF-§ was not changed
by HGF treatment in our experiments. Therefore, Hi@&fy follow the case of EGF which
inhibits the activity of Smad3 by phosphorylatiig finker region between Mad homology-1
(MH1) and MH2, and subsequently suppresses phoglaltion of serine 423/425 residues at
the C-terminu$? The final outcome is the reduction in the amouritanscriptionally active
form of Smada3. It remains to be elucidated wheH@®F also regulates TGFsignaling by
controlling the phosphorylation of the linker regiof Smad3.

Muscle atrophy results from the imbalance betwssarthesis and breakdown of
muscle proteins. Data from our study suggestedHi&/c-met signaling might improve
atrophic conditions by slowing down the breakdowwmcpss through the suppression of
atrogene expressions. It is interesting to notéfardnce between our data and those by
Hauerslev et al. who used the mouse hypoxia-induouestle atrophic modéf.In the latter
study, mouse recombinant HGF protein was i.p. acht@red once, and it was observed that
the mTOR-S6K pathway was activated, while musategdn synthesis was facilitated, within
a few hours. These results suggest that mTOR pathwght be involved in the effect of
HGF on neurogenic muscle atrophy. However, mTORgekto play little role in our case.
For example, inhibition of HGF/c-met signaling, d&ily i.p. injection of c-met inhibitor
PHA-665752, did not affect the phosphorylationigtaif mTOR (Figure S1A), and also,
MTOR inhibition did not affect the HGF-mediated egulation of pri-miR-206 expression in
C2C12 cells (Figure S2A). Taken together, HGF maykvdifferently in these two different

muscle atrophy models, each induced by hypoxiaeoenration.
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HGF is a growth factor binding to the c-met rdoeprl he interaction between the
ligand and the receptor turns on a series of sigg@athways, triggering biological reactions
that vary depending on the types of cells. For godapnin muscle atrophy described in this
report, HGF reduced the expression of HDAC4 thaitifates disease progression, and
increased the level of miR-206 which has been teddo delay ALS progressidrTherefore,
HGF may be able to produce multiple effects inmasidiseases associated with muscle
atrophy following denervation.

Since the HGF protein has a short half-life, geaesfer technology may provide a
powerful way to deliver the HGF protein. Using ndk2NA is a method particularly
attractive because high-level HGF gene expressioa fong-term is undesirable due to its
angiogenic, thus potentially oncogenic propét#ll that is needed is an amount of the HGF
protein that can trigger reactions and then disappather than lingering for a long time. In
our study, pCK-HGF-X7 (VM202) seems to be genegaiin amount of the HGF protein
sufficient to provide visible therapeutic effedBur results are consistent with positive data
observed in several clinical studies done for gemipl and coronary artery diseases and
neurological diseases as well as in respective@mmdels involving pCK-HGF-
x7.30,31,33,34,42—46

In summary, we demonstrated that HGF/c-met siggalould improve muscle
atrophic conditions by upregulating the expressibmiR-206. MiR-206 is now well known
to play important roles in a majority of neurogemascle atrophy cases including ALS.
Current treatment methods for these diseases &enesly limited; their efficacy, if any, is
marginal and safety is questioned as in the casi&able or valproic acid, respectively’
Given the safety and efficacy records of pCK-HGF{X®1202) shown in several clinical

studies for other indications, further studies\aagranted to investigate the potential of using
-15-
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2 diseases.
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Materials & Methods

Animal cares

Ten-week-old male C57BL/6 mice were purchaseghf@rient Bio Inc. (Seongnam,
Korea) for animal studies. Mice were housed a€24lith a 12h light-dark cycle. All
experiments were performed according to the guidediet by the International Animal Care

and Use Committee at Seoul National University.

Surgical Procedures

All surgical protocols were approved by the Intgronal Animal Care and Use
Committee at Seoul National University. For sciaggve transection, ten-week-old male
C57BL/6 mice were anesthetized with isoflurane. $tiatic nerve of the right leg was cut
and a 3 mm piece was excised. To prevent nerviaobatent, severed nerve endings were
tied with 6-0 black silk suture (AILEE, Pusan, KayeThen the incision was sutured using 5-
0 silk suture (AILEE, Pusan, Korea). Sham surgeag werformed by following the same
procedure except severing the sciatic nerve. PH2¢68 (Tocris Bioscience, MO), a c-met
inhibitor, was dissolved in DMSO (Sigma Aldrich, N1@nd i.p. administered in each mouse
on a daily basis with a dose of 20 mg/kg. For injection, 0.3 mm needle size, 0.5 m|
insulin syringe (BD, NJ) was used. pCK or pCK-HGF-plasmid expression vector was
dissolved in 5Qu PBS (2ug/ul). The injection procedure was performed by injegthe

needle parallel to the tibia and then deliverirgsphid into the middle of the TA.

Immunohistochemistry

Immunohistochemical analyses were performed adqusly described®. Briefly,
TAs were fixed in 4% paraformaldehyde in PBS an@-aectioned to @m thickness.

Sections were washed in 0.1M PBS (pH7.4) twicen tilecked for 1 hr with PBS containing

-17-
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5% fetal bovine serum (Corning, NY), 5% donkey sefdackson ImmunoResearch
Laboratories, PA), 2% BSA (Sigma Aldrich, MA) and@ Triton X-100 (Sigma Aldrich,
MA). Samples were incubated with primary antibodl#gsted in blocking buffer overnight at
4°C. Sections were washed four times in PBS anabiaied for 1 hr at room temperature
with secondary antibodies (Invitrogen, CA) diluiad®’BS. Immunostained samples were
further washed 6 times and counterstained with D@@RJma Aldrich, MA) for nuclear
staining. The fluorescence images were obtaingtyusiZeiss LSM 700 confocal microscope

(Zeiss, Oberkochen, Germany).

H&E staining & Morphometric Analysis

TAs were fixed in 10% normalized buffered formalSigma Aldrich, MA) and
dehydrated with a gradient series of ethanol fr@¥% 7o 100%. Samples were embedded in
the paraffin block and sectioned tqué thickness. A paraffin section of the TA was stdin
by hematoxylin and eosin to analyze a cross-seditiamea of the muscle. The area of each
myofiber was measured by Image J software (Natibrsitutes of Health, MD). More than

300 myofibers were assessed from 4 individual nmasach group.

RNA isolation and RT-gPCR

TAs were prepared and mechanistically homogenisaty polypropylene pestles
(Bel-Art Scienceware, NJ), and total RNA was exeddn RNAiso (Takara, Kusatsu, Japan)
following the manufacturer’s instructions. One mgram of RNA was converted to cDNA
using oligo dT primers (Qiagen, Hilden, Germany) &everse Transcriptase XL (AMV)
(Takara, Kusatsu, Japan). Gene expression wassadsgsing quantitative real-time PCR
with Thermal Cycler Dice Real Time System TP80kéra, Kusatsu, Japan) and SYBR

Premix Ex Taq (Takara, Kusatsu, Japan). For miRN&#ysis, RNA was converted to cDNA
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using MiIRCURY LNA Universal cDNA synthesis kit (Exin, Vedbaek, Denmark). Gene
expression was measured using quantitative rea@-B@R with EXILENT SYBR Green
master mix kit (Exigon, Vedbaek, Denmark). Matun®206 and miR-103-3p specific

primers were purchased from Exigon.

ELISA

TAs were prepared and mechanistically homogenisaty polypropylene pestles
(Bel-Art Scienceware, NJ) and total proteins weteaeted in RIPA lysis buffer (Sigma
Aldrich, MO) containing a protease inhibitor (RocBasel, Switzerland), phosphatase
inhibitor (Roche, Basel, Switzerland), and PMSFK (& Aldrich, MO). Samples were
centrifuged at 12,000 rpm for 15 mins & 4nd the supernatants containing total protein
were subjected to mMHGF or hHGF ELISA (R&D systeMmbl) following the manufacturer’s

protocol.

Western blot

For immunoblotting, TAs were prepared and homapzhin RIPA lysis buffer
(Sigma Aldrich, MO) containing a protease inhibi(Boche, Basel, Switzerland), and
phosphatase inhibitor (Roche, Basel, Switzerlasd)gipolypropylene pestles (Bel-Art
Scienceware, NJ). Equal amounts of protein wene tasolved by 10% SDS-polyacrylamide
gel and transferred to polyvinylidene fluoride meares (Millipore, MA). The membranes
were blocked with 5% BSA (Gibco, MA) in TBST (1Mi3$+HCI, pH 7.4, 0.9% NaCl and 0.1%
Tween-20) for 1 hour and probed with antibodiesatdd in 3% BSA blocking solution
overnight at 42C. Membranes were then incubated with HRP-conjagatdi-mouse or anti-
rabbit IgG (1: 100,000; Sigma Aldrich, MO) for 1urpand the protein bands were visualized

with the enhanced chemiluminescence system (Mikip®lA). Quantification of the band
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intensity was done by Image J software (Nationstitiate of Health, MD)

Cell culture and reagents

C2C12 myoblasts were grown in DMEM (Welgene, Gyg=san, Korea)
supplemented with 10% FBS (Corning, NY) and antibg(100 U/ml penicillin and
100ug/ml streptomycin (Sigma Aldrich, MO)). Cells wetdferentiated in DMEM
supplemented with 2% horse serum (Sigma Aldrich,)M®&combinant human HGF (R&D
systems, MN) and recombinant T@KeBioscience, MA) were used at appropriate
concentrations. U0126 (MEKZ1/2 inhibitor, Sigma Adtir, MO), SB203580 (p38 inhibitor,
Calbiochem, MA), SP600125 (JNK inhibitor, Sigma Adth, MO), Aktil/2 (Akt inhibitor,
Sigma Aldrich, MO) were used at 101, and rapamycin (mTOR inhibitor, Sigma Aldrich,

MO) was used at 100 nM for experiments.

Statistical Analysis

All values are represented as mean + SEM fromdwmoore independent

experiments. Statistical significance was deterohurging unpaired student’s t test or one-

way ANOVA followed by Bonferroni’s multiple compaon tests, provided by the GraphPad

Prism 7 (GraphPad Software, CA) software.
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Figure 1. Expression kinetics of HGF in denervated muscle. (A) Expression kinetics of
HGF protein after denervation. The muscle was isdlat 3, 7, 10, and 14 days after
denervation, and total proteins were analyzed bisBlto measure the protein level of HGF.
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 versusontrol muscle (unpaired student’s t
test), n=4 per group. (B) Change in the RNA lefdHGF after denervation. RNAs were
prepared from TAs 3 days after denervation followgdRT-gPCR, *p<0.05 (unpaired
student’s t test), n=4 per group. The values werenalized to glyceraldehyde-3-phosphate
dehydrogenase (GAPDH). (C) Expression kinetics-wiet and phosphorylated c-met
proteins in denervated TA. Muscle was isolatedags® and 7, and total proteins were
prepared followed by Western blot using specifittadies to total or phosphorylated c-met.
Each lane represented a sample from an individoalsen Two representative results are
shown here. Two independent experiments were peetr(n=4), and similar results were
obtained. (D) Comparison of the HGF protein lemeTAs between wild type (WT) and 150
day-old hSOD1-G93A transgenic mice. The TA wasataa and total proteins were analyzed
by ELISA to measure the protein level of HGF. *3%).**p<0.01, ***p<0.001,

****p<0.0001 versus WT mice (unpaired student’est), n=6 per group. All data were

represented as mean + SEM.
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Figure 2. Effect of c-met inhibitor, PHA-665752, on muscle atrophy in sciatic nerve
transection model. After sciatic nerve transection, mice were i.pedted with 20 mg/kg of
PHA-665752 on a daily basis until sacrificed. (A)eEt on muscle weight. The graph on the
left side shows actual weight, while on the rightiscle mass was normalized with the initial
weight of mice. Den=denervation, PHA=PHA-665752n significant, *p<0.05 (one-way
ANOVA), n=5 per group. (B) Effect on cross-sectibagea (CSA) of TA was analyzed 10
days after denervation. At least 300 muscle fibeagawere counted per sample. Mean CSA
was indicated in the graph. ns=not significant, @5 (one-way ANOVA), n=4 per group.
Scale bar=20@m. (C) Effect on the expression of MuURF1 and Atreji The RNA level of
two genes was determined by real time RT-gPCR uBisgisolated 3 days after denervation.

*p<0.05 (one-way ANOVA), n=4 per group. All datanegepresented as mean + SEM.
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Figure 3. Effect of c-met inhibitor, PHA-665752 on miR-206-HDAC4 cascade. After
denervation by sciatic nerve transection, mice werenjected with 20 mg/kg of PHA-
665752 on a daily basis until sacrificed. Threesdayer, TAs were prepared and total RNAs
and proteins were isolated followed by RT-gPCR est&rn blot. (A) Effect on HDAC4
RNA. ns=not significant, n=4 per group. (B) Effect HDAC4, total and phosphorylated
Smad3 protein. This presents two representativdtsesom two independent experiments,
with a total number of mice being 4. The graph shitive result of quantification of HDAC4
protein. Values were normalized to GAPDH. ND=ndied&d, *p<0.05, **p<0.01 (unpaired
student’s t test). (C) Effect on miR-206 primarmgriscript. *p<0.05 (one-way ANOVA), n=4

per group. All data were represented as mean + Se&d.also Figure S1.
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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 défidation medium in the presence or
absence of recombinant T@Fand HGF proteins. Total RNAs and proteins wer@ared

and analyzed for miR-206 and Smad3 by RT-gPCR aest&kh blot, respectively. For
Western blot, two independent experiments wereop@eéd, one representative result was
shown. The graph displays the result of the prddeimd quantification. (A) Effect on pri-
miR-206 transcript. Values were normalized to GARBp0.05, **p<0.01 (unpaired
student’s t test), n=3 per group. (B) Effect onunatmiR-206. Values were normalized to
miR-103a-3p. *p<0.05, (unpaired student’s t tast3 per group. (C) Effect of HGF on
Smad3 phosphorylation. The graph shows the regpliobein band quantification. Values
were normalized to total Smad3. *p<0.05 (unpaitedent’s t test). (D) Effect of various
chemical inhibitors on the HGF-mediated suppressigrhosphorylated Smad3. Values were
normalized to total Smad3. *p<0.05 (unpaired sttidénest). (E) Effect of INK inhibitor on
the HGF-mediated regulation of pri-miR-206 trangtexpression. Values were normalized
to GAPDH. *p<0.05, (unpaired student’s t test), mped group. All data were represented as

mean + SEM. See also Figure S2.
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Figure5. Effect of HGF overexpression by intramuscular injection of HGF expressing
plasmid on muscle atrophy. pCK-HGF-X7 was i.m. injected at the time of sciaterve
transection followed by one repeat injection 7 dayasr. TAs were prepared at appropriate
time points. (A) Effect on TA weight. RepresentatilAs from 14 days after denervation are
shown in the photos. *p<0.05 versus Den+pCK graumz{way ANOVA), n=4 per group.
Scale bar= 1mm. (B) Effect on cross-sectional afééAs. TAs were analyzed 10 days after
denervation. At least 300 muscle fiber areas wetmied per sample. Mean CSA was
indicated in the graph. *p<0.05, **p<0.01, **p<@Q, ****p<0.0001 (one-way ANOVA),
n=4 per group. Scale bar= 100. All data were represented as mean + SEM. Sed-ajsire

S3.
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Figure 6. Effect of HGF overexpression by intramuscular injection of HGF expressing
plasmid on miR-206-HDAC4 cascade. pCK-HGF-X7 was i.m. administered at the time of
sciatic nerve transection. Three days after detiervahe TA was isolated and total RNAs
and proteins were analyzed by RT-gPCR and Westetn(B) Effect on the expression of
MuRF1 and Atrogin-1. *p<0.05, **p<0.01 (one-way ANA), n=4 per group. (B) Effect on
HDAC4 RNA. ns=not significant. (C) Effect on HDAQAotein. For Western blot, two
representative results are shown here. Two indeperekperiments were performed (n=4).
Values were normalized to GAPDH for both RNA andtpin analysis. (D) Effect on pri-
miR-206 transcript. Values were normalized to GARBp¥0.05, **p<0.01 (one-way
ANOVA), n=4 per group. (E) Effect on mature miR-28@lues were normalized to miR-
103a-3p. *p<0.05 (unpaired student’s t test). neBgroup. All data were represented as

mean + SEM.
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Figure 4
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