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Abstract

Follistatin (FS) inhibits several members of the FH& superfamily, including myostatin
(Mstn), a negative regulator of muscle growth. Msthibition by FS represents a potential
therapeutic approach of muscle atrophy. The aimowf study was to investigate the
mechanisms of the FS-induced muscle hypertrophye3iothe role of satellite cells in the FS
effect, we used irradiation to destroy their peaiétive capacity. FS overexpression increased
the muscle weight by about 37% in control animadsile the increase reached only 20% in
irradiated muscle, supporting the role of cell geohtion in the FS-induced hypertrophy.
Surprisingly, the muscle hypertrophy caused by é&hed the same magnitude in Mstn KO
as in WT mice, suggesting that Mstn might not be d¢mly ligand of FS involved in the
regulation of muscle mass. To assess the roletofira¢Act), another FS ligand, in the FS-
induced hypertrophy, we electroporated FSI-I, aritlant which does not bind Act with high
affinity. While FS electroporation increased musaigight by 32%, the muscle weight gain
induced by FSI-I reached only 14%. FurthermoreMstn KO mice, FSI-I overexpression
failed to induce hypertrophy, in contrast to FS.e3d results therefore suggest that Act
inhibition may contribute to FS-induced hypertrophinally, the role of Act as a regulator of
muscle mass was supported by the observation the& Averexpression induced muscle
weight loss (-15%). In conclusion, our results shbat satellite cells proliferation and both

Mstn and Act inhibition are involved in the FS-irmgéidl muscle hypertrophy.
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Introduction

Increasing size and strength of skeletal muscleesgmts a promising therapeutic strategy for
muscular disorders. One possible new tool is myios(®stn), a TGHB family member that
plays a crucial role in regulating skeletal musgiass. Mstn, which is expressed almost
exclusively in muscle, has been shown to be a pategative regulator of skeletal muscle
growth. Indeed, overexpression of Mstn by transgesné1) or gene transfer selectively in
skeletal muscle (8) causes muscle atrophy. Conyerbtstn inhibition or gene deletion
increases muscle mass and strength both develogltye(®4) and in adult animals (10).
Moreover, blockade of Mstn results in functionalprmvement of dystrophic muscle in the
mdx mouse model of Duchenne Muscular Dystrophy (DN¥D 45). Thus, Mstn inhibition is
an attractive therapeutic approach to treat muselsting diseases such as DMD, cachexia
and sarcopenia.

The identification of Mstn binding proteins ableitdibit Mstn activity has led to potential
new approaches for postdevelopmental muscle malsaneement. These Mstn binding
proteins include Follistatin (FS) which shows agmbt Mstn-inhibiting activity. Indeed,
overexpression of FS induces a dramatic increagseuscle mass when overexpressed as a
transgene in mice (19) or delivered by Adeno-asdedivirus (AAV) (11). The increase in
muscle mass observed in transgenic mice overexpgebS in muscle is even significantly
larger than that observed in Mstn KO mice (18). fiechanisms involved in the FS effect
are however relatively unknown. Since the lack da$ttMresults in increased satellite cell
activation (16; 38; 43), we investigated the cdnition of satellite cells to the FS-induced
muscle hypertrophy. FS has been shown to bind di@#{3 family members in addition to
Mstn. Therefore, we also assessed whether othdig&Sds could act similarly to Mstn in

controlling muscle growth.
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Materials and methods

Animals

Experiments were performed in rats in order to comlmorphological and biochemical
analyses on the same muscles. Mice were used irrdéldeation experiment and for knock-out
models. Six-week-old male Wistar rats (150-160@gyjated by Janvier Breeding (Le-Genest-
Saint-Isle, France) were used to characterize thecla hypertrophy induced by FS and the
muscle atrophy caused by activin (Act) A. To asghssrole of satellite cells, we used 15-
week-old adult male FVB mice provided by Janvieeddting. Finally, to evaluate the role of
Mstn and Act inhibition in the FS-induced musclepéstrophy, we used 8-week-old male
FVB wild type mice (WT mice) and Mstn knock-out mi@KO Mstn) harboring a constitutive
deletion of the third Mstn exon (10). All animaler housed individually under controlled
conditions of lighting (12-h light, 12-h dark cylend temperature (22 2°C). The animals
were allowed free access to chow and water. Thaystias conducted in accordance with the

directives of the institutional animal care and Geenmittee of the University of Louvain.

Expression plasmids and DNA preparation

pM1-hFS288, pM1-FSI-1 and pM1-ActA-cMyc plasmids r@econstructedby inserting the
hFS288 cDNA, the FSI-I cDNA and the ActA cDNA resfively into the pM1 Expression
Vector (Roche Molecular Biochemicals, Indianapolis). hFS288 codes for the human FS
containing 288 amino acids and FSI-I codes for al&®/ed Mstn inhibitorwhich does not
affect Act signaling (28). In the pM1-ActA-cMyc @aid, the mouse ActA cDNA is
followed by the tag cMyc. Empty pM1 was used asoatol plasmid. Plasmids were
amplified inEscherichia coli top 10 F’ (Invitrogen CorpCarlsbad, CA) and purified with an
EndoFree Plasmid Giga KRIAGEN, Inc., Valencia, CA). Plasmids were stocled-80°C.
The day before injection, plasmids were lyophiliaed resuspended in 0.9% NaCl solution.

DNA el ectrotransfer

Each animal was anesthetize@ith a mixture of 75 mg/kg ketamine (Ketalar; Pfiz®slo,
Norway) and 15 mg/kg xylazine hydrochloride (Rompuayer, Fernwald, Germany)
administered by IP injection. For rats, the plasmadution(1 pg/pl) was injected into 10
different sitegtotal volume per muscle = 100 pl) in each tibialerior (TA) muscle anithe
muscles were then electroporated using the elemtatipn conditiongreviously described

(33). For mice, 30 pl of plasmid solution (1 pg/wBre injected in each TA muscle using a
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Hamilton syringe with a 30-gauge needled the muscles were then electroporated using the
electroporation conditions described by Blogetedl (eight pulses of 200V/cm and 20 ms per
pulse at 2 Hz (3)).

Gamma irradiation conditions

Local gamma irradiation was achieved with a 250-X\ay irradiator (RT 250, Philips
Medical System, 0.92 Gy/min) using a 3 cm-diameiecular irradiation field. Mice were
anesthetized by an intraperitoneal injection ofigtne of ketamine and xylazine, and placed
within a lead shield. The left hindlimb was pullégalough a hole in the shield so that only the
lower limb containing the TA was exposed to theax:rThe limb was then subjected to a
total gamma irradiation dose of 25 Gy. This dose haen previously shown to prevent

satellite cell division (20).

Experimental design

- Characterization of the FS-induced muscle hypertrophy

After one week of adaptation to environment andt, dieale Wistar rats (n=7) were
electroporated. One TA muscle was injected with piMEL-hFS288 plasmid (left) and the
contralateral TA muscle with the pM1 plasmid (righfThe rats were sacrificed by
decapitation 17 days after electroporation. Forchgonical analyses, TA muscles were
removed, weighed, deep frozen in liquid nitroged atored at -80°C until further analyses.
For histological analysis, TA muscles were disscteeighted and a transverse slice of 0.5
cm thickness was made in the middle belly of thesctes The transverse slice was further
fixed with buffered formol for 48 h and embeddegaraffin.

- Role of satellite cells in the FS-induced muscle hypertrophy

The left legs of adult male FVB mice were firstmlrated to block replication of satellite cells
and electroporated 5 days later with pM1 or pM1-28& Mice were randomly allocated to
one of the four treatment groups: Control (n=7), (RS5), Irradiated (n=7), Irradiated+FS
(n=7). The left TA were subjected to one of thddwing treatments: (1) electroporated with
pM1 (control or Ctrl), (2) electroporated with pMiES288 (FS), (3) irradiated with 25 Gy
(Irr) and electroporated with pM1, and (4) irradtwith 25 Gy and electroporated with
pM1-hFS288 (Irr+FS). The right TA of all animals medransfected with the plasmid control

pM1. All mice were sacrificed by decapitation 1¥slafter electroporation. TA muscles were
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dissected and a transverse slice of 0.5 cm thiskmes fixed with buffered formdbr 48 h

and embedded in paraffin for morphological analysis

- Assessment of the muscle hypertrophic effect of FSin Mstn KO mice

The TA muscles of KO Mstn (n=7) as well as WT mioe7) were transfected with the
plasmid pM1-FS288 (left leg) and the control plasmpM1 (right leg). The mice were
sacrificed by decapitation 17 days after electrapon. TA muscles were dissected and a
transverse slice of 0.5 cm thickness was fixed Wwiifiered formofor 48 h and embedded in
paraffin for morphological analysis. The remainengs of the muscles were frozen in liquid

nitrogen for biochemical analyses.

- Role of Act inhibition in the FS-induced muscle hypertrophy

In a first experiment, the left TA muscles of WTamiwas transfected with the plasmid pM1-
FS288 (n=7) or with pM1-FSI-I (n=8) and the righh Tuscles received the control plasmid
pM1. In a second experiment, the TA muscles of K&irMn=9) as well as WT (n=15) mice
were transfected with the plasmid pM1-FSI-1 (lefg) and the control plasmid pM1 (right
leg). Seventeen days after electroporation, thee mvere sacrificed by decapitation. TA
muscles were dissected and divided in two partsnimmphological and biochemical analyses,
as described above.

- Assessment of the muscle atrophic effect of ActA

One TA muscle of male Wistar rats was injected wlida pM1-ActA-cMyc plasmid and the

contralateral TA muscle with the pM1 plasmid. Thesr(n=8) were sacrificed by decapitation
17 days after electroporation and the TA musclesewemoved for biochemical and

histological analyses as described above.

Muscle protein and DNA concentration measurements

Briefly, 100 mg of TA muscle, previously pestledliguid nitrogen, were homogenized with
Ultraturrax (IKA-Labortechnik, Staufen, Germany) inml ice-cold lysis buffer (50 mM

Tris/HCI [pH 7.5], 1 mM EDTA, 1 mM EGTA, 0.5% NP4Q, mM phenylmethylsulfonyl-

fluoride, 10 pg/mL aprotinin, 10 pg/ml leupeptinQ InM B-glycero-phosphate, 1 mM
KH,PO,, 1 mM vanadate, 50 mM NaF, 10 mM NaPPi). The hagnates were centrifuged
for 10 min at 10 000 rpm (Sorvall SS-34 rotor) &gt myofibrillar proteins. Myofibrillar

proteins, resuspended in 8 M urea/50 mM Tris/HEL, 15, were stored at —80°C as well as
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the supernatant containing the soluble proteinsofiyillar and soluble muscle protein
concentrations were determined using Bradford'sgmocassay (Bio-Rad, Munich, Germany).
The DNA concentration was measured in the myofdiriland soluble fractions using
fluorometry (Jobin Yvon Spectrofluby'3D).

mMRNA analysis by real time quantitative (RTQ)-PCR

Total RNA was isolated from the TA muscles usinglZiiR reagent as described by the
manufacturer. Recovery was 1 pg/mg of TA musclevelRee transcription and RTQ-PCR
were done as previously described @jcession number for the sequences and primers used
were; Mstn: AY204900 (GGCTTGACTGCGATGAG -
ATATAGCATATTAATGGGAGACAT), FS: NM008046
(GGCAGATCCATTGGATTAGCC - TGCCAACCTTGAAATCCCAT), MHG@Geonatal:
XM001080186 (CAGAGGAGGCTGAGGAACAATC - GCCTTTCCTTCATCACTTG),
MHClIb: X72590.1 (TAGCTCAATTCCTTCTGTTGAAAGGT -
ATTATCTGCAGCTTTTATTTCCTTGAT), PCNA: NM022381
(CACCATGTTTGAGGCACGC - GGACATGCTGGTGAGGTTCA), IGR:I NM031511
(GTCGATGTTGGTGCTTCTCATCT - CGGTCCGAACAGACAAACTGAAFS288 and
FSI-I: NM008046 (GGCTCCGTAAGCGAAGA - CCGTTGAAAATCATCACTTGAA),
ActA  (Inhibin  beta A): NM017128.1 (GAGGACGACATTGGGBGAG -
TGCAGTGTCTTCCTGGCTGT) , and glyceraldehyde-3-ph@ph dehydrogenase
(GAPDH): AF106860 (TGCACCACCAACTGCTTA - GGATGCAGGGASATGTTC)

used as reporter gene.

Histological analysis of muscle

For the evaluation of the hypertrophic effect oBR2B8 and FSI-kerialsections (5 pm thick)
were cut and mounted on glaskdes (Superfrost Plus; Menzel-Glaser, Braunschwei
Germany). For immunohistochemistsgctions were deparaffinized and blocked in PBS-BSA
(5%) containing normal horse serum (4f#) 30 min at RT. The sections were incubated
overnight with a goat polyclonal anti-H®&D Systems, 1:20). Primary antibodies were
detected byapplying for 30 min at RT a biotinylated seconditzody which was a horse
antigoatconjugated to peroxidase-labeled polymer (Vettboratories, Burlingame, CA),
followed by applying for 30 miat RT an avidin/biotinylated peroxidase complexddstain
ABC kit Peroxidase Standard; Vector Laboratori€groxidaseactivity was revealed with
DAB substrate (CHEMICON Internationdhc., Temecula, CA), which produces a brown
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stain. The sectionwere counterstained with Mayer’'s hematoxylin, rohsend mounted in
Faramount (Dako). Fiber cross-sectional arfg@SAs) were measured with a microscope
(Leitz; Leica Microsystem&mbH, Wetzlar, Germany) coupled to an image analggstem
(MOP-Videoplan; Kontron AG, Eching, Germany). Toalate muscléber CSAs, all the
positive muscle fibers in the TA transfected with §ene were counted (pM1-FS288 or pM1-
FSI-I). Two hundred negative fibers, randomly clmosad counted in contralateral TA
transfected with insert-less plasmid (pM1), wewasidered as controls.

To detect the fibers transfected with the pM1-Actdyc plasmid, sections were
deparaffinized and pretreated in a microwave owepraviously described (34). The primary
antibody used was a rabbit monoclonal anti-cly800) (Bethyl, Laboratories) incubated for
1 hour.

To evaluate cell proliferatiorthe deparaffinized and pretreated sections werabgted
overnight with a mouse monoclonal anti-Brd1:100) (Dako Cytomation, Glostrup,

Denmark). The positive nuclei were counted in ti®l section of the muscle.

Satistical analysis

Results are presented as mearssandard error of the mean (SEM). Statistical ysed were
performed using a one-way ANOVA followed by a Newnt&euls multiple comparison test
to compare muscles from different animals undergaiifferent experimental conditions, or a
pairedt-Test to compare muscles undergoing different ewpertal conditions within the
same animal. Interaction between the irradiatioth thie overexpression of FS was assessed
by using two-way ANOVA followed by a Bonferroni gebest (GraphPad Prism version 4.00
for Windows, GraphPad Software, San Diego CA, USA).
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Results

Postnatal FS overexpression induces muscle hypertrophy

Our results show that FS288 overexpression in TAale of rat increased FS mRNA by 22-
fold (data not shown) and caused muscle hypertraplayacterized by increased muscle mass
(+24%, 711.0t 14.0 vs 575.% 10.6 mg; P<0.001) (Fig 1A), fiber CSA (+42%, 189300

vs 1337+ 45 pnf; P<0.001) (Fig 1B) and muscle protein content $62225.0+ 4.2 vs 101.2

+ 2.8 mg/muscle; P<0.01) (Fig 1C) 17 days after tedporation. This observation
demonstrates that FS288 causes rapid and markedlembgpertrophy not only when
overexpressed early in life (transgenic animals) dtso in postnatal life.

As shown in figure 1D, the muscle hypertrophy eauly FS was associated with an increase
in DNA content (+28%; 42.@ 1.5 vs 32.8+ 1.0 pg/muscle; P<0.001). The hypertrophic
muscle contained increased levels of PCNA mRNA #29<0.05) (Fig 1E), a marker of
cell proliferation, and IGF-1l (+54%; P<0.05), atpot inducer of myogenesis. Furthermore,
FS overexpression increased mRNA levels of neomayalsin heavy chain (MHC) mRNA
(+578%, P<0.001) (Fig 1F), a marker of muscle défgiation, and MHCIIb (+31%; P<0.05),

the main MHC isoform in TA muscle.
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Figure 1
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Fig. 1. Overexpression of FS in TA muscle induces musi)eaqd fiber (B) hypertrophy in
rat. It also increases the protein (C) and DNA eot# (D), and stimulates the expression of
PCNA and IGF-II (E), and MHC (neonatal and 1lb).(B)I these parameters were measured
17 days after transfection of pM1 (white column)pdil-FS288 (black column).The results
are expressed as meaiSEM. *, p<0.05, **, p<0.01 and ***, p<0.001.
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FS-induced muscle hypertrophy is partially mediated by satellite cells proliferation

In order to test whether satellite cells are esakimt mediating the hypertrophic effects of FS,
we used gamma irradiation to destroy the prolifeeatapacity of satellite cells in muscle.
For technical reasons and to avoid an influenceaoial growth on muscle mass, we used
adult mice for this experiment. While the muscleghie was increased by 37% after 17 days
of FS overexpression in control animals (61.2.2 vs 44.9 1.1 mg; P<0.001), the increase
was only 20% when muscles had been previouslyiated (55.1+ 3.3 vs 46.0t 2.3 mg;
P<0.05) (Fig 2A). Similarly, the increase in CSAF®-transfected fibers reached 111% in
control mice (3856t 156 vs 1852+ 85 unf; P<0.001) but only 65% in irradiated muscles
(3018 + 206 vs 1843+ 63 unt; P<0.001) (Fig 2B). The destruction of the satelicell
proliferative capacity was confirmed by Brdu immbrstochemistry. In our conditions,
gamma irradiation indeed decreased the number sifiy® BrdU cells by 90% in irradiated
TA compared to the contralateral muscle (9 vs 90rigroup and 6 vs 93 in Irr-FS group,
both P<0.001). These results therefore show thisllisa cells play a critical role in FS-

induced muscle hypertrophy.
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Fig.2. Gamma irradiation partially blunts the FS-inducedisple (A) and fiber (B)
hypertrophy in mice. TA mass and the fiber CSA waesasured 17 days after transfection of
pM1 (white columns) or pM1-FS288 (black and lineduenns) and the data are normalized
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ActA inhibition isinvolved in FS-induced muscle hypertrophy

Since FS is known to bind and inhibit Mstn in skallenuscle, we evaluated the role of Mstn
inhibition in the FS hypertrophic effect. Surprigin, the muscle hypertrophy obtained by FS
overexpression, as assessed by the muscle wesglhed the same magnitude in WT (+41%,
62.0£ 1.4 vs 44.0t 0.9 mg; P<0.001) and KO Mstn mice (+50%, 98.8.1 vs 65.5t 2.1
mg; P<0.001) (Fig 3A). This result was confirmedthg measurement of the fiber CSA in
the two groups (+114%, 3222218 vs 150% 104 unf; P<0.01 in WT mice and +87%, 1452
+ 95 vs 271 76 pnf; P<0.001 in KO Mstn) (Fig 3B).
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Fig. 3. Overexpression of FS induces comparable muscleaf®) fiber (B) hypertrophy in
wild type and KO Mstn mice. TA mass and fiber CSArer measured 17 days after
transfection of pM1 (white column) or pM1-FS288adi# column). The results are expressed
as meart SEM. **, p<0.01 and ***, p<0.001.

This observation therefore suggests that the F&tetfin skeletal muscle is not only due to

Mstn inhibition, and that another FS ligand conités to the FS-induced hypertrophy. We

hypothesized that Act could be this FS ligand, bsedt can be bound by FS and it has been
shown to inhibit muscle developmentvitro (21).
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To assess the role of Act inhibition in the FS-iceldl hypertrophy, we electroporated a FS
mutant, FSI-I (28), in wild type mice. Due to thel@tion of domain Il involved in Act
binding, this mutant does not bind Act with higffiraty but retains the ability to bind Mstn.
Despite a similar overexpression level (132 fold F&I-I and 87 fold for FS288), FS288
electroporation in WT animals caused a 32% weigidaie increase (6593.2 vs 49.8& 1.1
mg; P< 0.01), while FSI-I electroporation causetly @ 14% weight increase after 17 days
(55.3+ 1.7 vs 48.6: 1.4 mg; P<0.05) (Fig 4A). Similarly the 91% mustileer hypertrophy
induced by FS288 overexpression (361271 vs 1883 97 unf; P<0.01) was reduced to
44% in muscle overexpressing FSI-1 (2656344 vs 1839 56 pnf; P<0.05) (Fig 4B).
Considering the similar affinities of FS288 and #3br Mstn, the smaller effect of FSI-I
compared to FS288 (p<0.01) suggests that the hgpéit effect of FS288 is not only due to
Mstn inhibition.
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Fig. 4. Overexpression of FSI-I induces a smaller mus&)eafd fiber (B) hypertrophy than
FS288 in WT mice. TA mass and fiber CSA were mesbsdi7 days after transfection of pM1
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When electroporated in KO Mstn mice, FSI-I overegsion failed to induce a muscle
hypertrophy (+3%, 69.% 3.7 vs 67.0t 3.1 pnf; NS) (Fig 5A), in contrast to FS288 which
caused a 50% increase in muscle mass in the samalanodel (98.5% 4.1 vs 65.5 2.1 mg;
P<0.001) (Fig 3A). Like for the muscle weight, nffeet on fiber size could be detected
following the FSI-I overexpression (+6%, 16%567 vs 1555+ 65 punf; NS) (Fig 5B), in
contrast to the results obtained with the FS28F 81452+ 95 vs 271G 76 pnf; P<0.001
with FS288) (Fig 3B). These data suggest that mioste hypertrophic effect of FS288 in KO
Mstn results from Act inhibition. Therefore, Act yneepresent a new player in the regulation

of the muscle mass.
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Fig. 5. Overexpression of FSI-I fails to cause muscle Aj)l fiber (B) hypertrophy in KO

Mstn mice. No increase in muscle mass and in fiB&A were observed in muscle
overexpressing FSI-1 in KO Mstn mice compared to Wi€e. TA mass and fiber CSA were
measured 17 days after the transfection of pM1temdolumn) or pM1-FSI-I (black column).
The results are expressed as me&EM. ***, p<0.001.

92



ActA overexpression induces muscle atrophy

To investigate the potential atrophic effect of Acoh skeletal musclen vivo, we
overexpressed ActA in TA muscles of rats. Our msswBhow that 17 days after
electroporation, the pM1-ActA-cMyc transfection ieased ActA mRNA 30-fold (data not
shown) and caused a 15% muscle atrophy (53916.3 vs 608.6: 18 mg; P<0.001) (Fig
6A). In agreement with muscle weight loss, the C8&s also reduced by 46% in fiber
overexpressing ActA (2738 182 vs 1473t 60 punf; P<0.001) (Fig 6B) and the protein
content was significantly reduced following ActPamsfection (80.7 + 2.6 vs 92.1 + 3.7
mg/muscle; P<0.01)(data not shown). These resatifirm the fact that like Mstn, ActA is a

negative regulator of muscle maswivo.
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Fig. 6. Overexpression of ActA induces muscle (A) andrfii@) atrophy in rat. TA mass and
fiber CSA were measured 17 days after transfeatiopM1 (white column) or pM1-ActA-
cMyc (black column). The results are expressedeanst SEM. ***, p<0.001.
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Discussion

Our study shows that FS overexpression inducdstskenuscle hypertrophy via satellite cell
activation and probably increased protein synthésisthermore, our results indicate that FS-
induced hypertrophy results not only from Mstn kalso from Act inhibition. These
observations therefore suggest that, besides Mstnis a crucial player in the regulation of
muscle mass.

FS-induced hypertrophy was characterized by isa@diber diameter together with DNA
and protein accretion. Muscle DNA content reflette number of myonuclei, including
satellite cell nuclei. Therefore, increased DNAteon, as we observed, reflects an increase in
the number of myonuclei which is dependent on &tetell replication. This is entirely
consistent with the observation of an increased R@kpression after FS overexpression. In
addition, the differentiation of the satellite seihto new muscle fibers was attested by
increased neonatal MHC expression, a marker of eyegjs. On the other hand, increased
muscle protein content probably reflects acceldrgbeotein synthesis, in particular of
myofibrillar proteins, such as MHCIIb as suggesbsdincreased MHCIIb mRNA. Indeed,
infusion of FS has been reported to increase mysolein synthesis in neonatal rats (41). All
these changes that we observed strongly suggest-$handuces muscle hypertrophy by
inhibiting Mstn. Indeed, Mstn has been reportedhtobit satellite cell proliferation (38; 43)
and differentiation (17) as well as protein synib€g42; 47; 48), in particular MHCIIb (12).
Furthermore, Mstn is abundantly expressed in TAaleys muscle mainly composed of Ilb
myofibers which strongly express Mstn (5; 32). Thessults are in accordance with previous
studies which showed that FS overexpression, elifidransgenesis or AAV-mediated gene
delivery, causes a dramatic increase in muscle i14ssl9). In these studies, however, only
the long term effect of FS overexpression was ctemed, in contrast to our study reporting a
marked muscle hypertrophy occurring as early a5 aft days.

The implication of satellite cells in the FS-inédcmuscle hypertrophy, suggested by the
increased DNA and PCNA mRNA contents, was dire@bsessed by destroying their
proliferative capacity using gamma irradiation. Bgmbining gamma irradiation with FS
gene transfer, we were able to tease apart theaniscths by which muscle hypertrophy is
induced by FS. Our results indicate that sateltitdls contribute to the FS-induced
hypertrophy, but that FS is still able to stimulatascle growth even when their proliferative
capacity has been previously destroyed. This olsierv suggests that FS causes muscle

hypertrophy by stimulating muscle protein syntheailypothesis recently demonstrated (41).
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We are confident that irradiation achieved blockadesatellite cell activation, as DNA
synthesis assessed by Brdu staining was dramgtiemllced in irradiated muscle. Since the
action of Mstn on muscle development relies heamrlyits ability to down-regulate satellite
cells activity (22; 38), our interpretation is tHa® causes muscle hypertrophy by inhibiting
Mstn. Interestingly, muscle hypertrophy inducedI@¥-I, an anabolic growth factor, is also
mediated by a combination of satellite cell prolfiion and increased protein synthesis (2).
This work is therefore the first to demonstrate ¢batribution of satellite cells in FS-induced
muscle hypertrophy.

The observation that FS overexpression can caulsgtastial muscle hypertrophy in mice
lacking Mstn indicates that FS must exert its dff@ec muscle growth by targeting ligands
other than Mstn. This conclusion is also suppobiethe quadrupling muscle mass phenotype
observed in Mstn KO mice carrying a FS transger®, (vhich represents yet another
doubling of muscle mass compared to mice lackinly dstn. Our present findings argue
therefore that FS overexpression, even in the ptatperiod, could increase muscle growth
in the absence of Mstn. The candidate ligands coudtide Act and GDF-11, the latter
sharing 90% homology in amino acid sequence wittn\24; 25; 27). Indeed, both are high
affinity FS ligands (35; 36; 44) and bind Act typB receptor (ActRIIB)(6; 29; 39), the cell
surface receptor which is thought to mediate th®aof Mstn on muscle cells. Furthermore,
GDF-11 and ActA are able to inhibit myogenesis @it chick limb (9; 13) or in &5,
myoblasts (21; 39). Thus, we hypothesize that GDFed ActA, together with Mstn, may
inhibit muscle growth. To test this hypothesis, awerexpressed FSI-I, a FS mutant which
does not affect Act activity. This mutant, charaeted by the deletion of FS Il domain, which
is important for binding to Act, has been reportedetain the ability to bind and inhibit Mstn
in vitro and to stimulate muscle growth vivo (28). When FS and FSI-I activities were
compared, our data show that FSI-I-induced hypginyovas less marked than that induced
by native FS, consistent with the smaller increasemuscle mass observed in FSI-I
Transgenic mice (28) compared to FS Transgenic {18 This difference in the extent of
hypertrophy points to a key role of Act inhibitiom the FS effect. On the other hand, since
FSI-I, which does not bind Act with high affinitig still able to cause hypertrophy, our data
also support the role of Mstn or GDF-11 inhibitionthe FSI-I-induced hypertrophy. Indeed,
mutants for Mstn over Act, such as FSI-I, are sanhyl selective for Mstn and GDF-11.
However, the fact that FSI-I overexpression in ME@ mice lost its ability to stimulate
muscle growth suggests that GDF-11 does not playagr role. In accordance with our

results, recent data show that deletion of GDF{idc#ically in skeletal muscle does not
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affect muscle size, fiber number, or fiber type)(28ken together, our observations suggest
that inhibition of Act may contribute to the musblgoertrophy caused by FS.

To directly assess the action of Act on postndteletal muscle, we investigated the effect of
ActA overexpression on muscle mass. Our resultdhadirst to demonstrate that increased
muscle ActA expression causes muscle atrophy. Aghahe mechanisms involved are not
yet described, it is likely that this atrophy resdl from activation of the ActliRB and
ActlIRA, as described for Mstn. Recent data rembtteat Mstn causes muscle atrophy by
down regulating the AKT/mTOR pathway, leading tariied protein synthesis (1). Because
ActA is expressed in skeletal muscle, the posgybilinerefore exists that ActA controls
muscle growth in an autocrine/paracrine mannemthiuwork will certainly be necessary to
delineate the respective roles of Mstn and ActAthe regulation of muscle mass and
development. Nevertheless, the study presented tiemeonstrates that the capacity of
promoting muscle growth by targeting this pathwaggbeyond the targeting of Mstn alone.
In our work, we demonstrated the hypertrophic eftéd=S288. However, two isoforms of FS
are generated by alternative splicing: FS288 ariLbSThe structural difference between the
two forms is the absence of a carboxy-terminal @ifha acid sequence in the FS288. The
FS288 isoform, lacking the C-terminus, shows higbuie binding affinity through heparin
sulfate proteoglycans via a highly basic regiorated in FS | domain (14; 15). However, this
basic region is structurally hidden in the FS315thg C-terminal region, precluding the
binding of this FS long isoform to extracellular tnba As the short form is trapped by the
extracellular matrix of the cell transfected (orighbouring the transfected cells), it is
therefore less diluted in the circulation. Thus,dar experiments, the FS288 isoform seemed
more suitable to inhibit local Mstn. Although FS288s been reported to block Act activity
more effectively than FS315 (40), the two isoforseem however equally effective in
inhibiting Mstn bioactivity in vitro (36). Up to o, the hypertrophic action of these two FS
isoforms has not yet been compared side-by-sidevemieeless, when delivered by
intramuscular injection of AAV virus, FS315 incredsthe muscle mass and led to functional
improvement in dystrophic mice (11). Thus, combgnour findings together with the existing
data in the literature, we may conclude that musslerexpression of both FS isoforms
enhances muscle mass.

Several observations support the physiological wild=S in the control of muscle mass.
Indeed, recent observations suggest that FS may glaessential role in mediating the
myogenic effect of androgens (37), a family of v@ogtent anabolic agents. Furthermore,

although the role of FS in determining skeletal snas humans has not yet been directly
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explored, recent evidence shows associations betWwaplotype structures of the FS gene
with skeletal muscle mass and strength phenotyf@s Furthermore, FS may be a target for
the pharmacologic treatment of muscle atrophy. dddethe beneficial effect of the
administration of histone deacetylase inhibitor§) (@r nitric oxide (30) in counteracting the
progression of muscular dystrophy in the mdx magdks in part on the transcriptional
activation of FS. Therefore, in addition to FSIitsES inducers may represent a new avenue
for the treatment of these debilating condition.tégether, these studies pinpoint the role of
FS as a physiological regulator of muscle mass as@ molecular target for future drug
development.

In conclusion, we showed that satellite cells feodition significantly contributes to the FS-
induced muscle growth. In addition, we showed tin&t hypertrophic effect results from
inhibition of both Mstn and Act, implicating Act asnovel potent regulator of muscle growth.
The striking ability of FS to enhance muscle growdhrrants therefore its consideration as

physiological regulator of muscle mass and as &outdr target for future drug development.
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