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Abstracts
TGF- signaling: mechanisms of regulation 
Kohei Miyazono, 
Department of Molecular Pathology, Graduate School of Medicine, University of Tokyo, Hongo 7-3-1, Bunkyo-ku, Tokyo 113-0033

Members of transforming growth factor- (TGF-) superfamily bind to type I and type II serine/threonine kinase receptors and transduce signals through Smad proteins. Phosphorylated R-Smads interact with Co-Smad and translocate into the nucleus, where they regulate transcription of target genes. Smad6 and Smad7 are inhibitory Smads (I-Smads) which act as negative feedback regulators of Smad signaling. 
Smads interact with transcriptional co-activators, including p300 and CBP, which have intrinsic acetyl transferase activities and induce acetylation of histones and certain other proteins. Smads also bind to transcriptional co-repressors, including Ski and SnoN, and recruit histone deacetylases, resulting in deacetylation of histones and repression of transcription. Thus, Smad-mediated transcription is induced by the transcriptional co-activators, and its magnitude is fine-tuned by co-repressors.

I-Smads interact with various proteins, which participate in regulation of TGF- superfamily signaling. Arkadia is a RING-type E3 ubiquitin ligase, which targets Smad7 for degradation, and enhances TGF- superfamily signaling. In contrast, HECT-type ubiquitin ligases Smurfs associate with Smad7, and induce their interaction with type I receptors, leading to ubiquitin-dependent degradation of receptors as well as that of Smad7. Arkadia thus amplifies TGF- superfamily signaling, whereas Smurfs repress the signals.
Since TGF- signaling is involved in progression of various diseases, TGF- signaling inhibitors, including anti-sense oligonucleotides, monoclonal antibodies, and small molecule receptor kinase inhibitors, have recently been developed, and some of them are used in clinical trials. Small molecule inhibitors effectively block type I receptor kinases of TGF-, myostatin, acitvin, and nodal (ALK-5/4/7), which are structurally similar to each other, whereas monoclonal antibodies specifically block signaling induced by certain ligands. Strategies for the use of these TGF- inhibitors in treatment of various diseases will be discussed. 
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Regulation of skeletal muscle mass by myostatin: from gene discovery to potential clinical therapy

Alexandra C. McPherron1, Kathryn Wagner2, Teresa Zimmers3, Neil Wolfman4, & Se-Jin Lee2

1 Diabetes Branch, NIDDK, NIH, 9000 Rockville Pike, Bethesda, MD 20892 USA

2 Department of Neurology, Johns Hopkins University School of Medicine

3 Department of Surgery, University of Miami Miller School of Medicine

4 Wyeth Research Division, Wyeth Pharmacueticals

5 Department of Molecular Biology & Genetics, Johns Hopkins University School of Medicine

Myostatin is a member of the transforming growth factor- superfamily of secreted growth and differentiation factors that is expressed predominantly in skeletal muscle.  Deletion of myostatin causes a dramatic and widespread increase in skeletal muscle mass due to an increase in both number and size of muscle fibers, particularly the fast glycolytic (type IIB) fibers.  Conversely, an increase in myostatin expression causes a loss of muscle mass.  Indeed, overexpression of myostatin in serum of mice at levels greatly exceeding normal physiological concentrations results in a severe wasting syndrome that resembles cachexia.  Taken together, these results demonstrate that myostatin is a negative regulator of skeletal muscle size.  Myostatin inhibition, therefore, has tremendous potential for increasing muscle mass clinically to treat patients with muscle wasting diseases.  Supporting evidence for this possibility comes from crosses between mdx mice, which carry a mutation in the murine dystrophin gene, and myostatin mutant mice.  The double mutants still undergo degeneration and regeneration cycles similar to mdx mice with normal myostatin but are stronger and have larger muscles.  Muscles in the double mutants also have less fat and fibrosis than muscles in mdx mice.  This work demonstrates that although mysotatin inhibition does not correct the primary defect caused by the dystrophin mutation, it still lessens the severity of the disease phenotype.  As a therapeutic treatment, however, the myostatin protein will have to be targeted.  It has been shown by several groups that myostatin inhibition in adult animals can increase muscle mass demonstrating that the muscular phenotype in myostatin null mice is not entirely due to loss of myostatin signaling during development.  Recent research into the myostatin signaling pathway suggests that myostatin protein activity may be regulated normally by an inhibitory protein complex that can be activated by proteinases.  This work suggests several possible targets to achieve myostatin inhibition in adults which could potentially be used as clinical therapies. 
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Regulation of myostatin gene expression by RNA interference
Sumihare Noji, Nao Kinouchi*, Akihiro Yasue*, Hideyo Ohuchi, Keiji Moriyama*

Department of Biological Science and Technology, Faculty of Engineering, University of Tokushima, 2-1 Miami-Jyosanjima-cho, Tokushima, 770-8506, Japan.  
E-mail: noji@bio.tokushima-u.ac.jp
*Department of Orthodontics and Dentofacial Orthopedics, Institute of Health Biosciences, University of Tokushima Graduate School, 3-18-15 Kuramoto-cho, Tokushima 770-8503, Japan. 
Myostatin is a member of the transforming growth factor-beta (TGF-beta) family that functions as a negative regulator of skeletal muscle development and growth. Previously, we have reported that the transgenic mice expressing myostatin prodomain exhibited dramatic increases in the skeletal muscle mass resulting from hyperplasia without hypertrophy (1). With the mice expressing the mutant myostatin, Ohsawa et al. generated double-mutant mice with mice expressing the mutant caveolin-3 to investigate effects of myostatin blockade on muscle atrophy caused by caveolin-3 deficiency. Their results will be presented by Sunada et al. in this meeting.

  Recently, we also have investigated the other way to inhibit functions of myostatin, i.e., RNA interference (RNAi) for myostatin. We have investigated the ability of double-stranded RNA (dsRNA) to inhibit myostatin function in the mouse. We first used a new vector, named pDECAP, to express long double-strand RNA (dsRNA) from an RNA polymerase II (Pol II) promoter (2). Since the transcripts from pDECAP lack both the 5'-cap structure and the 3'-poly(A) tail that facilitate dsRNA export to the cytoplasm, it was reported that long dsRNA from pDECAP does not induce the interferon response (2). Although they reported a successful case for the Ski gene, our transgenic mice expressing long dsRNA for myostatin from this vector exhibited no phenotypes so far. In order to examine whether pDECAP is useful for other genes, we made transgenic mice with pDECAP-Fgf10. So far, we have not observed any phenotypes. We now gave up using pDECAP for RNAi. Recently, Artaza et al. (3) reported that siRNA (GDF8 siRNA26, 5’- AAGATGACGATTATCACGCTA-3’, position 428-446) inhibits greater than 95% of myostatin gene expression. Based on a Blast search, this sequence has homology not only to mouse but also to human, rat, rabbit, cow, macaque, and baboon. With this sequence, we now construct a new vector containing the U6 promoter and a short hairpin DNA sequence to make transgenic mice. 

Nishi M, et al. A missense mutant myostatin causes hyperplasia without hypertrophy in the mouse muscle. Biochem Biophys Res Commun. 2002; 293(1):247-51.  (2) Shinagawa T, Ishii S. Generation of Ski-knockdown mice by expressing a long double-strand RNA from an RNA polymerase II promoter. Genes Dev. 2003 Jun 1;17(11):1340-5.  (3) Artaza JN. et al., Myostatin inhibits myogenesis and promotes adipogenesis in C3H 10T(1/2) mesenchymal multipotent cells. Endocrinology. 2005; 146(8):3547-57. 
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Approaches to Myostatin Inhibition

Anthony J. Celeste

Department of Cardiovascular and Metabolic Diseases, Wyeth Research, 200 CambridgePark Drive, Cambridge, MA 01450, USA

Myostatin, or Growth and Differentiation Factor-8 (GDF-8), was first identified through sequence homology to members of the BMP/TGF- superfamily.  The hypermuscular phenotype observed upon inactivation of the myostatin gene in multiple species, including mice, cattle, and most recently a human subject, have confirmed the role of myostatin as a negative regulator of skeletal muscle development.  Myostatin also plays an active role in muscle homeostasis in the adult animal by limiting muscle fiber growth. On this basis, myostatin inhibition could prove to be a useful therapeutic approach in the treatment of muscle wasting diseases such as muscular dystrophy.

An understanding of the myostatin signaling pathway has allowed us to generate tools to test he concept that pharmacological inhibition of myostatin would lead to an increase in muscle mass and strength in a post-natal setting. This effect was first demonstrated when systemic administration of a myostatin neutralizing antibody, in both wild type and mdx mice (a model of Duchenne muscular dystrophy), resulted in an increase in skeletal muscle mass and strength.  We are currently evaluating a human anti-myostatin monoclonal antibody, MYO-029, in clinical trials in both healthy volunteers and patients with muscular dystrophy.  

Additional approaches to myostatin inhibition have been shown to have beneficial effects in vivo.  Blockade of myostatin activity, with a stabilized form of the myostatin propeptide in mdx mice, resulted in increases in skeletal muscle mass, enhanced muscle function, and histological improvement of the dystrophic muscle.  Interestingly, treatment of wild type mice with a soluble form of the myostatin receptor, ActRIIB, resulted in muscle mass increases greater than those observed with neutralizing antibodies or the myostatin propeptide.  Taken together, these findings indicate that other modes of myostatin inhibition could lead to effective therapeutics to treat muscle wasting diseases and that other TGF- family ligands, in addition to myostatin, could be involved in the regulation of muscle homeostasis in the adult animal.  Mechanisms involving extracellular sequestration of myostatin, prevention of ligand binding to the myostatin receptor, formation of a myostatin latent complex, inhibition of myostatin activating proteins, and small molecule inhibitors of the myostatin signaling pathway will be discussed.
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Regulation of myostatin activity by follistatin and related molecules
Kunihiro Tsuchida, M.D., Ph. D.

Division for Therapy against Intractable Diseases, 

Institute for Comprehensive Medical Science (ICMS), 

Fujita Health University, Toyoake, Aichi 470-1192, Japan

   Muscular dystrophies are intractable diseases affecting skeletal muscles. Myostatin potently inhibits growth of stem cells of skeletal muscle lineages, whereas insulin-like growth factor promotes myoblast growth. Inhibition of myostatin activity is one of promising novel therapeutical strategies toward muscular dystrophy and other intractable diseases affecting skeletal muscles (Patel & Amthor. Neuromuscul Disord 15 :117-26 (2005); K. Tsuchida. Current Drug Target 4 :157-66 (2004)). 

   Myostatin is the member of the TGF-b superfamily and structurally related to activins. Follistatin (FS) and follistatin-related gene (FLRG) are well known to inhibit activins. Activins have been better characterized as endocrine hormones controlling growth and differentiation of various organs. FS and FLRG associate not only with activin but also with myostatin (Kd=~1.6 x 10-8), and potently inhibit myostatin activities. Thus, FS/FLRG could be therapeutical tools for development of myostatin inhibitors. We have studied various FS derived proteins, and identified several candidates that inhibit myostatin, but do not affect activin activity. We have made transgenic mice expressing some of FS mutants and FLRG under skeletal-muscle specific promoter or ubiquitous CAG (CMV enhancer/chicken beta-actin) promoter. Transgenic mice show increase of skeletal muscle mass and strength, and decrease of adipose tissues mass. We have crossed mdx muscular dystrophy model mouse with one of FS mutant transgenic mouse, and found that infiltration of macrophages and fibrosis in skeletal muscles in mdx mouse are ameliorated by expression of FS-derived peptides. Upregulation of genes for muscle architecture, cell growth, adhesion and galactose-binding lectin in skeletal muscles of Tg mouse was shown by DNA microarray analysis. 

   I hope our characterization would be of help not only to better understand molecular mechanism of myostatin/follistatin activity but also to develop therapies against muscular dystrophy.
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Inhibition of myostatin signaling through type II receptors for activin 
Tsutomu Nohno 

Department of Molecular Biology, Kawasaki Medical School

577 Matsushima, Kurashiki-shi, Okayama 701-0192

Myostatin is a negative regulator for muscle growth, and proliferation and differentiation of a myoblast cell are enhanced in the myostatin knockout mouse or the transgenic mouse expressing dominant-negative form of myostatin, eventually leading to muscular hypertrophy. Myostatin signaling is disturbed in the transgenic mouse bearing mutant form of caveolin3, leading to muscular dystrophy. When transgenic mouse overexpressing the propeptide served as an inhibitory peptide for mature myostatin is crossed with caveolin3 transgenic mice, a muscular defect is recovered to nearly normal. 
Although myostatin is known to bind the type II receptors for activin (ActRIIA and ActRIIB) with high affinity among TGF-beta receptor family, ActRIIA is notably expressed in dermomyotome and a migrating myoblasts during embryogenesis, whereas ActRIIB is expressed primarily in the neuroepithelium of a central nervous system, neural retina, and perichondial region of cartilage, but poorly expressed in the migrating myoblasts. Myostatin is transiently expressed in the dermomyotome and in the myogenic cell migrating into the limb bud, whereas ActRIIA expression continues until at later stages of muscle differentiation in myotome and limb bud mesenchyme. ActRIIA expression temporally and spatially overlaps with that of myostatin at early stages of myogenesis, suggesting that myostatin is acting endogenously through ActRIIA rather than ActRIIB to regulate proliferation and differentiation of a myogenic cell during embryogenesis. 

When the N-terminal Cys-rich domains of ActRII peptides are added to the primary culture of limb bud mesenchyme or to C2C12 myoblasts, there is significant recovery from myostatin-dependent decrease in myoblast differentiation, probably through blockage of myostatin signaling. Signaling through ActRIIA is implicated in muscle growth. Dominant-negative forms of ActRIIs combined with other myostatin-inhibiting signals, such as anti-myostatin antibody, myostatin propeptide, and follistatin-related binding protein, are considered to be potentially effective agents for medical treatment of a muscular disease.
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Targeting TGF- receptor trafficking to modulate Smad signalling. 
Jeffrey L. Wrana
Samuel Lunenfeld Research Institute, Mount Sinai Hospital

600 University Avenue, Room 1070, Tronto

Transforming Growth Factor beta (TGF-) is a large family of secreted morphogens that broadly control cell fate decision in animals.  These factors employ transmembrane ser/thr kinase receptors for signal transduction and a direct downstream target of the receptors, the Smad family of signal transducers.  Signaling by TGF- family receptors is regulated by trafficking of the cell surface receptors.  Thus, trafficking via classical clathrin-mediated endocytosis leads receptors into the early endosome antigen-1-positive endosome, where the Smad anchor protein SARA is located.   

This endocytic pathway is critical for efficient Smad activation.  In addition, we have identified an alternative route for endocytosis that employs lipid raft-caveolar pathway.  This membrane compartment contains the Smad7-Smurf ubiquitin ligase complex that targets the receptor for ubiquitin-dependent degradation.  Consistent with this, increasing caveolin expression in caveolin-deficient cells accelerates TGF- receptor turnover, while interfering with lipid rafts blocks rapid turnover.  These data demonstrate two distinct endocytic pathways that mediate TGF- signalling and receptor turnover.  We have recently investigated a class of natural products that have been reported to modulate TGF- signal transduction.   

Analysis of their activity reveals that in cell lines with robust receptor turnover these compounds interfere with TGF- receptor trafficking, block movement of caveolin-positive vesicles and sustain Smad activation by TGF- receptors.  Furthermore, these compounds interfere with the organization of the microtubule network, by blocking CLIP170 association with the plus ends of microtubules and thus interfering with the ability of microtubules to interact with the membrane.  In addition, there is disruption of the function of the Par6 polarity complex as PKCzeta is mislocalized from the leading edge of treated cells.  These studies thus suggest that TGF- receptor trafficking is an effective target for drug development.
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Regulation of myostatin signaling by caveolin-3 
Yoshihide Sunada

Division of Neurology, Kawasaki Medical School, 

577 Matsushima, Kurashiki-shi, Okayama 701-0192

Caveolins are integral membrane proteins that form caveolae and participate in signal transduction and vesicular trafficking events by acting as scaffolding proteins.  Among three caveolin isoforms, caveolin-3 is muscle-specific. Limb-girdle muscular dystrophy (LGMD1C) results from dominant-negative mutations in caveolin-3, but the molecular pathogenesis of this disease has remained elusive.  Myostatin is a member of the TGF- superfamily that plays an essential role in the negative regulation of muscle growth via phosphorylation of the Smads.  

Crosstalk between caveolin-1 and the TGF- superfamily has been recently demonstrated in nonmuscle cells. To investigate the effect of caveolin-3 on intracellular myostatin signaling, we analyzed the phosphorylation level of Smad2 and the downstream transcriptional activity in cultured cell lines transfected with the wild-type caveolin-3, mutant caveolin-3, or empty vector.  In the wild-type caveolin-3 transformant, the phospho-Smad2 level and subsequent transcriptional activity was attenuated compared to that in empty vector transformant.  In contrast, the mutant caveolin-3 transformant showed increased phospho-Smad2 and subsequent increased transcriptional activity.  These in vitro data indicate that myostatin/Smad2 signaling was inhibited by caveolin-3 and, conversely, enhanced by the mutant caveolin-3.
Next, we generated double mutant mice expressing both mutant caveolin-3 and the myostatin prodomain.  Severe muscle atrophy in the mutant caveolin-3 mice was reversed in the double-mutant mice.  Moreover, grip strength and exercise ability were also improved.  The level of phospho-Smad2 in the skeletal muscle was significantly increased in the caveolin-3 mutant mice, whereas the double-mutant mice exhibited a similar level of phospho-Smad2 as the wild-type mice.  Our results demonstrated that caveolin-3 negatively regulates myostatin signaling in the skeletal muscle.  Deficiency of caveolin-3 enhances myostatin signaling and leads to muscle atrophy in caveolinopathy.  Thus, myostatin blockade with the prodomain may be a reasonable therapy for caveolinopathy.
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