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Summary


The formation of skeletal muscles in vertebrate embryos involves a series of events including induction, specification and differentiation.  The multi-potential mesoderm cells in gastrula stage embryos are first induced to become paraxial mesoderm that subsequently form segmented somites.  Somitic cells are specified into chondrocytes, osteoblasts, myoblasts and dermal mesenchyme that ultimately differentiate into axial skeleton, skeletal muscles, and dermis of the skin, respectively.  Somite formation (somitogenesis) and subsequent specification and differentiation of myoblasts are regulated by many extracellular signaling molecules and intracellular transcription factors.  Signaling molecules of the Notch and FGF families are involved in somitogenesis, whereas Hedgehog (Hh), Wnt and TGF-(BMPs) families play critical roles in myoblast specification and differentiation.  These signaling molecules bind to their receptors and activate or repress intracellular mediators, such as Glis, beta-catenin, Pax3/7 and Smads.  These mediators act as transcription factors that control the expression of members of the Myogenic Regulatory Factor (MRF) family and the Myocyte Enhancer Fcator-2 (MEF2) family.  MRFs and MEF2 work together with co-factors to directly regulate muscle-specific gene expression, and muscle cell differentiation.   Chromatin remodeling through histone modification has emerged as a fundamental mechanism for control of muscle gene expression and differentiation.  One of the mechanisms is through chromatin remodeling.  The challenging task at present is to understand how these signaling cascades coordinate with each other to control the myogenic transcription network to allow for precise changes in gene expression during myobalst specification, proliferation and differentiation.
Induction: The process by which one embryonic region interacts with a second region to influence 

                   that second region’s differentiation.  This is normally done through ligand-receptor 

                   interaction.

Specification: The process by which cells acquire a specific fate. Cell or tissue is capable of 

                        differentiating autonomously when placed in a neutral environment.

Commitment: The restriction of cells to a particular developmental fate before differentiation.

Differentiation: The development of specialized cell types.  Cell or tissues appear phenotypically  

                         different.

Paraxial mesoderm: The embryonic tissue layer that forms on either side of the notochord and 

                                   gives rise to somites, which develop into the muscles, bones and cartilage, and 

                                   dermis.
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1. Signals control somitogenesis in embryos 

All vertebrate skeletal muscles are derived from cells in the somites.  Somites are formed by somitogenesis which is segmentation of the paraxial mesoderm in the trunk and tail of vertebrate embryos.  The somitic cells give rise to axial skeleton, the dermis of the back and skeletal muscles of the body. 

1.1.  Notch signaling in somitogenesis

Better understanding of muscle development requires knowledge of the molecular regulation that underlies segmentation, somite epithelialization, and somite patterning.  Both embryological and genetic studies have contributed to the current understanding of how somites form and differentiate.  Embryological studies indicate the ability to form segmental somites appears to be a property specific to the paraxial mesoderm.  There appears to be a prepattern within the unsegmented presomitic mesoderm (PSM) acquired during early development (Aoyama and Asamoto, 1988) that is linked to a molecular clock that control cells in the PSM to go through cyclic expression of the Notch and its target genes.  Notch/Delta signaling, a widely used mechanism regulating cell fate during development, has been implicated in somitogenesis regulation.  

1.2. FGF signaling pathways in somitogenesis

In addition to Notch/Delta signaling pathway, other signaling molecules expressed in the PSM and developing somite are also involved in specifying paraxial mesoderm fates and regulation of somite formation.  It has been shown that Fgfr1 is expressed in the PSM and anterior somites in mice and zebrafish embryos (Sawada et al., 2000; Yamaguchi et al., 1992).  Molecular and embryological studies have demonstrated that FGF8 provides a crucial positional cue that controls the somite boundary formation and regulation of segmentation clock (Dubrulle et al., 2001; Sawada et al., 2001). 

2. Signaling molecules in myoblast specification and differentiation

Somite patterning following somitogenesis requires extensive tissue interactions.  Virtually all tissues surrounding the somites provide signals that induce or inhibit particular differentiation pathways of somitic cells.  It is well documented that myogenic differentiation pathway is regulated by extracellular signaling molecules from the notochord, neural tube, surface ectoderm and lateral plate.  Signal molecules Hedgehog (Hh), Noggin, Wnt and Bone morphogenetic proteins (BMPs) expressed by these tissues are important regulators for myogenesis (Buckingham, 2001; Pownall et al., 2002; Brent and Tabin, 2002).  These signal molecules provide both positive and negative regulations on the myogenic transcriptional network.  These multiple signals coordinate together to regulate myogenesis.

2.1 Hedgehog signal (Sonic hedgehog)

Shh expressed in the notochord plays a key role in myogenesis.  Absence of notochord or a defect in neural tube differentiation prevents epaxial myogenesis.  In the Shh null mouse, Myf5 expression and myogenesis are specifically compromised in the epaxial domain of the somite (Borycki et al., 1999).  Shh activates Myf5 expression directly through the Gli family of transcription regulators (Gustafsson et al., 2002).  Shh is unable to activate MyoD expression in Myf5 mutant, indicating that Shh induces myogenesis specifically through Myf5.

2.2. Wnt signal

Signals from dorsal ectoderm and dorsal neural tube stimulate myogenesis and activate the expression of MyoD in hypaxial muscles (Cossu et al., 1996).  Signals from the dorsal ectoderm can be mimicked by Wnt-4, Wnt-6 and Wnt7a (Tajbakhsh et al., 1998); while Wnt1 can mimic the signal from the dorsal neural tube.  Ectopic expression of Wnt1, 3a and 4 overrides ventral inhibitory signal in the chick somite leading to the activation of Pax3 and MyoD (Wagner et al., 2000) 

2. 3. Bone Morphogenic Proteins (BMPs)


Signal molecules derived from the lateral plate mesoderm inhibit myogenesis.  BMP2, BMP4 and BMP-7 can replace the inhibitory activity of the lateral-plate mesoderm, and so prevent the premature activation of MyoD and terminal differentiation, yet maintain Pax3 expression and myoblast proliferation (Pourquie et al., 1996; Reshef et al., 1998).  BMPs might function together with Shh and Wnts to establish the balance between proliferation and differentiation, thus the final size of muscle tissues.  

2.4. Myostatin 

 Muscle growth and patterning are tightly coupled during animal development and growth.   Myostatin (or GDF-8) is a member of the TGF- superfamily that has a specific role in inhibiting skeletal muscle growth (Lee and McPherron, 1999).  Myostatin knockout mice show a dramatic increase of skeletal muscle mass, resulting from a combination of hyperplasia and hypertrophy (McPherron et al., 1997).   The “Double muscle” breeds of cattle that have significantly more muscle mass than standard breeds were found to carry natural mutations in the myostatin gene (McPherron and Lee, 1997; Kambadur et al., 1997; Grobet et al., 1997, 1998). By using a conditional gene knockout approach, Grobet et al. (2003) have shown that postnatal inactivation of the myostatin gene in striated muscles is sufficient to cause a generalized muscular hypertrophy.  This study clearly demonstrates that Myostatin regulates muscle mass not only during early embryogenesis but throughout development.  

2.5. Noggin and Follistatin
Noggin and Follistatin are secreted proteins.  They bind to BMP and act as BMP antagonist.  They are expressed in myotome.  Noggin expression in myotome is under the control of Wnt signaling.  Noggin facilitates the expression of MyoD (Hirsinger et al., 1997; Reshef et al., 1998).  Overexpression  of Follistatin in skeletal  muscles results in muscle hyperplasia and hypertrophy (Lee and McPherron, 2001).
3. Myogenic regulatory transcriptional factors 

Signal molecules activate myogenesis through the myogenic regulatory transcription network.  The myogenic transcription network is composed of two major families of myogenic transcription factors, the family of myogenic regulatory factor (MRF) and the family of myocyte enhancer factor 2 (Mef2) (Yun and Wold, 1996; Black and Olson, 1998; Pownall et al., 2002; Buckingham, 2001).  
3.1. Myogenic regulatory factors 

MyoD and its related proteins, Myf-5, Myogenin and MRF4, are members of the MRF family that share the conserved basic helix-loop-helix motif required for DNA binding and protein dimerization.  Members of the MRF family are specifically expressed in developing somite, limb bud and skeletal muscles, and have the remarkable property of converting a variety of cells into myoblasts and myotubes (Weintraub et al., 1989).  
MRF proteins bind to the E-box consensus sequence (CANNTG) in the control region of muscle-specific genes, such as myosin, troponin and muscle creatine kinase, and activate their muscle-specific expression (Buskin and Hauschka, 1989; Emerson, 1990; Olson, 1990; and Weintraub, 1993).  
Analyses of null mutations of MRF genes have revealed that MRFs function hierarchically during myogenesis in mouse embryos.  MyoD and Myf5 function in parallel and play partial redundant roles in establishing myoblast identity (myoblast specification), whereas Myogenin and MRF4 are involved in terminal differentiation.  Mice lacking both MyoD and Myf5 have a complete absence of myoblasts (Rudnicki et al., 1993), whereas mice lacking myogenin or MyoD plus MRF4 show the inability of myoblasts to differentiate into myofibers (Hasty et al., 1993; Nabeshima et al., 1993; Rawls et al., 1998). 

Myf5 and MyoD show distinct patterns of expression and functions.  
Myf5 is expressed earlier than MyoD, and is required for maintaining myoblast proliferation, while MyoD triggers myoblast differentiation.
MRF4 in myoblast specification.


Contradict to the widely held view that myogenic identity is conferred solely by Myf5 and MyoD, recent study by Kassar-Duchossory and colleagues (2004) demonstrated that MRF4detremines skeletal muscle identity and activate MyoD expression in mice.  This study suggests that MRF4, likes Myf5 and MyoD, functions in myoblast specification during early myogenesis.
3.2. Myocyte enhancer family-2 (Mef2) transcription factors
The Mef2 family of transcription factors are MADS-box proteins that have been shown to bend DNA upon high-affinity binding to DNA (Black and Olson, 1998).  The Mef2 family contains four members, named Mef2A, B, C and D.  They are expressed in skeletal, cardiac and smooth muscles, as well as several non-muscle tissues, such as thymus and neural cells (Black and Olson, 1998).  Mef2 expression in muscle cell lineages is concomitant with the activation of myoblast differentiation.  Unlike members of the MyoD family, Mef2s can not convert non-myogenic cells to myoblasts.  Mef2s function cooperatively with MyoD to regulate muscle gene expression.  Knockout of individual members of the Mef2 family results in quite different phenotypes in mice.  Null mutations of either Mef2A or 2B cause no significant defect to embryonic development (Black and Olson, 1998).  By contrast, null mutants of Mef2C or Mef2D are embryonic lethal.  Mice lacking Mef2C die at about E9.5 from cardiovascular defects (Lin et al., 1997), whereas Mef2D mutant mouse embryos die during gastrulation (Black and Olson, 1998). 

3.3. Regulation of MyoD and Myf5 gene expression

Consistent with the fact that signals from notochord and neural tube are required for muscle development.  Expression of myf5 and myoD depends on Hedgehog and Wnt signals from the notochord, neural tube and dorsal ectoderm. 

Hedgehog signals through its intracellular effector/transcription factor Glis.  Gli binding sites have been identified in the Myf5 gene promoter sequence.  Shh activates Myf5 expression directly through the Gli family of transcription regulators (Gustafsson et al., 2002). 

Activation of MyoD expression by Wnt signal appears to be controversial and complicated.  Wnt  might activates MyoD expression through Pax3. Pax3 and Pax7 are paired transcription factors of a multigene families consisting of Pax1/9, Pax4/6, Pax2/5/8 and Pax3/7.  Pax3/7 play critical role in muscle development.  Pax3 is expressed in pre-somitic mesoderm.  Pax3 mutant (splotch) fails to develop limb and diaphram muscles.  Pax3 is required for expression of MyoD in the absence of Myf5 (Tajbakhsh et al., 1997).  Pax7, on the other hand, is dispensable during embryonic myogenesis.  Pax7 is, however, required for the specification of myogenic satellite cells during postnatal muscle formation (Seale et al., 2000).  


Recent report by Chen and colleagues (Chen et al., 2005) showed that Wnt induces myogenesis through the Protein Kinase A pathway via CREB (cAMP response element binding protein).  CRE binding sites (CGTCA) were identified in the promoter region of Pax3.  
4. Signaling chromatin to make muscle


Chromatin-modifying enzymes that control histone modification, such as methylation and acetylation play key roles in control of gene expression  and cell differentiation.  Histone modification has emerged as a fundamental mechanism for control of muscle gene expression and differentiation (McKinsey et al., 2001, 2002; Rupp et al., 2002; ).  
4.1. Control muscle of development by Histone acetyltransferase (HAT)

Histone acetylation, catalyzed by HAT, results in chromatin relaxation and transcriptional activation.  Numerous transcriptional activators such as p300, CBP and PCAF with intrinsic HAT activity are involved in muscle cell differentiation. 

4.2.  Control of muscle development by Histone deacetylase (HDAC)


In contrast, histone deacetylation catalyzed by HDAC antagonizes the activity of HAT and represses transcription.  HDAC blocks myogenesis by associating with and inhibiting the activity of MEF2 transcription factor.  

4.3.  Control of muscle development by Histone methyltransferase

Histone methylation, on the other hand, is involved in both transcription activation and repression.  Histone methylation is carried out by a novel class of enzymes that contain the SET domain (Rea et al., 2000).  Two SET domain proteins play important roles in muscle cell differentiation.  Caretti and colleagues  (2004) showed that Polycomb Ezh2 methltransferase represses muscle gene expression and inhibits skeletal muscle differentiation.  Baxendale and colleagues (2002) demonstrated that Blimp-1 specifies slow fiber identity in response to Hedgehog.
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