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Inactivation of Stac3 Causes Skeletal Muscle Defects and Perinatal Death in Mice 

 

Brad Michael Reinholt 

ABSTRACT 

The Src homology 3 domain (SH3) and cysteine rich domain (C1) 3 (Stac3) gene 

is a novel gene copiously expressed in skeletal muscle. The objective of this research was 

to determine the role of Stac3 in development, specifically in skeletal muscle. We 

achieved this objective by evaluating the phenotypic effects of Stac3 gene inactivation on 

development in mice. At birth homozygous Stac3 null (Stac3-/-) mice died perinatally 

and remained in fetal position with limp limbs, but possessed otherwise normal organs 

based on gross and histological evaluations. The primary phenotypes displayed at term in 

Stac3-/- mice were reduced late gestational body weights, increased prevalence of 

myotubes with centrally located nuclei and severe deformities throughout all skeletal 

muscles. At embryonic day 18.5 (E18.5) Stac3-/- mice displayed a 12.7% reduction (P < 

0.001) in weight compared to wild type (Stac3+/+) or heterozygous (Stac3+/-) littermates 

while at E15.5 body weights and morphology were similar. At birth (P0) and at E17.5, 

Stac3-/- mice had 59% and 24% (P < 0.001) more myotubes with centrally located 

nuclei, respectively, than Stac3+/- or Stac3+/+ littermates. Stac3-/- mice also displayed 

increased myotube and myofiber cross sectional area at P0 (P < 0.001) and E17.5 (P < 

0.05) with disorganized fiber bundling. Overall, these data show Stac3 is necessary for 

development of viable offspring and suggest Stac3 plays a critical role in fetal 

development where its primary phenotype is exhibited in skeletal muscle. 
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Introduction 

Skeletal muscle is essential to human health and well-being and is at the core of the 

animal production industry. It is responsible for approximately 40 percent of body mass in 

mammals and provides support and locomotion (reviewed by Marieb and Hoehn, 2010; Pas et 

al., 2004). It is also a natural source of essential nutrients when consumed as meat (reviewed by 

Aberle, 2001). However, skeletal muscle formation is a complex process that is not fully 

understood. Thus, research is needed to identify important regulators in skeletal muscle 

development. 

Skeletal muscle development is highly ordered. It follows a cascade of events that are 

chiefly regulated by a core set of gene transcription factors called the myogenic regulatory 

factors (MRFs). MRFs play important roles in activating muscle progenitor cells (MPCs) to 

become functional muscle fibers, or myofibers, by directing myogenic lineage (reviewed by 

Perry and Rudnicki, 2000). Myofibers are multinucleated cells created by the fusion of 

myoblasts. Myofibers are comprised of myofibrils of which the functional unit is the sarcomere. 

The sarcomere is responsible for contraction, or shortening of the myofiber. Within the 

sarcomere, myosin and actin proteins interact in unison to contract muscle when stimulated by 

motor neurons under voluntary control. These unique features of skeletal muscle permit its 

function to create locomotion and structural posture in animals. 

In recent years skeletal muscle has received much attention because it can be induced to 

differentiate in vitro, thus making it an outstanding research model. Moreover, skeletal muscle 

possesses a unique stem cell population, called satellite cells, which have the ability to give rise 

to different cells (Kuang et al., 2007). This makes skeletal muscle an ideal tissue to research with 

clinical relevance in myopathies and other diseases. 
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Embryonic muscle development 

Skeletal muscle development originates from somites, which are segmented blocks of the 

paraxial mesoderm that form in pairs, one on each side of the neural tube. Somites form in an 

anterior to posterior direction beginning at the most cranial end of the neural groove. As a result, 

the anteriorly located somites are more developed and have a more complex nervous system in 

the cervical and thoracic segments of the trunk compared to the lumbar or sacral segments. 

Initially the somites give rise to the sclerotome that forms the axial skeleton and then the 

dermomyotome. Subsequently, the dermomyotome further forms the myotome (skeletal muscle) 

and the dermatome (dermis) (Brand-Saberi and Christ, 2000). During somitogenesis, the paraxial 

mesoderm either becomes a somite or paraxial presomitic mesoderm (PSM). In this respect, the 

PSM is non-committed paraxial mesoderm. As somites form posteriorly, cells in the PSM 

migrate posteriorly hence extending the PSM (Christ and Ordahl, 1995). Somitogenesis can be 

broken down into three main components, segmentation, epithelialization, and specification. 

Several new findings in the last decade have resulted in a better understanding of 

somitogenesis, specifically in the segmentation of the paraxial mesoderm. The latest research 

shows that somitogenesis depends on the somite segmentation clock which is a series of 

sequential molecular and cellular events (Aulehla and Herrmann, 2004). Oscillatory genes 

control the segmentation clock in a wave pattern (Palmeirim et al., 1997). Although there is a 

complex network of associated factors, the Wnt and Notch signaling pathways regulate this wave 

pattern by stimulating the initial stages of myogenesis. In turn, the targets of the Wnt-Notch 

pathways negatively regulate this pathway. This negative feedback loop forms a gradient of gene 

expressions that dictate the size and rate of somite formation. Also involved are fibroblast 

growth factors (FGFs). However, myogenesis cannot take place in the presence of certain FGFs, 
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specifically FGF8 expressed in the PSM. Therefore, FGF8 functions as a myogenesis inhibitor 

(Dubrulle et al., 2001; Dubrulle and Pourquie, 2004a, b). Activation of Wnt signaling in the 

neural tube activates transcription of the Notch transmembrane receptor proteins in the paraxial 

mesoderm through a poorly understood mechanism. Notch then becomes highly expressed in the 

region of the PSM that will form a somatic boundary. The Notch receptor binds Delta-like 

ligands, primarily Delta-like1 and Delta-like3. Binding of the Delta-like ligands perturbs FGF8 

expression. The FGF8 inhibition allows expression of mesoderm posterior protein2 (Mesp2) and 

hairy1. Mesp2 and hairy1 act to induce Eph-A4 receptor expression in cells that will form the 

posterior end of the somite. The Eph-A4 receptor binds ephrin proteins, specifically ephrin B2. 

Ephrin proteins have repulsive properties and this repulsive property causes the cells in the PSM 

to separate from each other creating a fissure (reviewed by Dequeant and Pourquie, 2008). 

Therefore, expression of Notch and Mesp2 is primarily in cells most anterior of the somite and 

hairy1 and Ephrin B2 expression is primarily in cells most posterior of the somite. The receptor 

Eph-A4 is expressed in the cells most anterior of the PSM. This process repeats in waves 

segmenting the paraxial mesoderm. The number of somites depends on the rate of this 

segmentation process where in the mouse 65 pairs develop, but this process is accelerated as 

much as four-fold in some animals resulting as many as 500 pairs of somites in some snakes 

(reviewed by Gilbert, 2010). 

As somites become segregated, the peripheral cells of the somite undergo 

epithelialization. Signals from the ectoderm cause a marked decrease in cell division control 

protein 42 homolog (Cdc42) expression levels in the peripheral cells of the somite. This alters 

the cytoskeleton of these epithelized cell creating a „box‟ around the remaining mesenchymal 

cells of the somite which express higher levels of Cdc42 (Nakaya et al., 2004). The extracellular 
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matrix protein fibronectin and adhesion protein N-cadherin stabilizes epithelialization. 

Fibronectin functions with ephrin in boundary formation while N-cadherin adheres adjacent cells 

into an epithelium (Hatta et al., 1987; Lash et al., 1987; Linask et al., 1998). The epithelialization 

process is the first point where specialized cells are distinguishable within one individual somite, 

here epithelial cells and mesenchymal cells. Once epithelialization is complete, the somite begins 

expressing factors that segregate cells into distinct lineages. 

The Hox gene family is responsible for polarity of the anterior-posterior axis and dictates 

specification. Although the Hox genes are active in early somitogenesis and specification of the 

somites as mesodermal cells is determined relatively early in development, it does not manifest 

an effect until after segmentation and epithelialization have occurred. In other words, Hox 

expression in the PSM dictates axis orientation and the effect of Hox on skeleton patterning 

seems to be already provided at the presomitic stage and not in the differentiating somites 

(Carapuco et al., 2005). In contrast, the commitment of cells within the somite to a specific 

myogenic lineage occurs later. Cells in the dorsal medial lip of the somite form primaxial 

muscles (back muscles) and are located most proximal to the neural tube. The cells in the ventral 

lateral lip of the somite form the abaxial muscles (or diaphragm, abdominal, and limb muscles) 

and are located most distal to the neural tube (Burke and Nowicki, 2003; Christ and Ordahl, 

1995) (Figure 1). The boundary dividing the primaxial and abaxial myogenic precursor cells 

(MPCs) is the lateral somatic frontier (Christ and Ordahl, 1995). The somatic frontier is 

primarily attributed to factors such as Wnt, Sonic Hedgehog (Shh) or bone morphogenetic 

proteins (BMPs), and from where these factors are produced, the neural tube, notochord, or the 

lateral plate mesoderm. Wnt1 and Wnt3a from the dorsal region of the neural tube and Shh from 

the notochord induce the primaxial cells (Ikeya and Takada, 1998; Stern et al., 1995). At the 



 6 

same time, Shh inhibits bone morphogenetic protein-4 (BMP4) in the primaxial region 

preventing induction of the MPCs from becoming limb or trunk muscles. Wnt proteins from the 

epidermis and BMP4 from the lateral plate mesoderm induce factors that denote the abaxial cells 

(the lateral plate mesoderm becomes the heart and circulatory system). This specifies their 

migration to the limb bud and ventral abdominal regions (Pourquie et al., 1996). The cells 

residing in the dorsal medial lip and ventral lateral lip of the somite are the first committed 

MPCs called myoblasts identified by the expression of MRFs, MyoD, and Myf-5. At this point 

myoblasts comprise the majority of the myotome (Figure 2). Myoblasts from the dorsal medial 

lip migrate to form the axial muscles and the myoblasts originating from the ventral lateral lip to 

the limb field that will form the limb bud and ventral abdominal muscles (Figure 3). Specific 

Hox gene expression in the posterior region of the limb bud and T-box (Tbx) gene expression 

recruit muscle progenitor cells from the ventral lateral lip to the limb field (reviewed by Gilbert, 

2010). 

Myoblasts from the dorsal medial lip migrate to form the axial muscles and the myoblasts 

originating from the ventral lateral lip to the limb field that will form the limb bud and ventral 

abdominal muscles (Figure 3). Specific Hox gene expression in the posterior region of the limb 

bud and T-box (Tbx) gene expression recruit muscle progenitor cells from the ventral lateral lip 

to the limb field (reviewed by Gilbert, 2010). The Tbx genes are specifically required for limb 

patterning where Tbx5 dictates the anterior segments directing forelimb formation and Tbx4 

dictates the posterior segments directing hindlimb formation (Yonei-Tamura et al., 1999b). 

During migration to the limb bud, the myoblasts reduce MRF expression, but maintain high 

expression levels of the transcription factor Paired box-3 (Pax3). Pax3 controls the migration 

process of myoblasts to the limb bud by regulating c-met expression (also known as hepatocyte 
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growth factor receptor). Hepatocyte growth factor (HGH, also known as scatter factor) and its 

receptor, c-met, are crucial for the migration process. The importance of HGH and c-met was 

discovered when transgenic mice that had forced overexpression of HGH ectopically in the 

spinal cord developed skeletal muscle in the leptomeninges (membranes that surround the brain 

and the spinal cord) of the thoracic spinal cord region of mice (Takayama et al., 1996). A 

naturally occurring mutation of Pax3 in the DNA binding domain results in failed limb 

musculature formation (Epstein et al., 1994). Other factors such as retinoic acid production in the 

limb field stimulate FGFs (FGF7, and FGF10 among others) that are vital for proliferation of the 

limb bud and formation of overlapping ectodermal layers that becomes the apical ectodermal 

ridge (Stratford et al., 1996; Yonei-Tamura et al., 1999a). Once migration to the limb bud is 

complete, myoblasts increase MRF expression and myogenesis resumes. 

Myoblasts continue to proliferate as long as they remain in the cell cycle. This is 

stimulated by the presence of growth factors, primarily FGF. Once these factors deplete and the 

myoblasts reach confluency they begin secreting fibronectin onto their extracellular matrix. 

Fibronectin binds to the α5β1 integrin receptor- the primary integrin receptor in myoblasts 

(Boettiger et al., 1995; Menko and Boettiger, 1987). This ultimately causes the myoblasts to 

align in a semi-organized row eventually forming myotubes. This alignment has been shown to 

be mediated by cadherins and cell adhesion molecules (CAMs) (reviewed by Knudsen, 1990). 

The complete fusion of myoblasts requires meltrins, which are homologous to fertilins. Fertilins 

are associated with sperm-egg fusion. Meltrin is up regulated in the myotome when myotube 

formation begins and meltrin inhibition blocks myoblast fusion. Meltrins are also important in 

muscle regeneration where they play a role in satellite cell fusion to existing fibers (Borneman et 

al., 2000; Yagami-Hiromasa et al., 1995). At the time of fusion, transcription of the MRF 
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myogenin and interlukin-4 (IL-4) is activated and the myoblasts withdraw from the cell cycle. 

Proliferating myoblasts withdraw from the cell cycle and become terminally differentiated 

myocytes expressing myogenin or MRF4. Myogenin initiates transcription of a host of muscle-

specific genes and IL-4 recruits additional myoblasts that further promote differentiation and 

ultimately form multinucleated primary myotubes (Horsley et al., 2003). At this point, however, 

myotubes have limited functionality and contraction ability with the majority of their myogenic 

nuclei located in the center of the myotube. This is termed embryonic myogenesis. Subsequent 

waves of myogenesis must occur to form functional muscle fibers. 

Muscle regulatory factors 

Factors such as the Wnt and BMP proteins and their origin are vital in determining the 

lineage of mesodermal cells. However, these factors are paracrine factors that elicit a response in 

the MPCs. MPCs possess plasticity during development. MRFs induce commitment of MPCs to 

the myogenic lineage. MRFs are myogenic regulatory genes belonging to the MyoD family of 

transcription factors. The four core members are Myf-5, MyoD, MRF4, and myogenin (Braun et 

al., 1989; Davis et al., 1987; Rhodes and Konieczny, 1989; Wright et al., 1989). MRFs belong to 

the basic helix-loop-helix (bHLH) superfamily of transcription factors. Two main motifs found 

in the bHLH transcription factors allow them to bind to DNA and other proteins simultaneously. 

The basic domain found in bHLH transcription factors binds to specific DNA sequences called 

E-boxes, which in turn activate muscle-specific genes. The alpha-helical domain permits 

formation of homodimers or heterodimers with other proteins (Ellenberger et al., 1994; Ma et al., 

1994; Murre et al., 1989). This allows members of the MRFs to work synergistically with other 

proteins to activate muscle specific genes in a distinct order. For example, MyoD interacts with a 

host of other proteins one of which is mitogen-activated protein kinase (p38) which then 
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facilitates binding of MyoD to myocyte enhancing factor-2 (MEF2). The MyoD-MEF2 

heterodimer then initiates transcription of downstream muscle specific genes (Penn et al., 2004). 

Expression of MRFs are necessary for commitment of undifferentiated pluripotent cells into a 

myogenic lineage and for terminal differentiation into skeletal muscle. However, redundancy 

among the MRFs permits normal skeletal muscle development when one or more are inactivated. 

Experiments creating homozygous double null mutations in Myf-5 and MyoD through 

gene knockout experiments resulted in complete absence of all skeletal muscle. Although the 

pups were born alive, they are motionless and die immediately. These mice fail to form 

myoblasts, and therefore are incapable of forming muscle fibers. Furthermore, no myogenin or 

MRF4 expression was detected in the double mutant which indicates MyoD and Mfy-5 lie 

genetically upstream in myogenesis (Rudnicki et al., 1993). However, when Myf-5 or MyoD are 

knocked-out individually skeletal muscle develops normally, although Myf-5 mutants die 

perinatally owing to incomplete formation of the distal ribs. Not only are mice homozygous null 

for MyoD completely viable and fertile, but Myf-5 expression is up regulated more than three-

fold. When Myf-5 was knocked out there was no change in MyoD expression, but skeletal 

muscle developed (Braun et al., 1992; Rudnicki et al., 1992). These data denote the redundant 

function between MyoD and Myf-5 in commitment of MPCs to myoblasts. In the primaxial 

region of the somite (future back muscles), Wnt1 and Shh from the neural tube and notochord, 

respectively, initiate expression of Pax3 which in turn activates Myf-5 expression. In the abaxial 

region (future trunk muscles), Wnt-7a and BMP4 exposure activates Pax3 activate MyoD 

expression. Wnt and Shh must activate different pathways than do Wnt-7a and BMP4 causing 

different MRF expression patterns (Buckingham et al., 2006; Ordahl and Le Douarin, 1992). The 

specific regions within the somite dictate from where they receive signals and ultimately 
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determine future myogenic lineages (reviewed by Perry and Rudnicki, 2000). Altogether, Myf-5 

and MyoD are responsible for the commitment of MPCs in two distinct locations in the 

myotome. 

Myogenin and MRF4 play important roles in the differentiation and fusion of myoblasts 

into myotubes. Myogenin expression appears at the beginning of terminal differentiation in the 

formation of myocytes. Mice deficient in myogenin have severe muscle defects and die 

perinatally, but form a myoblast population capable of differentiation when cultured in vitro 

(Hasty et al., 1993; Nabeshima et al., 1993). Further investigation detected formation of primary 

muscle fibers, but not secondary muscle fibers (Venuti et al., 1995). Investigation of MRF4 (also 

known as herculin/Myf-6) revealed a surprising variation in its effect on myogenesis (reviewed 

by Weintraub, 1993). When MRF4 was deleted in mice, phenotypes ranged from complete 

viability of homozygotes to complete lethality. This variation is due to the close proximity of the 

Myf-5 and MRF4 coding regions on chromosome 10 and a cis-regulatory action on Myf-5. 

Alterations to the MRF4 coding region can effect Myf-5 expression. For example, the most 

severe MRF4 knockout allele expresses no Myf-5 RNA and is a developmental phenocopy of the 

Myf-5 null mutation causing severe rib abnormalities (Yoon et al., 1997). The MRF4 knockout 

increased myogenin expression as well (Zhang et al., 1995). Increased myogenin expression in 

these mutants indicated redundancy between myogenin and MRF4 in the differentiation of 

myoblasts into muscle fibers. Expression of MRF4 occurs in a wave-like pattern throughout 

muscle formation and maintenance most likely due to the cis-regulatory mechanism 

aforementioned. In the myotome, MRF4 is expressed during a brief time period in early 

myogenesis during cell proliferation; again, it is expressed in later stages of cell differentiation 

with peak expression in fully developed adult skeletal muscle (Patapoutian et al., 1995). 
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Together these data point to three overarching conclusions regarding the MRFs. First, they are 

necessary for the commitment of MPCs to a myogenic lineage. Second, they possess redundancy 

that evolutionarily protects myogenesis at the level of determination and differentiation. Finally, 

a certain threshold of MRF expression is required, illustrated by the up-regulation in some MRFs 

in the absence of others. 

Important exogenous factors facilitate myogenesis and initiate proliferation and 

differentiation of myoblasts outside of the initial Wnt, Shh and BMP proteins. The positive effect 

of insulin-like growth factors (IGFs) on myogenesis is well known. In vitro, exogenous binding 

of IGF to its receptor stimulates proliferation, followed by increased differentiation. This effect 

on myogenesis is through activation of phosphatidylinositol 3-kinase (PI3-K), serine/threonine 

kinase (Akt, also known as protein kinase B) and mammalian target of rapamycin (mTOR) 

signaling pathways (Coolican et al., 1997; Kaliman et al., 1996). Meanwhile endogenously 

secreted IGF-II stimulates the expression of the cell cycle regulators p21 and myogenin. Through 

this autocrine regulatory mechanism myogenic differentiation and cell proliferation are both 

stimulated (Lawlor and Rotwein, 2000). However, the mechanism of this duel regulation of 

mutually exclusive events is poorly understood. 

Fetal myogenesis 

Generally, the embryonic period consists of organogenesis. The fetal period pertains to 

the continued growth and maturation of the developed organs and ends at birth. Skeletal muscle 

is no different in this regard. Once myoblasts have migrated to either axial (back) or limb 

regions, they fuse into multinucleated myotubes. The musculature system then undergoes 

hypertrophy to form functional muscle fibers. This proceeds in two waves, primary myogenesis, 

and secondary myogenesis. Primary myogenesis develops primary myotubes that begin 
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expressing myosin heavy chain (MyHC). Myosin heavy chain is an ATP-dependent motor 

protein with actin binding properties and is responsible for muscle contraction. Myosin is a large 

superfamily of proteins found throughout the animal and plant kingdoms consisting of at least 18 

classes with multiple isoforms in each class. Their functions range from organelle trafficking in 

plant cells to muscle contraction in animals (Thompson and Langford, 2002). Class II is the type 

of myosin found in skeletal muscle. In skeletal muscle there are six main isoforms consisting of 

type I, type IIa, type IIb, type IIx(d), embryonic and fetal/perinatal. These fiber types draw on 

oxidative and glycolytic metabolisms. Type I is slow contracting utilizing oxidative metabolism. 

Type IIa maintains a primarily oxidative metabolism, but a fast contraction rate and more 

glycolytic capacity than type I. Type IIb draws primarily on glycolytic metabolism and is fast 

contracting. Type IIx fibers primarily draw on glycolytic metabolism, but also have oxidative 

capacity between that of type IIa and IIb, and are fast contracting isoforms (reviewed by 

Schiaffino and Reggiani, 2011). Embryonic MyHC is a slow type as well. The perinatal isofrom 

is more closely related to the two fast-type (IIb and IIx) MyHC isoforms (Periasamy et al., 

1984). Even so, these properties are not absolute, but serve to justify the functional and 

phenotypical differences between fiber types in muscles. 

Primary myotubes initially express MyHC type I along with embryonic and perinatal 

isoforms. These become scaffolds for which secondary myotubes form around. As the myotubes 

continue to develop, the nuclei migrate from the center of the myotube and relocate to the 

periphery of the fiber under the basal lamina forming primary fibers. Typically, these fibers 

maintain type I fiber properties, but can switch to type IIa. Secondary myotubes initially express 

type IIa, but not type I MyHC, embryonic or fetal. Secondary fibers also differ in their smaller 

diameter compared to primary myotubes. Secondary fibers can then give rise to type IIb and type 
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IIx(d), but typically not type I (Condon et al., 1990). Secondary myotubes, too, develop with 

centrally located nuclei, but these nuclei relocate to the periphery quickly, more so than primary 

myotubes. The mechanism of nuclear relocation that is responsible for myotube to myofiber shift 

is not well studied. Whether this is a passive process where the natural accumulation of muscle-

specific proteins and contraction of the fiber push the nuclei toward the periphery, or if this is 

under a resolute mechanism is unknown. 

Interestingly, these primary and secondary fibers develop from two distinct populations 

of myoblasts, one responsible for embryonic development, and a different population responsible 

for fetal development. These two populations develop sequentially during development and can 

be identified by expression of specific integrins and media requirements in vivo and in vitro. 

Early myoblasts found in limb muscle of a Day 12 embryo do not express α7 integrin and are 

able to differentiate in the presence of tetradecanoyl-phorbol 12 acetate (TPA). These comprise 

the embryonic population of myoblasts. The fetal population of myoblasts differs in their surface 

antigen and desmin expression, and in the sequence of the bHLH transcription factors and 

sarcomeric protein expression. Lending more support for different populations of myoblast, 

embryonic myoblasts are harvested at greater numbers in the embryonic stage, where as fetal 

myoblasts at collected at greater numbers in growing muscle (George-Weinstein et al., 1993; 

Stockdale, 1992). The concept of multiple populations of MPCs was challenged by Hughes and 

Blau (Hughes and Blau, 1992) when they labeled myoblasts and implanted them in postnatal 

rats. This allowed them to follow the myoblasts through adult myogenesis and they discovered 

that these myoblasts were able to fuse randomly with existing fibers showing no fiber type 

preference by the myoblasts. However, this was postnatal rather than embryonic or fetal 

development. Adult fibers have different gene expression patterns, cell signaling pathways, and 
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neural innervations that might alter the myoblast fusion. Myoblast environment contributes to 

gene expression it has now been shown that embryonic environment plays a critical role in 

activating these different populations of myoblasts (Buckingham et al., 2003). 

The development of the neuromuscular junction is critical for muscle development, 

especially during secondary myogenesis. Duxson and Sheard (1995) demonstrated the points of 

innervation on primary fibers serves as a locus for secondary myofibers to develop. In the 

forelimb, primary fibers become innervated with nerves from the ventral rami whereas dorsal 

rami innervate the hindlimbs. The population of myoblasts that comprises the secondary fibers 

accrue around the point of innervation on the primary myofiber and then begin the process of 

alignment and fusion. Interestingly, myogenin expression has been shown to localize to the 

developing motor end-plate (reviewed by Rossant and Tam, 2002). Secondary myofibers 

continue to fuse to the cellular membrane of the primary myofibers creating a bundle of muscle 

fibers. This process continues until most myoblasts have fused and functional muscle fibers are 

developed. 

A third population of cells exist called satellite cells (SCs) which reside just beneath the 

basal lamina juxtapose to the muscle fiber and are primarily responsible for adult myogenesis 

and muscle regeneration. They represent approximately 5% of the myonuclei present in adult 

muscle fibers (reviewed by Perry and Rudnicki, 2000). They are unique myogenic stem cells that 

possess mesenchymal plasticity to which gives them the ability to differentiate into different cell 

types such as adipocytes, and cells of the hematopoietic system (Csete et al., 2001; Endo, 2007; 

Jackson et al., 1999). These properties have spawned a great deal of research interest in the field 

of regenerative medicine. This research has generated several hypotheses about the origin of 

SCs. Recent investigations have revealed that SCs are derived from the central part of the 
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dermomyotome specifically between the primaxial and abaxial regions where a subpopulation of 

cells expresses both Pax3 and Pax7 (Gros et al., 2005; Kassar-Duchossoy et al., 2005; Relaix et 

al., 2005). It is believed this combination prevents the cells from undergoing myogenesis by 

preventing MyoD expression, but maintains their myogenic lineage for future activation 

(Buckingham et al., 2006) (Figures 2 and 3). This finding establishes the somite as the origin of 

all, embryonic, fetal and adult populations of MPCs. 

When injury or disease occur, SCs activate through a mechanism that is still poorly 

understood. Whatever the case, SCs are a heterogeneous population of cells containing both 

stem- and muscle-like progenitor characteristics. In recent experiments, adult SCs expressing 

Pax7, but not Myf-5 were capable of asynchronous division into two types of cells: a Pax7 and 

Myf-5 positive cell and a Pax7 positive Myf-5 negative cell. The former differentiates into 

muscle while the latter returns to the stem cell population. Discovery of this dynamic property 

has opened the discussion for SCs as potential in therapeutic applications (Kuang et al., 2007). 

Mouse development 

Mice are valuable models for studying muscle development, though the specific 

developmental timeline in the mouse compared to other mammals is clearly different. Although 

somitogenesis is a highly conserved process among vertebrates, the chronology of specific 

events has greater variation. Recall, mice give birth to pups at approximately 20 days post coitum 

or embryonic day 20 (E20) (19.27 ± 0.042 in the C57BL/6J strain used in this study) (Murray et 

al., 2010). In the mouse, by E8 eight somites have developed. In contrast, it may take up to 21 

days for eight somites to appear in developing bovine embryos, while the gestation length is 

approximately 284 days post coitum (reviewed by McGeady, 2006). The sequences of events in 

mice are more rapid than in other mammals (e.g. cattle), which may largely be due to animal 
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size. Therefore, this also allows less time for growth compared to other mammals resulting in a 

less developed young animal. For example, mice are born with their eyes closed and without the 

ability to balance themselves to walk. Meanwhile a newborn calf can stand and walk within 

minutes after birth. 

Specifically in mice, at E7.5 the first somites appear. Within 24 hours up to eight somites 

develop. In situ hybridization studies discovered the first Mfy-5 transcripts by E8. By E9.75 

myoblasts can be distinguished in the dermomyotome by MyoD and Myf-5 expression in the 

primaxial and abaxial regions, respectively. At E9 to E11.5, there is also transient expression of 

MRF4. However, whether MRF4 has a function at this early embryonic stage, or is merely a 

consequence of the close proximity of the MRF4 and the Myf-5 coding regions remains 

unknown. MyoD and Myf-5 reduce expression in MPCs in preparation for migration into the 

limb bud. Between E9.25 and E10.5 all cells that are destine to migrate to the limb bud, or axial 

muscles, have completed their migration. By E10.5, expression of MyoD and Myf-5 resumes 

and, therefore, so does myogenesis. By E11, the myoblasts begin expressing myogenin and 

embryonic MyHC along with resumed expression of MRF4. For proper terminology, when 

myoblasts express the differentiation factor myogenin or MRF4 they are considered myocytes 

which then fuse to form myotubes. By E13, the myocytes begin alignment and fusion and the 

first multinucleated myotubes appear. By E13.5, somitogenesis is complete and 65 pairs of 

somites have developed. Between E12 and E16, MRF4 expression is reduced, even though 

myotube formation continues during this period. On E16, secondary myofibers begin forming 

around the primaries. After E16, not only does MRF4 increase expression to coincide with 

secondary myogenesis, but from that point through the life of the animal MRF4 has the highest 

expression pattern among the MRFs (reviewed by Rossant and Tam, 2002). Muscle fibers 
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continue hypertrophy from E16 through maturity. As somitogenesis, myogenesis arises in an 

anterior to posterior manner as well. Expression of MRFs first appear in the forelimb and then in 

the hindlimb. More precisely, myogenin transcripts are detected in the forelimb at E11 and 

subsequently in the hindlimb at E11.5. At any rate, the overall expression pattern in the mouse 

exemplifies the distinct and ordered mechanism of embryonic, fetal, and adult myogenesis 

(Figure 4). 

Because little evidence exists for new muscle formation after fetal development, or birth, 

the number of muscle fibers is entirely dependent on the proliferation of the myoblasts prior to 

differentiation. Parameters limiting the proliferation rate or total abundance of myoblasts 

severely limit muscle size in adulthood. A difference in size is found across species and is 

primarily attributed to the number of muscle cells. Therefore, the difference between the biceps 

femoris in a mouse differs from that of a pig only in the number of muscle cells originally 

produced. Again, pointing to the importance of proliferation regulation in the early stages of 

development. 

The Src homology three and cysteine rich domain gene family 

The Src homology three and cysteine rich domain (Stac) gene family consists of three 

members, Stac, Stac2 and Stac3 which are encoded by chromosomes 9, 11, 10, respectively in 

mice (Kawai et al., 1998). Stac proteins contain two well-recognized motifs; a Src homology 

three (SH3) domain and a cysteine rich (C1) domain. Suzuki et al (1996) first reported the 

discovery of Stac and was the first protein discovered that consisted of only a SH3 and C1 

domain in a single peptide (Figure 5). They also determined that Stac expression begins at E13.5 

and continues through adulthood with peak intensity approximately ten days after birth, or P10, 

in neurons. Furthermore, they discovered Stac protein was predominantly located in the 
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cytoplasm rather than the nucleus or in association with the membrane. These results supported 

the hypothesis that the Stac proteins normally reside in soluble form in the cellular cytosol 

fraction (Suzuki et al., 1996). The two motifs found in this family of proteins are both 

characteristic of proteins associated with second messenger signal transduction cascades. Neither 

possesses kinase activity alone, but modulate several kinase pathways (Abrams and Zhao, 1995; 

Colon-Gonzalez and Kazanietz, 2006; Stahl et al., 1988). These structural motifs combined with 

the fact that the Stac proteins do not possess any catalytic domains support a hypothesis that they 

might act as adaptor proteins in cell signaling pathways. 

Initially discovered in the Src family of protein kinases, the SH3 domain is a prevalent 

protein–protein interaction motif. The SH3 domain is a 60 amino acid sequence that binds 

proline rich regions featuring a consensus sequence of -X-P-p-X-P-, specifically at the nitrogen 

backbone (Nguyen et al., 2000). This consensus sequence is present in numerous other protein 

families such as, Crk, Phospholipase C and myosins (Geli et al., 2000; Goodson et al., 1996; 

Mayer et al., 1988; Stahl et al., 1988). However, in adapter proteins involved in signal 

transduction such as Grb2, SH3 domains are typically accompanied by SH2 domains. These 

proteins receive signals through interaction of SH2 domains with specified phosphotyrosine 

residues in other receptor proteins and transfer the signal to the target proteins through SH3 

domains (Schlessinger, 1994). Still, the Stac proteins do not contain a SH2 domain and therefore 

must have a different mechanism of action. 

The C1 domain is an approximately 50 amino acid sequence that primarily binds the 

membrane bound second messenger diacyglycerol (DAG), and phorbol esters (Kazanietz et al., 

1995a; Ono et al., 1989). The C1 domain found in the Stac family is atypical based on amino 

acid sequence. Some other proteins that contain atypical C1 domains are c-raf and PKCι among 
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others (Colon-Gonzalez and Kazanietz, 2006). An atypical C1 domain is the result of non-

cysteine amino acid changes causing structural modifications that inhibit ligand binding, but not 

the overall folding of the protein (Kazanietz et al., 1994). Although not resolute as some atypical 

C1 domains can still bind DAG, this atypical C1 domain makes it possible that this specific 

protein family does not directly bind DAG or phorbol esters. In fact, Suzuki et al. (1996) 

demonstrated that a C1 fusion protein to Stac did not show any activity in phorbol ester binding. 

However, the atypical C1 domain has been shown to interact with G-protein coupled receptors 

(Brtva et al., 1995). Therefore, the Stac protein family might act in a G-protein coupled receptor 

pathway. Regardless, it appears that the C1 domain in the Stac protein family could bind with a 

membrane bound second messenger or cytosolic signal transduction protein, or proteins, of some 

kind. 

The three Stac members are heterogeneously expressed among tissues. The first two 

members, Stac and Stac2, are expressed specifically in neurons. They are mutually exclusive 

markers for nociceptive peptidergic neurons and nonpeptidergic neurons, respectively, in the 

dorsal root ganglia neurons (Legha et al., 2010). To date, no published research has proposed a 

possible biological function for Stac or Stac2 in nervous tissue, only the location of the 

transcripts. The third member, Stac3, has an expression pattern that differs a greatly from Stac 

and Stac2. Expression of Stac3 is almost exclusively in skeletal muscle (Ge, 2012). Still, no data 

regarding Stac3 and its potential function in skeletal muscle exists. We conclude that given the 

high expression pattern of Stac3 in skeletal muscle, it could have a significant role in 

proliferation, fusion, or differentiation of skeletal muscle. 
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Figure 1. Diagram illustrating the segregation of the sclerotome and dermomyotome. The 

dermomyotome is comprised of the future myotome and dermatome. The myotome can then be 

subdivided into the primaxial and abaxial regions of the somite. The primaxial region is 

responsible for the formation of the back muscles and the abaxial region is responsible for the 

formation of the abdominal and limb muscles (adapted from Gilbert et al., 2010). 
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Figure 2. Diagram illustrating the expression pattern of myogenic regulatory factors and other 

transcription factors in the somite during myogenic determination. Factors from the dorsal neural 

tube, notochord and epidermis determine expression pattern of myogenic transcription factors in 

the somite (adapted from Gilbert et al., 2010). 
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Figure 3. Myoblasts migrate from the dorsal medial lip to form the axial muscles and the 

myoblasts from the ventral lateral lip to form the abdominal and limb muscles. Muscle stem cells 

(satellite cells) originating from the dermis are present and expressing both Pax3 and Pax7 in the 

somite (adapted from Gilbert et al., 2010). 
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Figure 4. Diagram showing the timeline expression of myogenic regulatory factors (MRFs) in 

the developing mouse. The girth of the arrow indicates relative level of expression of each MRF. 

Importance of certain time points are emphasized by significant overlaps in MRF expression. 
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Figure 5. Amino acid sequence of Stac3 (mus musculus) (NM_177707). The cysteine rich (C1) 

domain is highlighted in gray with the cysteine residues in bold script. The Src homology 3 

domain is highlighted in bold and italicized script. In Stac3 the atypical C1 domain is determined 

by changes in non-cysteine amino acids, specifically at positions 22-25 and 27, of the C1 

domain. 
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CHAPTE II. 

Inactivation of Stac3 causes skeletal muscle defects and perinatal death in mice 
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Introduction 

Src homology three and cysteine rich domain (Stac) was first discovered as a neuron 

specific protein with expression beginning at embryonic day 13.5 and continuing through 

adulthood with peak expression at day 10 after birth. Stac was found to have an amino acid 

sequence consisting of a Src homology three (SH3) domain and a cysteine rich (C1) domain 

(Suzuki et al., 1996). Since the initial discovery of Stac, two more members have been 

discovered in the Stac protein family, Stac2 and Stac3 (Legha et al., 2010). The SH3 and C1 

domains are implicated in numerous intracellular signal-transducing pathways, although neither 

possesses catalytic activity directly (Abrams and Zhao, 1995; Colon-Gonzalez and Kazanietz, 

2006; Stahl et al., 1988).The SH3 domain facilitates protein–protein binding at proline rich 

sequences, specifically at the nitrogen backbone (Nguyen et al., 2000). This sequence is present 

in many protein families such as Crk, Phospholipase C, and myosins (Geli et al., 2000; Goodson 

et al., 1996; Mayer et al., 1988; Stahl et al., 1988). However, in adapter proteins involved in 

signal transduction such as Grb2, SH3 domains are typically accompanied by SH2 domains 

(Schlessinger, 1994). The C1 domain binds the membrane bound second messenger 

diacylglycerol and is found in the protein kinase C protein family among others. Specifically, the 

Stac family possesses an atypical C1 domain. The atypical C1 domain is characterized by non-

cysteine amino acid changes within the cysteine rich domain. Some proteins containing atypical 

C1 domains are c-raf and PKCι among others (Colon-Gonzalez and Kazanietz, 2006). Although 

these domains are well characterized, the specific function or mechanism of the Stac protein 

family is unknown, but these structural motifs suggest they work in signal transduction 

pathways. 
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Stac and Stac2 have been found to be exclusively expressed in a population of neurons in 

the dorsal root ganglia, specifically nociceptive peptidergic neurons and nonpeptidergic neurons, 

respectively (Legha et al., 2010). Stac3, however, is primarily expressed in skeletal muscle (Ge, 

2012), suggesting that it might have unique functions in skeletal muscle. 

Skeletal muscle fibers are syncytia that develop from mononulceated myogenic cells, or 

myoblasts. Myogenic precursor cells become activated giving rise to proliferating myoblasts. In 

response to extracellular cues, myoblasts withdraw from the cell cycle and fuse to form 

multinucleated myotubes (reviewed by Perry and Rudnicki, 2000). Myotubes mature into 

primary fibers which subpopulations of myoblasts use as a scaffold for fusion and secondary 

fiber formation. This process occurs in two waves called primary and secondary myogenesis 

during late embryonic and fetal development. Postnatal muscle growth is primarily attributed to 

hypertrophy of the muscle fibers whereas muscle stem cells, or satellite cells, are responsible for 

postnatal myogenesis (reviewed by Brand-Saberi, 2002). Each phase is complex series of 

orchestrated events that are not fully understood. Given the importance of skeletal muscle to 

human health and well-being, and its economic relevance to agriculture, additional research is 

needed to identify important regulators in skeletal muscle development. Considering the high 

expression pattern of Stac3 in skeletal muscle, we hypothesize it has a fundamental role in 

skeletal muscle growth, development or regeneration. We tested this hypothesis by evaluating 

the phenotypic effects of Stac3 gene deletion on skeletal muscle development in mice. 
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Materials and methods 

Animals and design 

The Virginia Tech Institutional Animal Care and Use Committee approved all protocols 

and procedures involving animals for this study. Mice heterozygous for the Stac3 allele (+/-) on a 

C57BL/6J background were obtained from the Knockout Mouse Project (KOMP; University of 

California at Davis) (Collins et al., 2007). Male and female Stac3+/- mice developed by using a 

trapping method of gene targeting were mated to produce Stac3-/- offspring (see Appendix A). 

To determine the day in gestation, visual observation of a vaginal plug in the morning was 

considered embryonic day 0.5 (E0.5) post coitum. Genotypes were determined by PCR on 

genomic DNA isolated from ear notches using two different primer sets. Primer set 1 flanked the 

third loxP site amplifying the insertion in the Stac3-/- (344 bp product) or the Stac3+/+ sequence 

(317 bp product) (Figure 6). Primer set 2 flanked the entire gene trap insertion resulting in a 

product too large to be amplified under our experimental conditions (> 1000 bp) or the Stac3+/+ 

sequence (468 bp product) (Figure 7). Primer sequences: Set 1: forward 5′-

CTCCATAGCTCTACCGCAGTC-3′ reverse 3′-CTCTGCCTTGTGAGTGTGGA-5′. Set 2: 

Forward 5′-TGTTGGGCTTCTTCGTCTCT-3′ Reverse 3′-TGGTACCTTGTGTGGTGGTG-5′. 

The PCR conditions were 35 cycles of 94° C for 30 sec, 60° C for 30 sec, 72° C for 1 min. 

Growth performance 

Body weights of fetuses in utero were collected immediately after removal from the 

euthanized female. Postnatal growth performance was measured weekly from mice three weeks 

of age until six weeks. Physiologically this is approximately the time from weaning until sexual 

maturity. 
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Tissue collection, fixation, and sectioning 

Mice were collected immediately after parturition or by dissection of full term pregnant 

females. Control offspring (P0) were euthanized with carbon dioxide and cervical dislocation. 

Body cavities were exposed to facilitate uniform fixation throughout the tissues by severing the 

skin on both the dorsal and ventral side of the midline. Mice were fixed for approximately 48 h 

in 10% neutral buffered formalin then placed in Tissue Bath Cassettes IV (aqua) (Thermo Fisher 

Scientific Waltham, MA) and a 70% alcohol solution until processing (see Appendix B). Hind 

limbs were carefully removed at the knee and embedded in paraffin, then sectioned on a Thermo 

Scientific HM 340E rotary microtome (Thermo Fisher Scientific Waltham, MA). Once 

distinguishing features of the lower leg (or crus) were observed, three serial 6 μm thick sections 

approximately 60 - 100 μm apart were collected until representative sections from the widest 

girth of the lower leg were captured. Sections were then mounted on Superfrost® Plus micro 

slides (VWR Radnor, PA) (see Appendix C). Sections were deparaffinized using xylene and 

rehydrated through graded alcohol solutions of 100%, 95%, 80% and 70% (see Appendix D). 

Immunohistochemistry 

For analysis, slides were stained with hematoxylin and eosin (H&E) or 

Immunohistochemistry (IHC) was performed. For H&E staining, standard protocols were 

utilized (see Appendix E). For IHC, heat-induced antigen retrieval was performed first to remove 

cross-linking caused by the fixative. Briefly, slides were boiled in 10 mM citrate buffer adjusted 

to pH 6 at approximately 95º C for 30 min. Slides were allowed to cool for 20 min and then 

washed in PBST (PBS with 0.05% Tween-20) for 2 min twice on a shaker (see Appendix G). 

Nonspecific binding was blocked with 5% goat serum (Sigma-Aldrich, St Louis, MO) (or serum 

from host of preferred secondary antibody) diluted in PBS for 1 h at room temperature. Primary 
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antibodies were diluted in 5% goat serum applied to the slide and incubated overnight at 4º C. 

The following primary antibodies used: all sarcomeric myosin heavy chain (MF20, 1:200, 

Developmental Studies Hybridoma Bank, Department of Biology, University of Iowa, Iowa 

City, IA), Myogenin (F5D, 1:100, Developmental Studies Hybridoma Bank, University of Iowa, 

Iowa City, IA) and MyoD1 (M-318, 1:100, Santa Cruz Biotechnology, Santa Cruz, CA). Slides 

were then washed 3 times for 5 min each in PBS under agitation, and incubated with an 

appropriate secondary antibody diluted in 5% goat serum. Secondary antibody used was 

DyLight® 594-conjugated goat anti-mouse (DyLight® 594, 1:200, Thermo Scientific, Rockford, 

IL). Cell membranes were stained with Lectin (Wheat Germ Agglutinin, 1:400, Invitrogen, 

Carlsbad, CA) and nuclei were counter stained (DAPI) using the secondary antibody dilution. 

Secondary antibodies were incubated for 1 h at room temperature. Slides were washed 3 times 

for 5 min each in PBS on a shaker. Aqueous Prolong® Gold antifade reagent (Invitrogen, 

Carlsbad, CA) mounting medium was added and 22 x 50 mm x 1.5 thickness (0.18 mm) cover 

slips (Thermo Fisher Scientific Waltham, MA) were applied over the sections (see Appendix H). 

Histological imaging 

Immunohistchemistry was visualized using fluorescent microscopy. Fluorescent images 

were captured with a Nikon eclipse E600 microscope connected to a QColor3 digital camera 

(QImaging, Surrey, British Columbia, Canada) using the Q-Capture suite software program 

(Olympus America Inc., Center Valley, PA) or a Nikon eclipse TS100 (Eclipse Ti microscope 

system) (Nikon Imaging Inc. Melville, NY) connected to a CoolSNAP HQ2
 
monochrome 

camera (Photometrics, Tucson, AZ) using a NIS-Elements AR Ver3.1 software program (Nikon 

Imaging Inc. Melville, NY). Light microscopy images were captured using a Nikon eclipse E600 
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microscope connected to a QColor3 digital camera using the Q-Capture suite software program 

at 4X, 10X or 20X magnification. 

Muscle fiber characteristics 

The extensor digitorum longus (EDL) was used to determine muscle fiber characteristics 

due to its uniformity, ease of muscle identification and recognized acceptance in research 

applications. Nuclear density and myotube percentage were measured using Image-Pro Plus 

Version 6.2 software program (Media Cybernetics, Silver Spring, MD). Data were subsequently 

transferred into an Excel spreadsheet (Microsoft Office, 2007). Myotube percentage was defined 

as the number of myosin heavy chain positive and centrally nucleated myotubes or myotubes 

with an open core ≥ 1 μm in diameter. Myotubes with a centrally located nuclei and myotubes 

with an open core were counted separately and combined, then divided by the combined total of 

myofibers and myotubes. For calculations a grid containing twelve- 5 mm
2
 
 
boxes was used on 

each section analyzed. Of these, five boxes were randomly selected where all myofibers and 

myotubes were counted. A minimum of 150 myofibers and myotubes were counted per 

individual. 

 Myonuclear density was determined by counting the number of myonuclei in direct 

contact with or in the center of a myofiber or myotube. Number of nuclei per 50 µm of a 

myofiber on H&E stained sagittal limb sections of the EDL were used. A minimum of sixteen 

fibers per animal from random locations were included in this counting. 

Total myofiber number and average cross sectional areas (CSA) of myofibers were 

measured using the NIS-Elements AR Ver3.1 software (refer to Histological imaging). Total 

fiber number was determined by counting and averaging all myosin heavy chain positive fibers 

on three serial cross sections at the widest girth of the EDL muscle. To determine the widest 
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girth of the EDL, serial sections were stained with H&E until the largest CSA of the EDL was 

confirmed. Mean cross sectional area was calculated from a minimum of 150 randomly selected 

myosin heavy chain positive myofibers per animal. To be included in this CSA analysis, the 

myofiber must have had a distinguishable membrane on the cross sections and be positive for 

MyHC (see Immunohistochemistry). 

Reverse Transcription (RT) –PCR 

Tissue samples collected for knockout confirmation from E17.5 fetuses were brain, heart, 

intestine, kidney, liver, lung, tongue and skeletal muscle from all four limbs (Figure 8). Samples 

were flash frozen in liquid nitrogen. Total RNA was isolated with an RNeasy® Mini Kit 

following the manufacturer‟s animal tissue protocol (Qiagen, Valencia, CA.). Purity and quantity 

of RNA was determined using a NanoDrop 2000 Spectrophotometer (Thermo Scientific, 

Wilmington, DE). cDNA was transcribed from total RNA using 1.0 ng/µl RNA mixed with 4.0 

µl 5x reaction buffer (M298 ImProm-II™) (Promega, Maddison, WI), 0.5 µl Ribonuclease 

inhibitor (N251A rRnasin®) (Promega), 1.0 µl Reverse transcriptase (M314A ImProm-II™) 

(Promega), 4.8 µl MgCl2 (Promega) and nuclease-free H2O (Promega) to a final volume of 15.0 

µl. The Stac3 sequence was amplified using the following PCR primer sequences: forward 5′-

TACAGCGACCAACAGTACGC-3′and reverse 5′-TCTGCATTGTTTCCATCCTG-3′. Briefly 

master mix and RNA was incubated at 25º C for 5 min, then 42º C for 1 h followed by 70º C for 

15 min on a PCR machine. An Eppendorf Mastercycler gradient (Hamburg, Germany) PCR 

machine was used where the template was amplified for 30 cycles. The PCR products were 

electrophoresed on a 2% agarose gel for 45 min at 110 V, visualized by ethidium bromide 

staining and imaged with FluorChem™ SP imaging system (Alpha Innotech, Johannesburg, 

South Africa). 
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Transmission Electron Microscopy 

Transmission Electron Microscopy (TEM) was used to evaluate the ultra structure of the 

EDL muscle. All TEM was performed by the morphology service laboratory of the Virginia-

Maryland Regional College of Veterinary Medicine. Briefly, lower leg samples were fixed in 3% 

glutaraldehyde diluted in PBS. In a fume hood, samples were trimmed to fit the mold and washed 

twice in 0.1 M Na cacodylate buffer (or appropriate buffer) for 15 min. Samples were then post-

fixed in 1% OsO4 in 0.1.M Na cacodylate buffer for 1 h, and then washed twice for 10 min in 0.1 M 

Na cacodylate. Samples were then dehydrated in graded ethanol solutions increasing in 

concentration as follows: 15%, 30%, 50%, 70%, 95%, 100%, and lastly submerged in propylene 

oxide allowing 15 min in each solution. Samples were then infiltrated with a 50:50 solution of 

propylene oxide:Poly/Bed 812 for 6-24 h completing infiltration with 100% mixture of Poly/Bed 

812 for 6 - 12 h. Samples were then embedded in fresh 100% Poly Bed 812 resin molds. Molds 

were placed in a 60
o
 C oven for at least 48 h to cure. After embedding, thin sections (60 - 90 nm) 

were cut. Sections were stained with uranyl acetate on dental wax in an uncovered petri dish for 12 

min, rinsed with distilled water and dried.  Then stained with lead citrate on dental wax in a covered 

petri dish for 5 min, and rinsed with distilled water again, dried and stored. When sample and slide 

preparation was complete, we verified that the location of sectioning was from the EDL. Although 

muscle verification was performed, since the actual sectioning was done out of house, whether the 

slides are from the exact same location of the EDL could not be verified. To correct for this multiple 

slides from multiple animals were obtained. Images were captured at 1600X, 8000X, 12500X or 

25000X using a Ziess 10 CA electron microscope at a voltage of 60 KV (Ziess Electron 

Microscopy, Thornwood, NY) on a AMT 4.10 & PCDIG side mount camera using the AMT V601 

Image Capture Engine software (Advanced Microscope Technologies, Woburn, MA). 
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Statistical analyses 

Data were presented as means ± standard error of the mean (S.E.M.). Tests of fixed 

effects for postnatal growth performance were analyzed using the Mixed Procedure in SAS (SAS 

Institute, Cary, NC). All other data were analyzed using ANOVA followed by Tukey HSD 

multiple comparison of means in JMP (SAS Institute, Cary, NC). Statistical significance was 

determined as P < 0.05; tendency for statistical significance was determined as 0.05 ≤ P < 0.10. 
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Results 

Genotype ratios, gross morphology, and perinatal death 

Homozygous Stac3 mutant (Stac3-/-) mice died immediately prior to, or following birth, 

and remained in a fetal position with limp limbs, but with no signs of edema (Figure 9). Stac3 -/- 

mice showed no movement at birth and failed to respond to prodding or any other form of 

stimulation at P0 or E17.5. Of mice born alive 74.5% were heterozygous for the Stac3 allele 

(Stac3+/-), 25.5% wild type (Stac3+/+), and 0% were Stac3-/-. Approximately 70.0% of mice 

dead at birth were Stac3-/- with 30% either Stac3+/- or Stac3+/+. However, mice from 

heterozygous parents at embryonic day 14.5 (E14.5) to E18.5, 46.8% were Stac3+/-, 26.9% 

Stac3+/+, and 26.3% Stac3-/- (Table 1). Furthermore, no mummified Stac3-/- fetuses were 

recovered from dissections or births. 

Body weight 

At E18.5, Stac3-/- mice weighed 11.2 or 13.6% less (P < 0.0001) than Stac3+/- or 

Stac3+/+, respectively. Whereas at E17.5, the body weight of Stac3 null mice were only 8.1% 

less (P = 0.019), than Stac3+/- and no difference was evident when compared to wild type 

(Figure 10). At E15.5 there was no difference (P = 0.840) in weight between Stac3-/- (0.378 ± 

0.032g), Stac3+/- (0.387 ± 0.008g), and Stac3+/+ (0.373 ± 0.014g). 

To determine if loss of one Stac3 allele affected growth after birth, we monitored 

postnatal weight gain in wild type and heterozygous Stac3 mice. Overall, there was no difference 

(P = 0.7388) between Stac3+/- and Stac3+/+ mice from weaning (three weeks of age) to sexual 

maturity (six weeks of age) (Table 2). Generally, there was no difference between genotypes 

within gender over time except between male Stac3+/- and Stac3+/+ mice at week three (P = 

0.013). This difference, however, disappeared over time and was not observed in females. 
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Macromorphology 

Given the neonatal mortality of Stac3-/- mice combined with the preferential expression 

of Stac3 in skeletal muscle, we next investigated the histological morphology of the skeletal 

muscle in the extensor digitorum longus (EDL) muscle of the lower leg (or crus) from both 

transverse (cross) and sagittal (longitudinal) sections (Figures 11and 12). Gross anatomical 

observations reveled severe deformities in P0 Stac3-/- skeletal muscle compared to Stac3+/+ or 

Stac3+/- littermates. We also examined other skeletal muscles such as the diaphragm and tongue 

to verify the defect was consistent across all skeletal muscles. The diaphragm appeared slightly 

smaller with disordered myofiber structure compared to Stac3+/+ and Stac3+/- littermates. The 

muscle structure of the tongue also appeared to be highly disordered having muscle fibers with 

abundant, centrally located nuclei (Figure 13). In control mouse muscles, often as many as three 

or more myofibers surrounded and contacted a single, most probably a primary, myofiber, to 

form a fiber bundle. In Stac3-/- mice, secondary myotubes or myofibers were more dispersed 

leading to more interstitial space in Stac3-/- muscles than in control muscles. 

There were no obvious aberrations in any other organ systems. Special attention was 

given to other types of muscle such as smooth and cardiac. There was no observed defect in 

smooth (data not shown) or cardiac muscle (data shown). In whole body cross sections, Stac3-/- 

pups displayed normal cardiac cell structure and valves. Vital organs such as liver, thymus, and 

skeleton were largely unaffected by deletion of Stac3 (Figure 14). 

Ratios of myotubes to myofibers 

Cross sectional analyses of P0 Stac3-/- muscle revealed a disproportional number of 

centralized nuclei compared to P0 control muscle (Figure 15). Nearly all myonuclei were 

centrally located in P0 Stac3-/- skeletal muscle, whereas centrally located myonuclei were rare in 
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P0 control muscle. In muscle of P0 Stac3-/- mice, approximately 70.0% of myosin heavy chain 

(MyHC) positively positive cells were myotubes, which had centrally located myonuclei present 

or an open core. This was a 59.0% increase (P < 0.0001) over that in muscle of P0 Stac3+/- or 

Stac3+/+ mice in which only 11.0% of MyHC positive cells were myotubes. At E17.5, the 

percentage of MyHC positive cells differed (P = 0.0002) and was 95.7% in Stac3-/- pups 

compared to 67.3% or 76.0% in Stac3+/- or Stac3+/+ fetuses, respectively (Figure 16). The 

percentage of myotubes decreased by 60.7% in Stac3+/- and Stac3+/+ fetuses from E17.5 to P0; 

however, it decreased by only 25.7% in Stac3-/- fetuses during the same period. These results 

suggest myonuclei in the Stac3-/- pups failed to migrate from the center of the myotube to the 

periphery of the fiber. 

Fiber cross sectional area and total fiber number 

Compared to control pups, P0 Stac3-/- pups had a greater percentage of myofibers with 

extremely large cross sectional area (CSA). At P0, there was a 20% increase (P = 0.0004) in the 

average CSA in Stac3-/- mice compared to Stac3+/+ or Stac3+/- mice (Figure 17). As a result, 

distribution in CSA in Stac-/- mice was skewed to the right. Analysis of the EDL in Stac3-/- 

mice discovered 26% of fibers were greater than 90 μm
2
 in diameter compared to only 4% in 

muscle of Stac3+/+ and Stac3+/- mice (Figure 18). At E17.5, there was also a difference in CSA 

in fibers of the EDL. Fibers in muscle of Stac3-/- mice measured approximately 18% greater (P 

= 0.03) than those in Stac3+/- and Stac3+/+ mice which is similar to the difference at P0 (Figure 

17). E17.5 Stac3-/- fibers displayed a slight bimodal distribution in CSA, with peaks between 35 

and 55 μm
2
 and between 65 and 85 μm

2
 in diameter with 20% of Stac3-/- fibers greater than 80 

μm
2
 in diameter compared to only 5% of controls (Figure 19). At P0 Stac3-/- mice had fewer 

fibers in the EDL than Stac3+/- or Stac3+/+ mice. At E17.5 no difference in total fiber number 
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was detected between any genotype. However, there was a tendency for Stac3+/+ to have more 

(0.05 ≤ P < 0.10) fibers than Stac3-/- mice (Figure 20). Interestingly, the difference in total fiber 

number was not reflected in the overall size of the muscle where no difference (P = 0.2) in the 

mean CSA of the muscle at the widest girth in P0 or E17.5 mice was detected. 

Myonuclei density 

Based on analysis of longitudinal sections, Stac3-/- mice had 4.49 ± 0.45 (n = 6) nuclei 

per 50 μm of myofiber length. This was different (P = 0.009) from Stac3+/+ and Stac3+/- mice 

which had 2.77 ± 0.25 (n = 5) and 3.02 ± 0.22 (n = 4) nuclei per 50 μm of myofiber, 

respectively. This is an approximately 35% increase in nuclear density over littermate controls. 

The myonuclei in control mice were primarily located on the periphery of the fiber whereas the 

nuclei of Stac3-/- were chiefly located in the center of the myotube. The close proximity of the 

nuclei in the center of Stac3-/- mouse myotubes was readily evident from longitudinal sections 

and the phenotype was exacerbated in muscle fibers near the tendon of the tibialis anterior, with 

nuclei being aligned in a flattened elliptical formation in the myotube (Figure 12). 

Subcellular structure 

Using Transmission Electron Microscopy (TEM), we investigated sarcomere structure, 

size, and distribution in P0 and E17.5 mice. Additionally, we examined the myonuclei and their 

size variability (anisokaryosis), chromatin composition and location (Figure 21). Although no 

difference in sarcomere lengths were detected (P = 0.23), photomicrographs revealed disordered 

sarcomeres to such an extent that the width was immeasurable and an accurate estimate of the M-

line width in Stac3-/- mice was not possible. At P0, control mice had very distinct and robust 

sarcomeres with uniform myofibrils throughout the myotube. Conversely, Stac3-/- exhibited 

blurred I-bands indicative of streaming Z-lines and often indistinguishable H-zones within the A-
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band as well as disruption of the myofilament structure within sarcomeres. Photomicrographs 

also confirmed the central localization of the nuclei. Control mice displayed moderate 

anisokaryosis with open nucleoli. On the contrary, the Stac3-/- pups had marked anisokaryosis 

with less open nucleoli. Stac3-/- mice displayed increased peripheral heterochromatin indicating 

they had less active nuclear DNA. Albeit Stac3-/- exhibited increased heterochromatin, they did 

not show edema or lysis typically associated with cell death. These data suggest that the nuclei in 

Stac3-/- muscle were still capable of transcribing DNA, only in a primarily quiescent state. 

Granulated glycogen was detected in both the Stac3-/- and control mice indicating energy 

availability was not a cause of death. There were noticeable vacuoles in control and Stac3-/- 

mice, but this was attributed to artifacts that accumulated during sample collection and 

preparation and bared no effect on results. Photomicrographs of E17.5 mice exhibit much the 

same features as the P0 mice. It is evident that both Stac3-/- and control muscles were in a more 

immature state at E17.5 compared to P0. There was less difference in anisokaryosis between 

Stac3-/- and control muscles at E17.5, but difference in sarcomere structure was noticeable. 
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Discussion 

We studied the effect of Stac3 inactivation through the gene trap method in mice. No 

viable Stac3-/- mice were observed following birth. When dissected out of the uterus, these pups 

did not respond to stimulation such as prodding and remained in a fetal position with limb limbs 

and symptoms of kyphosis compared to Stac3+/+ and Stac3+/- littermate pups. Additionally, 

genotype ratios in utero (E14.5 – E18.5) displayed normal Mendelian segregation suggesting the 

Stac3 gene product is not critical for implantation or early developmental events. Other principal 

phenotypes associated with inactivation of Stac3 included (1) reduced late fetal weight, (2) 

increased percentage of myotubes with centrally located nuclei or an open core, (3) increased 

myofiber CSA, (4) decreased total number of immunoreactive MyHC fibers (5) absence of fiber 

bundling, (6) deformed sarcomeres at the subcellular level, and (7) overall disorder about the 

skeletal muscle. It is likely because of these deformities the skeletal muscle was unable to 

function properly in Stac3 deficient mice. 

Stac3 mRNA is abundantly expressed in skeletal muscle. Gene expression analysis did 

not detect Stac3 mRNA transcripts in any other tissues (including heart, intestine, liver, and 

lung) with the exception of very low levels in fetal brain samples at E17.5 (Figure 8). 

Additionally, expression of Stac3 in C2C12 cells in vitro supports Stac3 expression in skeletal 

muscle (unpublished data). These results substantiate our finding that there was no obvious 

aberration in any other organ system at P0 or E17.5. There is no detectable difference in 

phenotype prior to E17.5 in Stac3-/- mice compared to littermate controls. However, even though 

Stac3-/- mice fail to respond to stimulation, there is no evidence of edema or necrosis which is 

typically associated with in utero death. The mice appear paralyzed with fibers unable to 

function properly. Moreover, there are no well-documented instances of fetal death between E16 
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and birth (Copp, 1995). These results combined with no difference noted between Stac3-/- and 

control littermates prior to E17.5 lead to the conclusion Stac3-/- mice die immediately before 

birth, or immediately after when they become independent of maternal oxygen supply and 

dependent on skeletal muscle contraction of the diaphragm for oxygen intake (Copp, 1995; 

Turgeon and Meloche, 2009). 

Interpreting the phenotypic results of Stac3 inactivation remains speculative as no 

obvious mechanism has yet been identified. Inactivation of Stac3 appears to have no detrimental 

effects on initial myotube formation. Therefore Stac3 inactivation might hinder maturation of the 

myotubes to form functional muscle fibers or there is an upstream function of Stac3 that prevents 

proper muscle fiber development which is exhibited in the late fetal period. In other words, 

whether Stac3 is critical only in the late fetal period when the phenotype is observed, or if it is 

necessary prior to the exhibition of the phenotype is not yet clear. 

Based on our results, a normal muscle phenotype appears across genotypes as gestational 

age decreases. As mice grow from E17.5 to birth the percentage of myotubes decreased by 

approximately 60% (70% to 11%) in controls compared to only 25% (95% to 70%) in Stac3-/- 

mice. The fact that nuclear location is the most extreme phenotypic effect, Stac3 might play a 

role in the peripheral migration of the nuclei and therefore may halt the development of the 

fibers. Considering there is no detectable difference at E15.5 and the phenotype appears to 

rapidly progress from E15.5 Stac3 might have an important role in the late fetal period and is 

preventing maturation of the myotubes. 

Alternatively, there might be an upstream causative effect that is only primarily exhibited 

during the late fetal period. Increased myonuclei per myotube or fiber supports an upstream 

origin. Stac3-/- mice have almost 50% more myonuclei than do control littermates with an 
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average of 4.5 myonuclei per 50 μm of myotube compared to 2.8 and 3.0 in controls. This 

demonstrates how closely the myonuclei are positioned within the myotube. On average, the 

nuclei in mammalian cells are approximately 6 μm in diameter (reviewed by Alberts, 2008). 

Vassilopoulos et al. (1976) found the typical skeletal muscle nucleus to have an average diameter 

of 5.4 μm in 2.4 year-old human subjects. The nuclei density observed here is supported by a 

parallel in vitro study with C2C12 cells (results discussed in separate report). This indicates that 

Stac3 might cause more nuclei to fuse into a single myotube, an event that takes place well 

before the observed phenotype (approximately at E13 in mice). The decrease in total fiber 

number in Stac3-/- mice might be explained by the myonuclear density. For instance, if 

inactivation of Stac3 causes more myoblasts to fuse into myotubes this would deplete the 

myoblast population. Fewer myoblasts available to fuse into myotubes would reduce the number 

of primary fibers. The increased density might also have a detrimental effect on the structure of 

the cytoskeleton preventing the proper function of cytosolic trafficking filaments and impeding 

proper migration of the nuclei to the periphery of the fiber. The reduced fiber number could be 

the result of fewer secondary fibers as well. However data determining fiber origin in Stac3-/- 

mice (whether primary or secondary) has not been completed at this time. 

Also, the increased CSA observed does not necessarily point to a late gestational event. 

In Stac3-/- mice the mean CSA is 20% greater than in control littermate mice (Figure 17). In 

order for such an increase in CSA to be observed, an event prior would be more probable for the 

increased CSA to be evident. This increase in CSA is able to compensate for the decrease in fiber 

number in the muscle resulting in no overall change in the size of the muscle. There are several 

possible reasons for the increased CSA, which include increased myonuclei, or increased protein 

synthesis in the myotubes. Alternatively, the increased CSA might be a byproduct of other 
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pathological origins. It is obvious the organization of the fibers is severely distorted, but it also 

appears that the fibers are shortened based on longitudinal sections (Figure 12). This observation 

could be caused by the overall disorder of the fibers. With fewer fibers, yet unaffected overall 

muscle size, there appears to be more interstitial space combined with less fiber bundling that 

could allow for greater spatial liberty for the fibers. These fibers might weave in and out of the 

section plane. Another possibility is the fibers are not inherently short, but possibly become 

detached upon contraction. This could cause the fiber to appear shortened even though they are 

more so contracted giving a compact appearance with shorted length and increased CSA. This 

might indicate Stac3 has a role in the extracellular makeup of the fibers and functions in cell-cell 

interactions or adhesion. However, we did not detect a difference in sarcomere lengths from 

electron micrographs, which does not support the notion that the fibers are hyper contracted. 

Previous studies show the two other members of the Stac family, Stac and Stac2, are 

expressed in a specific population of neurons in the dorsal root ganglion (Legha et al., 2010). It 

remains to be determined whether Stac3 has a function in, or relating to, nervous tissue, but 

innervation is a critical event during myogenesis. When primary fibers first form, both 

proliferation and hypertrophy occur, and innervation plays a significant role in both. Fernandes 

and Keshishian (1998) discovered that the pool of myoblasts is reduced if denervation is 

performed prior to fiber formation. When primary fibers form, they are initially polyneuronally 

innervated. The first synaptic contact on a myotube results in a convergence of several inputs 

onto a single myotube. In most instances, all but one input is eliminated over time resulting in 

just one input per myotube, typically in the middle region of the myotube, through a process 

called synapse elimination (Bate, 1990; Duxson, 1992; Sanes and Lichtman, 1999). However, 

some more recent research points to more than one innervation site, or end plate, in some muscle 
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fibers (Lateva et al., 2002). Nerve terminals on primary fibers regulate secondary myotube 

formation. Ross et al. (1987) discovered the sites of innervation on primary fibers stimulate 

mitosis in a nerve-dependent population of myoblasts. This suggests that the presence of nerve 

terminals on primary fibers is important for secondary fiber formation. Indeed it is at these sites 

of innervation that secondary myotubes begin developing and myogenin expression is noted 

(Duxson and Sheard, 1995). 

There appears to be a role for innervation in primary fiber development as well. If 

innervation is blocked in mouse or rat limb, or is denervated before primary fiber formation, 

muscles form normally, but there are reduced numbers of primary and fetal muscle fibers (Harris 

et al., 1989; Hughes and Ontell, 1992; Phillips and Bennett, 1984; Wilson and Harris, 1993). 

Although innervation is not absolutely required for primary fiber formation, if innervation does 

not occur the primary fibers do not persist. Similarly, secondary fibers form if innervation does 

not occur, but with marked reduction in number of secondary fibers, and innervation is needed 

for secondary fiber formation to continue (Fredette and Landmesser, 1991). Also, secondary 

fiber hypertrophy is affected by innervation and is likely true with primary fibers as well. 

Research shows slow fibers of primary origin undergo severe atrophy in the absence of 

innervation; the same is true of secondary fibers (Crow and Stockdale, 1986; Sandri and Carraro, 

1999). It is possible that the innervation event is inhibited in Stac3-/- mice causing atrophy of the 

primary fibers and reduced secondary fiber number. Symptoms of both appear in histological 

analysis with increased number of centrally located myotubes and some fibers having extreme 

CSA combined with the reduced overall number of fibers. Although we were unable to identify 

the neuromuscular junction on photomicrographs and have no direct evidence regarding 

inhibition of secondary fiber formation in this study, the time of nerve innervation and beginning 
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of secondary fiber formation is intriguing. Secondary fiber formation occurs just prior to the 

developmental point that the Stac3 phenotype is exhibited. Furthermore, immediate postnatal 

death is a frequent result of gene mutations affecting the neuromuscular junction (Turgeon and 

Meloche, 2009). These data suggest the possibility that Stac3 inactivation may be inhibiting a 

neuromuscular interaction necessary for proper development of skeletal muscle. 

The possibility of fiber atrophy might indicate a pathological condition as well. At no 

time point during our study did normal fibers (from control littermates) possess such a large CSA 

in development as Stac3-/- mice. The extreme CSA in some myotubes and exacerbated 

phenotype in the tibialis anterior resembles some myopathic conditions. Centronuclear 

myopathies (CNM) are congenital myopathies with primary histological features being high 

incidence of centrally placed nuclei with 30 to 95 percent of fibers having centrally located 

nuclei (Engel and Franzini-Armstrong, 1994; Spiro et al., 1966). Another name given to this type 

of disease is type I fiber hypotrophy with central nuclei (Engel et al., 1968). Resembling CNM, 

the Stac3-/- muscles had long chains of nuclei in the center of the fibers. Other structural changes 

such as increased adipose tissue separating fasciculi are also displayed in CNM, which is similar 

to the Stac3 phenotypes (Engel and Franzini-Armstrong, 1994). There are many forms of CNM. 

The Stac3 inactivation induced phenotype resembles the Congenital Sex-Linked Myotubular 

Myopathy especially. It is caused by a deletion in the gene myotubularin which is a phosphatase 

capable of dephosphorylating phosphorylated serine and tyrosine residues (Cui et al., 1998). It 

has been implicated in signal transduction pathways which are involved in muscle development 

(reviewed by Laporte et al., 2000). Clinical features of this form of CNM include respiratory 

distress that is linked to weak diaphragm muscles. This myopathy causes a high mortality rate in 

children (Heckmatt et al., 1985). Pathological features show smaller than normal fibers among 



 46 

scattered large fibers with centrally located nuclei or a clear central core zone (Engel and 

Franzini-Armstrong, 1994). The mortality rate and scattered large fibers is particularly 

suggestive of the Stac3 mutation. Central Core Disease (CCD) is another disease that exhibits 

centrally located nuclei or open cores. CCD has been genetically associated with mutations in the 

skeletal muscle isoform of the ryanodine receptor (Robinson et al., 2006). This myopathy 

displays jagged and streaming Z-lines when analyzed at the subcellular level, again a feature of 

Stac3-/- mice. These similarities provide evidence that Stac3 inactivation might facilitate a 

myopathological condition. 

Photomicrographs obtained from Transmission Electron Microscopy (TEM) revealed 

several qualitative differences between control offspring and mutants such as streaming Z-lines 

indicated by blurred I-bands, and indistinguishable or absent M-lines in the sarcomere (Davies 

and Nowak, 2006). Anisokaryosis, fewer open nucleoli and dense peripheral nuclear 

heterochromatin was also noted in the mutant muscle. The nucleolus is site of ribosomal RNA 

synthesis. This indicates the processing of ribosomal RNA. Open nucleoli are indicative of an 

actively transcribing nucleus or could also signify the nucleus is preparing to divide (reviewed by 

Raska et al., 2004). The anisokaryosis was not the result of mortality. Dead nuclei are discernible 

by edema, disassociation of organelles, or lysis which was not present in the Stac3-/- pups. 

Overall, the nucleolar organization of Stac3-/- mice was different from controls, but reveals little 

about the potential cause of this gene deletion lethality. 

The essential role of Stac3 in proper skeletal muscle development raises the question of 

potential mechanisms underlying the function of Stac3. Contrary to the master regulators of 

myogenesis, the MRFs, Stac3 is not a transcription factor in regards to DNA-binding capacity. 

However, Stac3 does maintain two domains (SH3 and C1) that are common components of 
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second messenger signal cascades. Mutations in proteins containing either C1 domains or SH3 

domains vary widely. Alteration in the C1 domain of a protein typically has a detrimental effect 

on protein folding, which might hide residues responsible for binding (Kazanietz et al., 1995b). 

Meanwhile mutation in SH3 domain severely reduces protein-protein interactions. Two type I 

myosins Myo3p and Myo5p (not to be confused with type II myosin which is responsible for 

muscle contraction) possess SH3 domains. They are thought to drive actin-dependent membrane 

motility. A mutation in the SH3 domains of Myo3p or Myo5p leads to severe defects in actin 

cytoskeleton (Lechler et al., 2000). It was determined the mutation in the SH3 domain prevented 

binding with multiple proteins (Evangelista et al., 2000; Geli et al., 2000). Also, the Stac3 

protein is confined to the cytosolic domain of the cell with no evidence for direct kinase activity 

based on Suzuki et al. (1996) and Abrams and Zhao (1995), but potential association with the 

cellular membrane is possible. The Stac family possesses both domains making the task of 

dissecting the complex networks Stac3 could interact with a formidable undertaking. 
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Conclusions 

In conclusion our results demonstrate that Stac3 is essential for proper skeletal muscle 

development and vitality in mice. We have produced mice with lethal muscle deformities 

stemming from the absence of the Stac3 gene. This study identifies Stac3 as a necessary gene for 

proper skeletal muscle development and vitality in mice. More research will be needed to 

determine the mechanism and exact role of Stac3 in skeletal muscle development. 
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Table 1. 

 

Frequency of genotypes in offspring from Stac3+/- x Stac3+/- parents. 

Percentages indicate no live Stac3-/- offspring are capable of reaching weaning 

age, but normal Mendelian segregation during fetal period is present. 

 

Age n Stac3+/+ (%) Stac3+/- (%) Stac3-/- (%) 

Fetal (E14.5 – E18.5) 156 42 (26.9) 73 (46.8) 41 (26.3) 

Weaning (3wks) 131 47 (35.9) 84 (64.1) 0 
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Table 2. 

 

Tests of fixed effects on growth traits of Stac3+/- and Stac3+/+ mice. Data from weaning (3 wks) 

to maturity (6 wks). No difference in growth was detected between Stac3+/- and Stac3+/+. n = 

24 for Stac3+/- and n = 13 for Stac3+/+. 

 

Effect Num DF Den DF F Value Pr > F 

genotype 1 33 0.11 0.7388 

week 3 99 477.45 <.0001 

genotype*week 3 99 0.85 0.4687 

gender 1 33 21.73 <.0001 

genotype*gender 1 33 1.11 0.2995 

gender*week 3 99 21.95 <.0001 

genotype*sex*week 3 99 1.27 0.2881 
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Figure 6. Schematic of the wild type (WT) and trapped Stac3 alleles. The WT Stac3 allele has 

12 exons, with the third exon containing the translation start codon. The trapped Stac3 allele is 

inserted with a “trapping cassette” in the first intron and a third loxP site in the fifth intron. 
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Figure 7. Electrophorese gel product of genotypes. Primer set 1 used to distinguish between 

Stac3+/- mice (having a product of 344 bp) and Stac3+/+ mice (having a product of 317), but 

was also capable of discerning Stac3-/- offspring. Primer set 2 used to distinguish between 

Stac3-/- (having a product > 1000 bp) and Stac3+/- or Stac3+/+ (having a product of 468 bp) 

mice. 
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Figure 8. Stac3 expression in seven different tissues isolated from E17.5 Stac3+/- (top) and 

Stac3-/- (bottom) fetuses. Inactivation of Stac3 is confirmed in the bottom gel where the highly 

specific expression of Stac3 is evident in the top gel. Positive control was skeletal muscle (SKM) 

from Stac3+/+ littermate with an internal control of glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH). 
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Figure 9. Representative images of Stac3-/- (left) and Stac3+/+ (right) mice at P0. Notice that 

the mutant had a more curved body and dropping forelimbs. 
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Figure 10. Body weights of Stac3-/-, Stac3+/- and Stac3+/+ fetuses dissected at E17.5 (black) 

and 18.5 (grey). The number of individuals per genotype (n) is indicated in the bars. Data are 

mean + SEM. Means bearing different letters differ (P < 0.05). 
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Figure 11. Representative hind limb transverse H&E stained cross-sections from P0 Stac3+/- 

(left column) and Stac3-/- (right column) littermates taken from approximately the same location 

of the lower leg (crus). Low magnification (top row) with reference labeled muscles (1, 2) and 

bones (3, 4). Label 1 = extensor digitorum longus (EDL) 2 = tibialis anterior (TA) 3 = fibula 4 = 

tibia. High magnification of the EDL (middle row) illustrates the disorder of the myofibers and 

lack of fiber bundling. Greater magnification (bottom row) denotes the extremely large and 

varied diameter and centrally located nuclei in the fibers of the Stac3-/- mice. Bar = 100 µm (top 

row) 50 µm (middle row) and 15 um (bottom row) 
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Figure 12. Sagittal sections from the extensor digitorum longus (EDL) (top row) and tibialis 

anterior (TA) (bottom row) in P0 Stac3+/- (left column) and P0 Stac3-/- (right column) 

littermates. Stac3-/- mice display centrally located nuclei and dense packing of nuclei. Stac3+/- 

mice show proper fiber structure where the length of a single fiber can be traced through the 

entire length of the image. Stac3-/- mice have disordered and shorter myotube structure. Extreme 

stacking of nuclei is displayed near tendon of the tibialis anterior of P0 Stac3-/-. The orientation 

of the nuclei is perpendicular to the myotube creating dense and elliptical-shaped nuclei in the 

center of the myotube. Bar = 50 µm. 
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Figure 13. Representative sagittal tongue (top row) and diaphragm (bottom row) muscle cross-

sections stained with H&E from P0 Stac3+/+ (left column) and P0 Stac3-/- (right column) 

littermates. Analysis of various skeletal muscles confirming phenotype is ubiquitous in skeletal 

muscle. The tongue displays severe aberrations in fiber development where as the diaphragm 

appears thinner. Bar = 50 µm. 
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Figure 14. Cross sections of various tissues from P0 Stac3+/+ (left column) and Stac3-/- (right 

column) not expressing Stac3. No histological differences were detected in the heart (top row) 

and liver (middle row) of littermate mice. Lungs (bottom row) from P0 Stac3+/+ show expansion 

of alveoli indicating respiration where Stac-/- fail to display evidence of alveolar expansion. Bar 

= 50 µm. 
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Figure 15. Imunnohistochemical (IHC) staining of myosin heavy chain protein (red) with 

nuclear counter stain (blue) from the extensor digitorum longus of Stac3+/+ (left column) and 

Stac3-/- (right column) littermates at P0 (top row) and E17.5 (bottom row). Bar = 50 µm. 
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Figure 16. Percent of myotubes (fibers appearing tubular) containing immunoreactive myosin 

heavy chain from littermates at E17.5 (black) and P0 (grey). The number of individuals per 

genotype (n) is indicated in the bars. Data are mean + SEM. Means bearing different letters differ 

(P < 0.05). 
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Figure 17. Cross sectional area (CSA) of muscle fibers containing immunoreactive myosin 

heavy chain in extensor digitorum longus from mice at E17.5 (black) and P0 (grey). The number 

of individuals per genotype (n) is indicated in the bars. Data are mean + SEM. Means bearing 

different letters differ (P < 0.05). 
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Figure 18. Frequency distribution of muscle fiber cross sectional areas (CSA) from P0 extensor 

digitorum longus of Stac3+/- and Stac3+/+ (grey line) compared to Stac3-/- (black dashed line). 
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Figure 19. Frequency distribution of muscle fiber cross sectional areas (CSA) from E17.5 

extensor digitorum longus of Stac3+/- and Stac3+/+ (grey line) compared to Stac3-/- (black 

dashed line). Note the bimodal peaks between 35 and 55 μm
2
 and between 65 and 85 μm

2
 in 

CSA in Stac3-/- mice. 
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Figure 20. Total number of myosin heavy chain-positive muscle fibers possessing 

immunoreactive myosin in the extensor digitorum longus from mice at E17.5 (black) and P0 

(grey). The number of individuals per genotype (n) is indicated in the bars. Data are mean + 

SEM. Means bearing different letters differ (P < 0.05). 
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Figure 21. Electron micrographs of muscle from the extensor digitorum longus of Stac3+/+ (left 

column) and Stac3-/- (right column) from P0 littermates. Bar = 10 µm (top row) and 500 nm 

(bottom row). 
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CHAPTER III 

Future objectives 

The novelty of this project allows for many potential directions for future research 

objectives. Certainly the most unique feature the Stac3-/- mouse model is the cassette inserted 

which prevents transcription of Stac3. The inserted cassette possesses the ability to be 

conditionally knocked out by first rescuing the phenotype and then later deleting at the discretion 

of the investigator (see Appendix A). This would provide gene inactivation in a live animal to 

further investigate the phenotypic effects of Stac3. Additionally, an efficient antibody to the 

Stac3 protein product is necessary. Although there have been some developed in the past, these 

have had mixed results. While some encouraging results have come from the antibody‟s 

recognition ability in some protein assays, this has not been observed in histological 

experiments. The ability to not only detect the Stac3 protein product, but to be able to localize 

the protein in histological samples would reveal a great deal about the function of Stac3 in vivo. 

Another fundamental question that would begin to elucidate the mechanism of Stac3 

action is to study what proteins interact with it within the cell. It is apparent Stac3 does not bind 

to DNA directly, but has potential binding sites for membrane bound second messengers. Assays 

such as a yeast two-hybrid screen could reveal other proteins that bind directly to Stac3 (Joung et 

al., 2000). Also the inserted cassette has a β-galactosidase site included in it. This can be used for 

Lac-z staining (using the X-gal substrate) on mutants and heterozygotes for transcript location 

(Watson et al., 2008). In addition, even though Stac3 tissue expression is established, in situ 

hybridization could shed more light on where Stac3 is expressed and to what level by exposing 

mRNA transcripts. This would be especially valuable for mapping a timeline of Stac3 expression 

through early development. 
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Primary and secondary myogenesis have different MyHC expression patterns which 

dictate fiber type (type I, IIa, IIb or IIx) (Pin et al., 2002). We did not look extensively at fiber 

types in mutant mice compared with controls. Identifying differences in fiber types could shed 

light on whether Stac3 is functioning in primary myogenesis, secondary myogenesis, or at 

another developmental time point. Also, more careful investigation into the neuromuscular 

junction is warranted. If Stac3 does play a role in the neuromuscular interaction, then analysis of 

neurotransmitters, such as acetylcholine, or monitoring downstream effects of neurological 

stimulation such as calcium transients, could yield great results. 

Regardless of the direction pursued, identification of Stac3 as a critical gene in 

development marks advancement in elucidating the underlying physiological mechanisms of 

early development. Including Stac3 in complex molecular networks is the ultimate goal and the 

outlined potential future objectives would begin establishing this connection. 
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Appendix A. Gene trap mutagenesis 

The mutation present in the Stac3 mice was caused by gene trap method of gene targeting 

mutagenesis performed by the International Knockout Mouse Consortium (IKMC) (Collins et 

al., 2007). This method was originally demonstrated using bacteriophage transposable elements 

to insert reporter genes at random locations in E.Coli (Casadaban and Cohen, 1979). Gene traps 

are randomly introduced into the genomes of embryonic stem cells by electroporation or by 

retroviral infection. The principle behind the gene trap method is transcriptional termination at a 

polyadenylation site located in an intron immediately downstream of a biomarker, typically β- 

glucosidase (β-gal), to allow positive selection of ES cells. Simultaneously, a neomyocin 

resistant sequence is transcribed to allow negative selection of ES cells. The advantage gene 

trapping has over other forms of mutagenesis, such as homologous recombination, is that it is a 

high throughput method. The fact that no target gene or homologous sequence must be identified 

prior to the procedure makes gene trapping an excellent method for knocking out a high number 

of genes in an efficient manner. 

The cassette used in the specific case of Stac3 is a well characterized sequence inserted 

into the first intron of the coding region (Figure 6). This cassette consists of two flippase 

recombination enzyme (FLP) recognition target recombination sites labeled FRT, two X-over P1 

(loxP) sites, a neomycin site, a β-gal site, a splice adaptor site, an internal ribosomal entry site, 

and two polyadenylation sites. The FRT site is used for site directed recombination in the 

presence of the FLP enzyme (Zhu and Sadowski, 1995). The FLP-FRT sites remove the trapping 

cassette rescuing the mutated phenotype. The loxP site is another site-directed recombination 

tool that excises the sequence between each loxP site in the presence of the Cre recombinase 

enzyme (Cre) (Sauer, 1987). The Cre-loxP site excises four exons and renders the transcript 
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nonfunctional. These two site-directed recombination inserts together comprise what is known as 

a conditional knockout (Bouvier and Cheng, 2009). The conditional knockout mouse allows the 

mutation to be rescued through the FLP/FRT recombinase mechanism and then knocked out 

again at the investigators discretion with the Cre/loxP recombinase mechanism. Other 

components of the trapping cassette primarily provide selectable markers. The neomycin site is a 

selectable marker used to identify the successfully transfected ES cells in the initial stage of 

selection. The β-gal site can be used as a marker for in situ procedures to identify transcription 

location (Salminen et al., 1998). The splice acceptor (En SA2 in this case) site links the trapping 

cassette in the first intron of the coding region to the first exon. This permits the β-gal to be 

transcriptionally regulated by the trapped promoter and use of the β-gal site as a biomarker both 

in vivo and in vitro for qualitative and quantitative assays (Durick et al., 1999). The internal 

ribosomal entry site allows for the translation of the reporter gene, β-gal, from fusion transcripts 

(Bonaldo et al., 1998). Finally, the polyadenylation sequence prematurely terminates the 

transcription of the mRNA rendering the protein nonfunctional only after the expression of the 

selection markers (Salminen et al., 1998). 
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Appendix B. Fetus collection 

 

1. Anesthetize female by placing approximately 0.5 to 1.0 ml isoflurane (on a paper towel 

or Kimwipe) in a sealed cage for 45 to 60 sec followed by cervical dislocation. 

 

2. Using scissors cut open the ventral abdominal wall exposing the uterus. 

 

3. Separate fetuses from amniotic fluids, record weight, and collect a sample of the tail for 

genotyping. 

 

4. Sever the skin of the fetuses at the sagittal plane both dorsal and ventral to allow fixative 

penetration and place in 10% neutral buffered formalin for 48 h. 

 

5. After 48 h store in 70% ethanol until processed. 
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Appendix C. Paraffin embedding and sectioning 

 

1. Place tissues in cassette and either in a carrousel processor or in processing station for 

hand processing. 

 

a. Dehydrate samples in 70% ethanol #1 for 1 h. 

 

b. Dehydrate samples in 70% ethanol #2 for 1 h. 

 

c. Dehydrate samples in 80% ethanol #1 for 1 h. 

 

d. Dehydrate samples in 80% ethanol #2 for 1 h. 

 

e. Dehydrate samples in 95% ethanol #1 for 1 h. 

 

f. Dehydrate samples in 95% ethanol #2 for 1 h. 

 

g. Dehydrate samples in 100% ethanol #1 for 1 h. 

 

h. Dehydrate samples in 100% ethanol #2 for 1 h. 

 

i. Clear samples in 100% xylene #1 for 1 h. 

 

j. Clear samples in 100% xylene #2 for 1 h. 

 

k. Infiltrate samples with 100% paraffin #1 for 1 h at 55 - 57˚ C. 

 

l. Infiltrate samples with 100% paraffin #2 for 1 h at 55 - 57˚ C. 

 

2. Remove tissue from cassette and strategically orientate in mold and surround with 

paraffin by pouring paraffin heated to 55˚ C into mold. 

 

3. Leave cool at room temperature and store. 

 

4. Place blocks in 4˚ C one h prior to sectioning. 

 

5. Place molds in microtome and trim at 40 μm until the specimen is nicked with blade. 

 

6. Cut three serial sections at 6 μm thick ribbons approximately every 60 - 100 μm. 

 

7. Place ribbons in 42˚ C water bath. 

 

8. Carefully move a positively charged slide under the ribbons and lift out of the water bath. 
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9. Leave over night on slide warmer set at approximately 45˚ C and store at room 

temperature. 
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Appendix D. Deparaffinizing tissue section 

 

1. Place slides in Coplin jar or slide carrier. 

 

2. Using a separate container for each: 

 

a. Deparaffinize with 100% xylene #1 for 5 min. 

 

b. Deparaffinize with 100% xylene #2 for 5 min. 

 

c. Hydrate in 100% ethanol #1 for 1 min. 

 

d. Hydrate in 100% ethanol #2 for 1 min. 

 

e. Hydrate in 95% ethanol #1 for 2 min. 

 

f. Hydrate in 95% ethanol #2 for 2 min. 

 

g. Hydrate in 80% ethanol #1 for 2 min. 

 

h. Hydrate in 80% ethanol #2 for 2 min. 

 

i. Hydrate in 70% ethanol for 2 min. 

 

a. Hydrate in ddH2O for 5 min. 

 

2. Proceed immediately to desired histochemical procedure. 
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Appendix E. Hematoxylin and Eosin staining for formalin fixed paraffin embedded tissue 

 

1. Place slides in Coplin jar of Gills Hematoxylin for 90 sec. 

 

2. Rinse with tap water. 

 

3. Place slides in Scott‟s tap water for 30 sec. 

 

a. Scott‟s tap water recipe: For working stock add 20 g MgSO4 (0.2 M) with 2 g 

NaHO3 (0.03 M) to 1 L ddH2O 

 

4. Rinse with tap water. 

 

5. Place slides in 95% ethanol for 30 sec. 

 

6. Place slides in Eosin Y alcoholic solution for 45 sec. 

 

7. Dip slides in 70% ethanol 10 times. 

 

8. Dip slides in 80% ethanol 10 times. 

 

9. Dip slides in 90% ethanol 10 times. 

 

10. Place slides in 100% ethanol for 1 min. 

 

11. Clear slides in 100% xylene #1 for 5 min. 

 

12. Clear slides in 100% xylene #2 for 5 min. 

 

13. Mount cover slip with Protocol® SecureMount™ mounting medium diluted with xylene 

without allowing the slide to dry. 
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Appendix F. Hematoxylin and Eosin staining frozen tissue 

 

1. Place sections from freezer immediately into 10% neutral buffered formalin for 5 min. 

 

2. Wash in PBS for 5 min. 

a. Repeat step 1. 

b. Repeat step 1. 

 

1. Place slides in Coplin jar of Gills Hematoxylin for 90 sec. 

 

2. Rinse with tap water. 

 

3. Place slides in Scott‟s tap water for 30 sec. 

 

4. Rinse with tap water. 

 

5. Place slides in 95% ethanol for 30 sec. 

 

6. Place slides in Eosin Y alcoholic solution for 45 sec. 

 

7. Dip slides in 70% ethanol 10 times. 

 

8. Dip slides in 80% ethanol 10 times. 

 

9. Dip slides in 90% ethanol 10 times. 

 

10. Place slides in 100% ethanol for 1 min. 

 

11. Clear slides in 100% xylene #1 for 5 min. 

 

12. Clear slides in 100% xylene #2 for 5 min. 

 

13. Mount cover slip with Protocol® SecureMount™ mounting medium diluted with xylene 

without allowing the slide to dry. 
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Appendix G. Antigen retrieval 

 

1. Heat citrate buffer to boiling in a microwave then place on hotplate and stabilize 

temperature at 95 - 100˚ C. 

 

a. Citrate buffer recipe: For working stock add 13.5 ml 0.1 M citrate acid 

monohydrate with 61.5 ml 0.1 M sodium citrate dihydrate and bring to 750 ml 

with ddH2O. 

 

2. Place slides in heated citrate buffer for 30 min. 

 

3. Remove from heat source and allow citrate buffer and slides to cool for 20 min at room 

temperature. 

 

4. Wash in PBST (PBS + 0.05% Tween-20) #1 for 2 min. 

 

5. Wash in PBST #2 for 2 min. 

 

6. Proceed to desired primary antibody protocol. 
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Appendix H. Immunohistochemistry 

 

1. Block slides with 5% goat serum in PBS (or serum from host of selected secondary 

antibody if available) at room temperature for 1 h in covered container. 

 

2. Add primary antibody directly on the specimen and incubate overnight at 4˚ C in a 

covered dish. 

 

3. Specific antibody specifications: 

a. MF20 IgG2b (Myosin heavy chain): 1:200. 

b. F5D IgG1 (Myogenin): 1:100. 

c. M-318 IgG (MyoD): 1:100. 

 

4. Wash in PBS #1 for 5 min at room temperature. 

a. Wash in PBS #2 for 5 min at room temperature. 

b. Wash in PBS #3 for 5 min at room temperature. 

 

5. Add secondary antibody or multiple for double labeling, plus DAPI counter stain directly 

on the specimen and incubate for 1 h at room temperature. 

 

6. Specific antibody specifications: 

a. Goat anti-mouse IgG DyLight® 594 Conjugated (Product 35511): 1:200. 

b. Wheat Germ Agglutinin Alexa Fluor® 488 conjugate (Product W11261): 1:400. 

c. DAPI: 1:1000. 

 

7. Wash in PBS #1 for 5 min at room temperature. 

a. Wash in PBS #2 for 5 min at room temperature. 

b. Wash in PBS #3 for 5 min at room temperature. 

 

8. Place one drop of Sudan Black directly on specimen for 1 min. 

a. Filtered 0.1% Sudan Black B in 70% ethanol. 

 

9. Wash in PBS for min. 

 

10. Dry back of slide with Kimwipe and remove excess PBS from top of slide with vacuum. 

 

11. Mount with Prolong® Gold antifade reagent mounting medium. 

 

12. Add thin streak of nail polish to perimeter of cover slide to prevent drying of the 

mounting medium. 


