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ROLE OF THE SH3 AND CYSTEINE-RICH DOMAIN 3 (STAC3) GENE IN 

PROLIFERATION AND DIFFERENTIATION OF BOVINE SATELLITE CELLS 

YAFEI ZHANG 

ABSTRACT 

The STAC3 gene is a functionally undefined gene predicted to encode a protein 

containing two SH3 domains and one cysteine-rich domain. In this study, we determined 

the potential role of the STAC3 gene in proliferation and differentiation of bovine 

satellite cells. We isolated satellite cells from skeletal muscle of adult cattle and 

transfected them with STAC3 small interfering RNA (siRNA) or scrambled siRNA. Cell 

proliferation assays revealed that STAC3 knockdown had no effect on the proliferation 

rate of bovine satellite cells. We assessed the differentiation status of bovine satellite cells 

by quantifying the expression levels of myogenin and myosin heavy chain genes, and by 

quantifying fusion index. STAC3 knockdown stimulated mRNA and protein expression 

of myogenin, and myosin heavy chain 3 and 7, and increased fusion index of bovine 

satellite cells. These data together suggest that STAC3 inhibits differentiation of bovine 

satellite cells into myotubes. To determine the underlying mechanism, we identified and 

validated AP1µ1 as a STAC3-interacting protein by yeast two-hybrid screening and co-

immunoprecipitation. In C2C12 cells, STAC3 knockdown decreased the expression level 

of AP1µ1 protein. In bovine satellite cells, STAC3 knockdown increased the membrane 

localization of glucose transporter 4 (GLUT4) and glucose uptake. These data together 

suggest the following mechanism by which STAC3 inhibits differentiation of bovine 

satellite cells: STAC3 increases AP1µ1 stability in cells; a high level of AP1µ1 keeps 
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GLUT4 from translocating to the plasma membrane; reduced membrane localization of 

GLUT4 impedes glucose uptake; and restricted glucose uptake inhibits differentiation of 

satellite cells into myotubes.  
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Chapter I 

Literature Review 

Introduction 

Skeletal muscle is a form of striated muscle tissue, which constitutes 40%-50% of 

the total body mass (Yin et al., 2013). Skeletal muscle has a notable capacity to meet 

physiological demands. Contraction and relaxation of skeletal muscle is critical for 

maintaining body movement, breathing, body posture and balance. Skeletal muscle 

contraction also converts energy into heat to preserve body temperature (Hoppeler and 

Fluck, 2003). Thus, skeletal muscle atrophy leads to loss of skeletal muscle mass and 

strength and is associated with ageing and several common diseases, such as cancer, 

AIDS, congestive heart failure, chronic obstructive pulmonary disease (COPD), renal 

failure, and severe burns (Tabebordbar et al., 2013). Furthermore, skeletal muscle as meat 

is a major product of animal agriculture.  

Skeletal muscle is made up of smaller bundles called fascicles. Each fascicle is 

made up of several multinucleated muscle cells known as myofibers (Zammit et al., 

2006b). In the embryonic period, myofibers are formed by fusion of mesoderm 

progenitor cells called myoblasts. In the postnatal stage, the number of myofibers remains 

constant, but satellite cells, a population of postnatal muscle stem cells, fuse into existing 

myofibers to enlarge the size of myofibers (Yablonka-Reuveni, 2011). Under normal 

conditions skeletal muscle in the adult is stable; only a few satellite cells fuse into 

myofibers to compensate for muscle turnover caused by daily wear and tear. However, in 
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response to stimuli such as environmental demands and injury (Carlson, 1995), skeletal 

muscle undergoes the regeneration process (Charge and Rudnicki, 2004). Satellite cells 

are believed to play an indispensable role in this process(Yin et al., 2013). 

In this review, I will discuss the characteristics of satellite cells, their role in 

myogenesis, and the regulatory factors and mechanisms that control myogenesis from 

satellite cells.  
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Satellite cells 

Skeletal muscle has a robust regenerative capacity (Rosenblatt, 1992). The cells 

responsible for postnatal skeletal muscle myogenesis are satellite cells, which are located 

in a niche on the surface of the myofibers (Katz and Miledi, 1961, Mauro, 1961). In adult 

animals, satellite cells can be activated to provide myoblasts for maintaining muscle fiber 

homeostasis or for muscle regeneration in response to muscle trauma (Zammit, 2008). 

During the last half-century, significant progress has been made in understanding the 

biology of satellite cells thanks to technological advances in molecular biology, cell 

biology, and genetics.  

Identification of satellite cells 

Half a century ago, Alexander Mauro observed a group of mononucleated cells at 

the periphery of adult skeletal muscle myofibers using electron microscopy (Mauro, 

1961). These cells were termed as satellite cells based on their location between the 

cytoplasmic membrane and the basement membrane of the myofiber (Fig. 1.1). When 

observed with electron microscopy, a satellite cell showed a “wedged” appearance 

because of its anatomical location (Mauro, 1961). Morphologically, a satellite cell has a 

large nuclear-to-cytoplasmic ratio, few organelles, a small nucleus, and condensed 

interphase chromatin. These characteristics are consistent with the suggestion that most 

satellite cells are mitotically quiescent (in G0 phase) and transcriptionally inactive in 

healthy unstressed muscles (Schultz et al., 1978). In addition to electron microscopy, 

satellite cells can be identified by fluorescence microscopy using specific biomarkers. 

Most satellite cells in adult skeletal muscle express the paired domain transcription 
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factors Pax7 (Seale et al., 2000) and Pax3 (Buckingham et al., 2003), myogenic 

regulatory factor Myf5 (Cornelison and Wold, 1997b), homeobox transcription factor 

Barx2 (Meech et al., 2012), cell adhesion protein M-cadherin (Hansensmith et al., 1979), 

tyrosine receptor kinase c-Met (Allen et al., 1995), cell surface attachment receptor α7-

intergin (Gnocchi et al., 2009), cluster of differentiation protein CD34 (Beauchamp et al., 

2000b), transmembrane heparan sulfate proteoglycans syndecan-3 and syndecan-4 

(Cornelison et al., 2001), chemokine receptor CXCR4 (Ratajczak et al., 2003), caveolae-

forming protein caveolin-1 (Sabourin et al., 1999), calcitonin receptor (Fukada et al., 

2007), and nuclear envelope proteins lamin A/C and emerrin (Gnocchi et al., 2009). 

Among these markers, Pax7 is the canonical biomarker for satellite cells as it is 

specifically expressed in all quiescent and proliferating satellite cells across multiple 

species, including human, mouse, pig, chick, frog and zebrafish (Seale et al., 2000). 

However, some satellite cell markers such as α7-intergin and CD34 are also expressed in 

other cell types of skeletal muscle (Yin et al., 2013). 

         

Fig. 1.1.  Location of satellite cells in skeletal muscle. Satellite cells are located between 

the cytoplasmic membrane (i.e., sarcolemma) and the basement membrane of the 

myofiber, while myonuclei are located on the periphery of the myofiber.  

 

Satellite cell 
Myonuclei 

Myofiber 
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Origin of satellite cells 

Satellite cells can be first identified when the basal lamina around myotubes 

forms at the end of fetal development (Ontell and Kozeka, 1984). Grafting quail somites 

into chicken embryos shows that somite myogenic progenitors generate satellite cells 

(Armand et al., 1983). In addition, lineage tracing suggests that Pax3 and Pax7 

expressing cells of somites give rise to both trunk and limb muscle and their satellite cell 

populations (Engleka et al., 2005, Lepper et al., 2009, Lepper and Fan, 2010). Pax3 and 

Pax7 control the myogenic program by activating the myogenic regulatory factors Myf5, 

MyoD, Mrf4 and myogenin (Bajard et al., 2006, Buckingham and Relaix, 2007, Hu et al., 

2008). Pax7 is expressed throughout the life of organism both in fetal myogenic 

precursors and adult satellite cells. However, Pax3 is downregulated during the fetal 

period, although Pax3 remains active in a subset of satellite cells in certain adult muscles 

(Horst et al., 2006). 

Number and distribution of satellite cells  

The quantity of satellite cells is considered to be different between development 

stages, muscle locations, myofiber types, and species. In general, 30-35% of the 

sublaminal nuclei on myofibers are satellite cells in early postnatal murine muscles, while 

in adult muscles, it declines to 2-7% (Allbrook et al., 1971, Hellmuth and Allbrook, 1971, 

Schultz, 1974). In adults, the percentage of satellite cells in soleus muscle is 

approximately two to four times higher than those in the anterior muscle or the extensor 

digitorum longus (EDL) muscle (Schmalbruch and Hellhammer, 1977, Snow, 1983). 

Within the same muscle, the number of satellite cells located on slow muscle fibers (i.e., 
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type I fibers) is higher than those on fast myofibers (i.e., type IIa and type IIb fibers) 

(Mackey et al., 2009, Okada et al., 1984). 

In myofibers, the distribution of satellite cells is not random. The density of 

satellite cells is higher at the ends of the myofibers, where the longitudinal growth of 

skeletal muscle happens (Allouh et al., 2008). Satellite cells are also more frequent in 

perisynaptic regions than in extrasynaptic regions, which suggests that satellite cells may 

have a role in neuromuscular junction formation or function (Gibson and Schultz, 1982, 

Schmalbruch and Hellhammer, 1977). More satellite cells are also found near capillaries. 

As a matter of fact, 88% of satellite cells in adult human muscles are located within 21-

µm of  capillaries. These observations suggest that the location of satellite cells may be 

influenced by nerve innervation and blood supply (Christov et al., 2007). 

Asymmetric division of satellite cells 

Asymmetric cell division is one of the fundamental characteristics of stem cells 

undergoing the process of self-renewal (Tajbakhsh et al., 2009). Asymmetric cell division 

was first noticed in studies of the role of Notch signaling during activation and 

proliferation of satellite cells. Notch inhibitory protein Numb is asymmetrically 

segregated and localized to one pole of progenitor cells undergoing division (Conboy and 

Rando, 2002). Such an asymmetric cell division in satellite cells leads to the inheritance 

of Numb by one daughter and not the other, the former being destined to differentiate and 

the latter remaining an undifferentiated progenitor (Conboy and Rando, 2002). Other 

proteins, such as MyoD (Zammit et al., 2006a) and Dek (Cheung et al., 2012), are 

asymmetrically segregated in activated cells. Moreover, distinct developmental history of 
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Myf5 expression of satellite cells also provides evidence for asymmetric cell division 

(Kuang et al., 2007). Upon asymmetric division, a satellite cell gives rise to two daughter 

cells, only one of which expresses Myf5 and becomes part of a larger pool of satellite 

cells committing toward differentiation, and the other one never expresses Myf5 and 

becomes a stem cell committing toward self-renewal (Brack and Rando, 2012).  
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Myogenic progression of satellite cells 

In recent years, satellite cells have been regarded as the primary cellular source 

for skeletal myogenesis. From satellite cells to myofibers, this process is controlled by 

MyoD, Myf5, myogenin, and MRF4, which are referred to as myogenic regulatory 

factors (MRFs) (Fig. 1.2). 

                 

 

Fig. 1.2. Formation of myofibers from satellite cells. When MyoD and Myf5 are 

upregulated, quiescent satellite cells enter the cell cycle as myoblasts to proliferate. 

Upregulation of myogenin and MRF4 induces terminal differentiation of myoblasts into 

myotubes. Little is known about the factors that control myotube maturation into 

myofibers (Yin et al., 2013).  
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In 1987, MyoD was first discovered by subtractive hybridization using myoblast 

cDNA libraries (Davis et al., 1987). MyoD is a basic helix-loop-helix transcription factor 

that has ability to transform non-muscle cells, such as fibroblasts, into cells that are able 

to fuse into myotubes (Davis et al., 1987). Subsequently, three related skeletal muscle 

specific transcriptional factors—Myf5, myogenin (Myog), and MRF4—which are also 

capable of inducing myoblast features in non-muscle cell lines, were identified 

(Edmondson and Olson, 1989, Braun et al., 1989, Rhodes and Konieczny, 1989, Braun et 

al., 1990). Collectively, MyoD, Myf5, myogenin, and MRF4 are specifically expressed in 

skeletal muscle linage and are therefore referred to as myogenic regulatory factors 

(MRFs) (Rudnicki and Jaenisch, 1995, Weintraub et al., 1991b). Proteins of MRFs share 

a highly conserved basic helix-loop-helix (bHLH) domain that mediates DNA binding. 

Helix-loop-helix motif is essential for heterodimerization with a ubiquitously expressed 

E-protein (Singh and Dilworth, 2013, Massari and Murre, 2000). Upon dimerization, 

MRF-E-protein heterodimeric complexes are able to recognize and bind to E-box, a motif 

present in promoters of many muscle-specific genes (Massari and Murre, 2000). 

Phylogenetic analysis demonstrates that the four vertebrate MRF genes arose 

from a signal ancestral myogenic regulatory factor. This evolution results from gene 

duplication and subsequent divergent mutation (Atchley et al., 1994). Unlike vertebrates, 

invertebrates such as C. elegans, Drosophila, and sea urchins have a single MRF gene to 

develop their musculature (Krause et al., 1990, Venuti et al., 1991, Michelson et al., 

1990). However, due to the more complex musculature of vertebrates, four MRFs are 

essential to regulate complex gene expression in myogenesis. Indeed, although the DNA-

binding domain (bHLH) is highly conserved in MRFs, the transcription activation 
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domains of four MRFs are divergent (Singh and Dilworth, 2013). This has allowed 

MyoD, Myf5, myogenin, and MRF4 to retain a certain degree of functional redundancy, 

while each MRF also retains unique properties necessary for the myogenic process 

(Wang and Jaenisch, 1997, Zhu and Miller, 1997). 

In the last few decades, studies have made significant advances in distinguishing 

the function of individual MRFs in myogenesis. It is shown that MyoD and Myf5 are 

factors involved in determination of myogenic cells, whereas myogenin and MRF4 are 

more likely associated with terminal differentiation and homeostasis of myofibers (Singh 

and Dilworth, 2013). Mouse genetic studies have played a significant role in these 

findings. Mice deficient in MyoD are viable, fertile and morphologically normal. 

Expression of myogenin and MRF4 is not affected in MyoD mutant mice, whereas 

expression of Myf5 is significantly increased (Rudnicki et al., 1992). Similar to MyoD 

mutant mice, newborn Myf5 mutant mice have no morphological defects in skeletal 

muscle (Braun et al., 1992). However, double knockout of MyoD and Myf5 leads to 

postnatal lethality, resulting from a complete absence of skeletal myoblasts or myofibers 

(Rudnicki et al., 1993). These observations confirm that MyoD and Myf5 can 

functionally compensate for each other during development. However, MyoD and Myf5 

are not functionally equivalent. Mice devoid of Myf5 displayed a somewhat delayed 

myogenesis in epaxial myotome, whereas MyoD mutant mice showed delayed 

myogenesis in hypaxial myotome (Kablar et al., 1997). In addition, ablation of Myf5-

expreesing cells failed to prevent MyoD-dependent skeletal muscle differentiation 

(Haldar et al., 2008, Gensch et al., 2008). These observations suggest that MyoD and 

Myf5 determine different populations of myogenic precursor cells in myotome.  
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Myogenin null mice continue to specify the muscle lineage and produce myoblast 

population (Singh and Dilworth, 2013). However, these mice died perinatally due to a 

severe defect in the diaphragm (Hasty et al., 1993). Unlike MyoD and Myf5 knockout 

mice, major skeletal muscle of myogenin knockout mice is abnormal. A significant 

reduction in skeletal muscle is observed throughout the body. There is also a serious 

reduction of myofiber density in myogenin mutant embryos. However, the number of 

myoblasts appears normal (Nabeshima et al., 1993, Hasty et al., 1993). These suggest that 

myogenin is not required for lineage commitment, but rather myoblast differentiation and 

muscle fiber formation. Consistently, myogenin expression is upregulated during 

myoblast differentiation both in culture and in vivo (Sassoon et al., 1989, Wright et al., 

1989, Smith et al., 1994). Thus, myogenin is used as a marker of myoblast terminal 

differentiation. Myogenin/MyoD or myogenin/Myf5 double knockout mice commit 

muscle lineage but do not form muscle fibers (Rawls et al., 1995), which is similar to 

myogenin knockout mice. These studies together suggest that myogenin does not have 

functional overlap with either MyoD or Myf5, and that myogenin is a secondary MRF 

acting downstream of primary MRFs, MyoD and Myf5. 

Studies have suggested that MRF4 is involved in both muscle lineage 

determination and myoblast differentiation (Kassar-Duchossoy et al., 2004). MRF4 null 

mice are viable and fertile and do not show obvious muscle phenotype (Zhang et al., 

1995). This would demonstrate that MRF4 acts as a determination factor functionally 

redundant with MyoD and Myf5, and that it also serves as a differentiation factor 

functionally redundant with myogenin. In fact, the expression level of myogenin is 

dramatically upregulated in MRF4 knockout mice, suggesting that myogenin may 
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compensate for the loss of MRF4, or that MRF4 probably suppresses myogenin 

expression in mature myofibers (Zhang et al., 1995). Interestingly, MRF4/MyoD double 

knockout mice died at birth, which had similar phonotypes to myogenin knockout mice 

(Rawls et al., 1998). In addition, in those MRF4/MyoD double knockout mice, even 

though myogenin is expressed, the expression level is inadequate to support normal 

myogenesis in vivo (Singh and Dilworth, 2013). This suggests that MRF4 and MyoD 

play a redundant role in regulating skeletal muscle differentiation in the developmental 

stage. Taken together, these genetic studies indicate that in order to generate functional 

muscle during embryonic development, a minimum of two MRFs is needed: one to 

determine muscle linage, and the other to permit terminal differentiation.  

Satellite cell proliferation, differentiation and fusion 

Initially, satellite cells are located in a sublaminar niche and mitotically quiescent. 

These quiescent satellite cells are characterized by expression of Pax7 (Cornelison and 

Wold, 1997a). It is also suggested that Myf5 is expressed in 90% of quiescent satellite 

cells (Beauchamp et al., 2000b). Satellite cells can exit from the quiescent state and 

restart cellular proliferation during postnatal muscle growth and regeneration (Hughes 

and Blau, 1990, Jockusch and Voigt, 2003). Proliferating satellite cells are often specified 

as myogenic precursor cells or myoblasts, which are characterized by rapid expression of 

MyoD and Myf5 (Cornelison and Wold, 1997b, Cooper et al., 1999a). However, MyoD 

and Myf5 have distinctive expression profiles during cell cycle. MyoD expression is 

maximal in mid G1, whereas Myf5 expression peaks at the G0 and G2 stages of cell cycle 

(Kitzmann et al., 1998). Consequently, MyoD and Myf5 have different functions in 
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myogenesis. In the absence of MyoD, activated satellite cells still have ability to 

proliferate and self-renewal, but have problems to complete the myogenic program (Yin 

et al., 2013). In contrast to MyoD, proliferation of Myf5-null myoblast is receded 

(Gayraud-Morel et al., 2007). Overall, Myf5 is essential for myoblast proliferation, while 

MyoD determines myoblast differentiation.  

After a few rounds of proliferation, most of satellite cells permanently withdraw 

from cell cycle, start myogenic differentiation program, and fuse to form multinucleated 

myotubes. Terminal differentiation begins with the expression of myogenin and MRF4 

(Cornelison et al., 2000, Cornelison and Wold, 1997a). MyoD primarily induces 

expression of myogenin, and myogenin and MyoD are likely to activate genes encoding 

muscle contractile proteins, including actin, myosin, and troponin. MRF4 is highly 

expressed during the last stage of muscle cell differentiation and only detectable in 

mature myofibers. The expression of these myogenic regulatory genes is critical for 

proper myogenesis; thus their expressions are modulated by multiple mechanisms.  

The transcriptional activities of myogenin and MyoD are regulated by several 

factors. The α and β isoforms of p38 kinase (p38- α/β) activity stimulate MyoD binding 

to promoters of muscle-specific genes, which results in the recruitment of chromatin 

remodeling complexes (113, 114). Similarly, the transcriptional activity of myogenin is 

moderated by protein kinase A and protein kinase C (115, 116). In addition, protein 

inhibitors of MRFs also regulate myogenic gene expression. A group of inhibition of 

DNA binding proteins termed Ids (Id1, Id2, Id3, and Id4) negatively regulate 

heterodimerization of MRFs and E protein, which determines the transcriptional activity 
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of MRFs. Id proteins associate with E proteins and prevent their heterodimerization with 

MRFs, hence arresting MRFs activity and myogenic gene expression (117). 

In addition to MRFs, recent studies indicated that caspase-3 and caspase-activated 

DNase (CAD) are essential for initiating myoblast differentiation in vitro (Larsen et al., 

2010). Activated by caspase-3, CAD induces double stranded DNA breaks and is 

associated with various target promoters. Cyclin-dependent kinase inhibitor p21 is one of 

the promoters that are activated by CAD binding (Larsen et al., 2010). MyoD also 

induces cyclin-dependent kinase inhibitor p21 expression and ensures permanent cell 

cycle arrest. p21 phosphorylates the retinoblastoma protein (Rb), which has growth 

inhibitory function, and inactivates Rb-associated E2F family, which are transcription 

factors known to activate S phase genes (Yin et al., 2013). Thus, direct or indirect 

interaction of MyoD and these cell cycle regulators induces permanent cell cycle 

withdrawal in myoblasts.   

Differentiated myoblasts fuse to form multinucleated myofibers after exiting cell 

cycle. There are two stages in the formation of myofibers. In the first stage, individual 

differentiated myoblasts fuse with each other and generate myotubes containing a few 

nuclei. In the second step, additional myoblasts fuse into existing myotubes, forming 

myotubes with increased size and increased number of nuclei (Przybylski and Blumberg, 

1966, Knudsen and Horwitz, 1977). Recently, several cell surface, extracellular, and 

intracellular molecules are found to be significant to the two phases of myogenic cell 

fusion.  Cell membrane proteins β1-integrin, VLA-4 integrin, integrin receptor V-CAM, 

caveolin-3, and transcription factor FKHR are involved in myoblast and myoblast fusion, 
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while cytokine IL-4 and calcium and calmodulin activated NFATC2 pathway are essential 

for incorporation of myoblasts into existing myotubes (Yin et al., 2013).  

Contractile proteins such as myosin heavy chain (MYH) are expressed in the 

terminal stage of myoblast differentiation and fusion. Myosin heavy chain is a major 

component of the contractile apparatus of skeletal muscle (Bottinelli, 2001). MYH is 

encoded by a multigene family and expressed in a tissue-specific and developmentally 

regulated manner (Wydro et al., 1983, Mahdavi et al., 1987). The functional diversity of 

skeletal muscle is related to its MYH isoform composition (Bottinelli, 2001). Several 

MYH isoforms have been found in skeletal muscle, including two developmental 

isoforms (embryonic and neonatal/ perinatal/fetal), one slow isoform (MYH I/ß), and 

three fast isoforms (MYH IIA, IIX/IID and IIB) (Staron and Pette, 1993, Pette and 

Staron, 2000).  
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Conclusion and Perspectives 

In the last few decades, a remarkable understanding of satellite cell biology has 

been achieved. Specification, proliferation, and differentiation of satellite cells depend on 

myogenic regulatory factors, including Myf5, MyoD, myogenin, and MRF4. The 

expression of these transcription factors is upregulated at distinct phases to ensure 

sequential myogenic progression. However, our knowledge of the mechanism that 

controls satellite cell commitment, differentiation, and self-renewal remains limited. 

Since satellite cells are the primary cellular source for skeletal muscle growth and 

regeneration in the adult, further understanding the factors and mechanism that control 

satellite cell activation, renewal, proliferation, and differentiation has significant 

implications for regenerative medicine and animal production.   
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Chapter II 

Role of the SH3 and Cysteine-Rich Domain 3 (STAC3) Gene in Proliferation and 

Differentiation of Bovine Satellite Cells 

Introduction 

Satellite cells are the primary source of progenitor cells for myogenesis in adult 

animals (Zammit et al., 2006a). In response to injury or ill-defined extracellular signals, 

satellite cells are activated to undergo proliferation, differentiation, and fusion into 

functional myofibers (Yin et al., 2013). This process is tightly orchestrated and requires 

the upregulation of the expression of MyoD, Myf5, myogenin, and MRF4 that are 

referred to as myogenic regulatory factors (MRFs) (Weintraub et al., 1991a, Rudnicki and 

Jaenisch, 1995). Upon activation, the expression of MyoD and Myf5 in satellite cells is 

upregulated, and satellite cells enter the cell cycle to proliferate as myoblasts 

(Beauchamp et al., 2000a, Cooper et al., 1999b, Cornelison and Wold, 1997a, Yablonka-

Reuveni and Rivera, 1994). Upregulation of myogenin and MRF4 expression induces 

terminal differentiation of myoblasts into myofibers. During terminal differentiation, 

myoblasts start to express muscle structural proteins such as myosin heavy chain (MYH). 

Myosin heavy chain protein is encoded by several genes that are expressed in a 

developmentally regulated manner (Wydro et al., 1983, Mahdavi et al., 1987). These 

include the myosin heavy chain gene 3 (MYH3) and 8 (MYH8), which are mainly 

expressed in the embryonic and perinatal stages, respectively, and MYH7, MYH2, 

MYH4, and MYH1, which are predominantly expressed in adults (Staron and Pette, 
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1993, Pette and Staron, 2000). The adult-expressed myosin heavy chain genes are also 

expressed in a myofiber-specific manner. The MYH7 gene is expressed in slow 

myofibers (Type I/ß) whereas the MYH2, 4, and 1 gene are expressed in fast fibers (type 

IIA, IIX/IID, and IIB, respectively) (Staron and Pette, 1993, Pette and Staron, 2000).  

Src homology three (SH3) and cysteine rich domain (STAC) gene family includes 

three family members: STAC1, STAC2, and STAC3 (Kawai et al., 1998). STAC family 

members are located on three different chromosomes in the mouse and are predicted to 

have about 60% of identical sequence at the amino acid level (Kawai et al., 1998). 

Proteins of this family contain one cysteine-rich domain and two SH3 domains. The SH3 

domain is one of the best-characterized protein-protein interaction domains. This domain 

was first noted as a conserved sequence between different signaling proteins such as Src 

family of tyrosine kinase, phospholipase C-γ, and Crk adaptor protein (Geli et al., 2000, 

Goodson et al., 1996, Mayer and Gupta, 1998, Stahl et al., 1988). A typical SH3 domain 

contains about 60 highly conserved amino acid residues packing into two tightly 

antiparallel β sheets (Whisstock and Lesk, 1999). The SH3 domain generally binds to 

proline-rich domains (Musacchio et al., 1994, Feng et al., 1994) (Feng et al., 1994). The 

SH3 domain plays critical roles in regulating the activation status of adaptor proteins, 

changing the subcellular localization of signaling components, mediating the assembly of 

multiprotein complexes, and moderating cell proliferation (Mayer, 2001). Cysteine-rich 

C1 domains are structure units of approximately 50 amino acids long and were originally 

identified in protein kinase C (PKC), a family of protein kinase enzymes that regulate 

gene transcription and cell proliferation and differentiation (Colon-Gonzalez and 

Kazanietz, 2006). Typical C1 domains bind to lipid secondary massager diacylglycerol 
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(DAG) or its analog phorbol esters, which is critical for membrane translocation 

(Nishizuka, 1988, Mosior and Newton, 1995, Johnson et al., 2000). The C1 domain in the 

STAC3 protein appears to be atypical domain. Atypical C1 domains possess structure 

modification that block DAG/ phorbol esters binding, but not affect overall protein 

folding (Kazanietz et al., 1994). However, atypical C1 domains have been shown to 

interact with G-proteins (Brtva et al., 1995).  

STAC1 and STAC2 are specifically expressed in neurons, and they are mutually 

exclusive markers for different subsets of dorsal root ganglia neurons (Legha et al., 

2010). STAC1 is mainly the marker of peptidergic nociceptive neurons, whereas STAC2 

mainly marks a subset of nonpeptidergic nociceptors, a subpopulation of proprioceptive 

neurons, and all trkB+ neurons. In a previous study, we identified STAC3 as a skeletal 

muscle predominantly expressed gene. We also found that STAC3 knockout mice died 

perinatally and had morphologically abnormal skeletal muscle with central located nuclei 

in myofibers, fewer and smaller myofibrils, and fewer but larger myofibers (Reinholt et 

al., 2013), which suggest that knockout of STAC3 might disturb myoblast differentiation 

and fusion into myotubes. Others have found that STAC3 plays a role in excitation-

contraction coupling in skeletal muscle and that mutation of STAC3 in humans is 

associated with Native American myopathy (NAM) (Horstick et al., 2013).  

In this study, we investigated the potential function of STAC3 in proliferation, 

differentiation, and fusion of bovine satellite cells and the underlying mechanism.  
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MATERIALS AND METHODS 

Bovine satellite cell isolation and culture 

Bovine satellite cells were isolated from extensor carpi radialis muscle of adult 

cattle collected at slaughter as described previously (Kamanga-Sollo et al., 2004, 

Kamanga-Sollo et al., 2008). Briefly, muscle was washed with sterile phosphate buffered 

saline (PBS) to remove potential surface contaminants. Following the removal of fat and 

connective tissue, muscle was cut into small pieces and ground in a sterile meat grinder. 

Approximately 10−20 g of ground muscle was incubated in PBS containing 1 mg/ml 

Pronase (Calbiochem, San Diego, CA) at 37°C for 40 min in a water bath. Following 

incubation, the mixture was centrifuged at 1,500 ×g for 6 min at room temperature, and 

the supernatant was discarded. The pellet was resuspended in PBS and the resuspension 

was centrifuged at 400 ×g for 10 min at room temperature. The resulting supernatant was 

centrifuged at 1,500 ×g for 10 min to pellet the mononucleated cells. This PBS wash and 

differential centrifugation procedure was repeated 3 times. The resulting cell pellet was 

resuspended in growth medium composed of Dulbecco's Modified Eagle Medium 

(DMEM; Corning, Corning, NY), 10% fetal bovine serum (FBS; Atlanta Biologicals, 

Lawrenceville, GA), and 1% antibiotics-antimycotics (ABAM; Corning, Corning, NY). 

Previous immunocytochemical analysis demonstrated that more than 80% of the isolated 

cells were MyoD positive after 24 h of culture (Ge et al., 2012). 

The isolated satellite cells were allowed to proliferate as myoblasts in growth 

medium at 37 oC and 5% CO2 with saturating humidity for 4 to 6 days, during which 

medium was refreshed every 2 days. To induce differentiation, satellite cells were grown 
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to 90% confluence in growth medium, and the growth medium was then replaced with 

differentiation medium composed of DMEM, 2% horse serum (HS; Atlanta Biologicals), 

and 1% ABAM.  

Knockdown of STAC3 in bovine satellite cells 

Approximately 1 × 105 bovine satellite cells suspended in 500 µl of DMEM 

supplemented with 10% FBS in a 24-well plate were transfected with 75 ng of scrambled 

siRNA (Invitrogen, Carlsbad, CA) or 75 ng a pool of two STAC3 siRNA (Thermo 

Scientific, Waltham, MA) (Table 2. 1), using 6 µl of HiPerFect Transfection Reagent 

according to the manufacturer’s instructions (QIAGEN, Gaithersburg, MD). In a 6-well 

plate, approximately 3 × 105 bovine satellite cells suspended in 1,500 µl of DMEM 

supplemented with 10% FBS were transfected with 112.5 ng of scrambled siRNA 

(Invitrogen) or 112.5 ng of STAC3 siRNA (Thermo Scientific), using 9 µl of HiPerFect 

Transfection Reagent (QIAGEN). Final concentration of siRNA was approximately 10 

nM. Twenty-four hours after transfection, cell culture medium was changed to fresh 

growth medium or differentiation medium.   

Cell proliferation assay 

Bovine satellite cells were transfected with scrambled siRNA or STAC3 siRNA in 

6-well plates. After 24h of transfection, cells were re-seeded in 96-well plates at the 

density of 5 × 103 cells/well and cultured in growth medium for 0 h, 24 h, 48 h, and 72 h. 

The viable cells were counted using the nonradioactive CellTiter 96 assay kit (Promega, 

Madison, WI), as previously reported (Zhou et al., 2008). 
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Giemsa staining of cells 

To visualize myotubes and cell nuclei, bovine muscle cells in culture plates were 

fixed with 4% paraformaldehyde (PFA) at room temperature for 15 min, and washed 

twice with ice-cold PBS for 5 min. The cell membrane was permeated with 0.25% Triton 

X-100 at room temperature for 10 min. The cells were washed 3 times with PBS, and 

stained with 1:10 diluted Giemsa (Invitrogen) for 1 h at room temperature. The stained 

cells were visualized with a light microscope. Micrographs were taken with an Olympus 

digital camera. 

Immunocytochemistry  

Bovine muscle cells in culture plates were fixed with 4% PFA and permeated with 

0.25% Triton X-100. The cells were then blocked with 0.05% Tween and 1% BSA in 

PBS at room temperature for 30 min. The cells were incubated with 1:100 diluted anti-

myosin heavy chain (MYH) antibody (NA4, Developmental Studies Hybridoma Bank, 

Department of Biology, University of Iowa) at 4 oC overnight and 1:200 diluted anti-

mouse IgG fluorescein isothiocyanate (FITC) antibody (F0382, Sigma-Aldrich, St. Louis, 

MO) in dark for 1 h at room temperature. After washing once with PBS, nuclei of the 

cells were stained with 4', 6-diamidino-2-phenylindole (DAPI; Thermo Scientific). The 

stained cells were visualized with a fluorescence microscope. Micrographs were taken 

with an Olympus microscope digital camera. To quantify the fusion rate, total cell nuclei 

and nuclei inside myotubes were counted using NIH ImageJ software. At least 3,000 

nuclei were counted for each treatment in each cell culture experiment. MYH-positive 

cells containing 3 or more nuclei were considered myotubes. Fusion index was calculated 
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as the number of nuclei inside myotubes divided by the number of total cell nuclei 

counted.  

Total RNA isolation and real-time RT-PCR 

Total RNA from tissue or cells was extracted using TRI Reagent (MRC, 

Cincinnati, OH), according to the manufacturer’s instructions. Total RNA (0.5 µg) was 

reverse-transcribed into cDNA in a total volume of 20 µl using the ImProm-II reverse 

transcriptase (Promega) according to the manufacturer’s instructions. Real-time PCR was 

performed with 25 ng cDNA in a total volume of 25 µl containing 12.5 µl of SybrGreen 

PCR Master Mix (Applied Biosystems Inc., Foster City, CA) and 0.2 µM of gene-specific 

forward and reverse primers (Table 2. 2), under conditions suggested by the 

manufacturer. The relative abundance of an mRNA was calculated using 18S rRNA as the 

internal control. Based on the Ct values, the abundance of 18S rRNA was not different 

between treatments (P > 0.1).  

Total cellular protein isolation, membrane protein isolation and western blotting 

analysis 

In order to isolate total cellular protein, cells were lysed with ice-cold RIPA buffer 

(50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% NP-40, 0.25% Na-deoxycholate, 1 mM 

EDTA) added with protease inhibitors (Roche Diagnostics Corporation, Indianapolis, 

IN). The lysates were centrifuged at 14,000 ×g for 15 min at 4 °C. Cellular membrane 

protein was prepared with compartmental protein extraction kit (EMD Millipore, 

Billerica, MA), according to the manufacturer’s instructions. Protein concentrations in the 
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supernatants were measured using a BCA Protein Assay Kit (Thermo Scientific). As to 

western blotting analyses, 50 µg of total cellular protein were resolved by 12% SDS-

PAGE and then transferred to a nitrocellulose membrane (Bio-Rad Laboratories, 

Hercules, CA). The membrane was blocked with 5% nonfat dried milk in TBST buffer 

(20 mM Tris-HCl, 500 mM NaCl, and 0.05% Tween-20) for 1 h at room temperature and 

then incubated with 1:1000 diluted primary antibody at 4 °C overnight. In some western 

blotting analyses, the primary antibody was detected by incubating the membrane with 

1:20,000 diluted IRDye secondary antibody (LI-COR, Lincoln, NE), which was detected 

using the ODYSSEY CLx system. In other western blotting analyses, the primary 

antibody was detected using a horseradish peroxidase-conjugated IgG antibody (Santa 

Cruz Biotechnology, Santa Cruz, CA) and SuperSignal West Pico Chemiluminescence 

Substrate (Thermo Scientific). The following primary antibodies were used in these 

analyses: anti-myosin heavy chain (MF20, Developmental Studies Hybridoma Bank), 

anti-myogenin (F5D, Developmental Studies Hybridoma Bank), anti-β-actin (N21, Santa 

Cruz Biotechnology), anti-HA (catalog #3724, Cell Signaling, Danvers, MA), anti-FLAG 

(catalog #2368, Cell Signaling). 

Yeast two-hybrid screening 

STAC3 cDNA was amplified from human skeletal muscle tissue using gene-

specific primers (Table 2. 3) and cloned into the pGBKT7 vector at the EcoRI and 

BamHI restriction sites to generate the pGBKT7/STAC3 plasmid. This plasmid was 

transformed into Y2HGold yeast (Clontech, Mountain View, CA) to generate bait for 

yeast two-hybrid screening.  Toxicity and autonomous activation of STAC3 were tested 
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according to the manufacturer’s instructions (Clontech). Two-hybrid screening was 

performed by mating STAC3 bait yeast with human skeletal muscle cDNA library in 

yeast (Clontech), according to the supplier’s instructions. The mated yeast cells were 

plated on DDO/X/A [Double dropout medium (-Leu-Trp), 40 µg/ml X-α-Gal, 125 ng/ml 

Aureobasidin A] plates and incubated at 30 °C for 5 days. The blue colonies from the 

DDO/X/A plates were picked and replated onto the more stringent QDO/X/A [Quadruple 

dropout medium (-Ade-His-Leu-Trp), 40 µg/ml X-α-Gal, 125 ng/ml Aureobasidin A] 

plates. Blue colonies on the latter plates were picked for cDNA plasmid isolation, which 

was performed using the Easy Yeast Plasmid Isolation Kit (Clontech). The cDNA insert 

was sequenced and the sequence was aligned to nucleotide sequences in GenBank 

(http://www.ncbi.nlm.nih.gov). 

Co-immunoprecipitation assay 

STAC3 cDNA was amplified by RT-PCR from mouse skeletal muscle total RNA 

using gene-specific primers (Table 2. 3). The reverse primer was designed to contain the 

sequence encoding the FLAG epitope (DYKDDDK). The PCR fragment was cloned into 

the pcDNA3. 1 vector (Invitrogen) at the BamHI and XbaI sites to generate the plasmid 

pcDNA3.1/STAC3-FLAG. HA-AP1µ1 fusion cDNA was excised from a positive clone 

of yeast two-hybrid screening with the XhoI and BglII restriction enzymes, and cloned 

into the pEGFP-C1 vector to generate the plasmid pEGFP-C1/HA-AP1µ1. The cDNA 

inserts  in these plasmids were confirmed by DNA sequencing.  

CHO cells at 90% confluence in a 10 cm dish were co-transfected with 10 µg of 

pcDNA3.1/STAC3-FLAG and 10 µg of pEGFP-C1/HA-AP1µ1 using Fugene 6 as the 
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transfection reagent (Promega). Forty-eight hours after transfection, cells were lysed with 

RIPA buffer. For co-immunoprecipitation, 500 µg of total cellular protein were incubated 

with 1 µg of anti-FLAG antibody (Cell Signaling) or 1 µg of anti-HA antibody (Cell 

Signaling) with rotation for 8 h at 4°C. Subsequently, 25 µl of protein G Plus-Agarose 

(Santa Cruz Biotechnology) was added and the incubation continued overnight. The 

immunoprecipitated protein-antibody complexes were washed 3 times with 500 µl RIPA 

buffer, and pelleted by centrifuging at 8,200 ×g for 1 min at 4 °C. The protein complexes 

were eluted with 50 µl of 2 × sample buffer (125 mM Tris-HCl pH6.8, 4% sodium 

dodecyl sulfate, 20% glycerol, 0.004% bromophenol blue, and 5% beta-

Mercaptoethanol).  The eluted protein was resolved by 10% SDS-PAGE and 

immunoblotted using anti-FLAG or anti-HA antibody. 

Co-transfection of siRNA and plasmid 

Approximately 4 × 106 of C2C12 cells suspended in 8 mL of DMEM supplemented with 

10% FBS in a 10 cm dish were transfected with 20 µg of pEGFP-C1/HA-AP1µ1 plasmid 

and 12 µg (~600 pmol) of scrambled siRNA or STAC3 siRNA using 45 µl of 

Lipofactamine 2000 (Invitrogen) according to the manufacturer’s instructions. Twenty-

four h after transfection, cell culture medium was refreshed.   

Glucose uptake assay 

Bovine satellite cells transfected with scrambled siRNA or STAC3 siRNA were 

cultured in growth medium for 24 h or in differentiation medium for 24 h, 48 h, or 72 h in 

a 24-well culture plate. The cells were cultured in serum-free medium for 6 h before 
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being washed three times with KRH buffer (50 mM HEPES, 137 mM NaCl, 4.7 mM 

KCl, 1.85 mM CaCl2, 1.3 mM MgSO4, and 0.1% BSA). The cells were then incubated in 

KRH buffer supplemented with or without 20 mΜ of Cytochalasin B (Sigma-Aldrich) for 

2 h. To initiate the glucose uptake assay, 0.5 µCi of 2-deoxy-[3H]-D-glucose 

(PerkinElmer, Waltham, Massachusetts) was added to each well and the incubation 

continued at 37 ˚C and 5% CO2 for 6 min. Glucose uptake was terminated by washing 

the cells with ice-cold KRH buffer 4 times. Cells were lysed by incubating them in 300 µl 

of 0.05 M NaOH at 37 °C for 2 h. Total cellular lysates from each culture well were 

transferred into a scintillation vial containing 3 ml of liquid scintillation cocktail (Fisher 

Scientific, Pittsburgh, PA). Radioactivity was quantified using a liquid scintillation 

counter.  

Statistical analyses 

All data are expressed as mean ± S.E.M (standard error of the mean). The 

experimental unit is cell culture. In each cell culture experiment, cells isolated from a 

different animal or stored in a separate vial were used. Statistical analyses were 

performed using 2-tailed Student’s t tests. A difference at P < 0.05 was considered 

significant.  
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Results 

siRNA-mediated STAC3 knockdown in bovine satellite cells 

To investigate the potential role of STAC3 in proliferation or differentiation of 

bovine satellite cells, the cells were transfected with siRNA targeting STAC3 mRNA or 

scrambled siRNA. Based on real-time RT-PCR, STAC3 siRNA caused a 92% reduction 

in STAC3 mRNA expression compared to scrambled siRNA at 48 h after transfection (P 

< 0.01, Fig. 2. 1A). Based on western blotting, STAC3 siRNA caused a 76% reduction in 

STAC3 protein expression compared to scrambled siRNA (P < 0.01, Fig. 2. 1B). These 

data confirmed that siRNA transfection efficiently reduced STAC3 expression in bovine 

satellite cells in culture.  

STAC3 knockdown had no effect on the proliferation rate of bovine satellite cells 

To determine the role of STAC3 in proliferation of bovine satellite cells, equal 

numbers of bovine satellite cells transfected with scrambled or STAC3 siRNA were 

cultured in growth medium for 0, 24, 48, and 72 h before the numbers of viable cells 

were determined. From 0 to 72 h, the cells displayed nearly linear growth (Fig. 2. 2). The 

growth slope of the cells transfected with STAC3 siRNA was not different from that of 

the cells transfected with scrambled siRNA (P > 0.1, Fig. 2. 2). Thus, STAC3 knockdown 

did not alter the proliferation rate of bovine satellite cells in culture. 

STAC3 knockdown stimulated the differentiation of bovine satellite cells 
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To determine if STAC3 knockdown affects differentiation of bovine satellite cells, 

the expression levels of myogenin and myosin heavy chain genes, which are makers of 

differentiated myoblasts and myotubes (Pownall et al., 2002, Weiss and Leinwand, 1996), 

were compared between satellite cells transfected with STAC3 siRNA and those 

transfected with scrambled siRNA. STAC3 siRNA-transfected bovine satellite cells had 

higher expression of myogenin mRNA and protein at 24, 48, and 72 h of differentiation 

than did scrambled siRNA-transfected cells (P < 0.05, Fig. 2. 3A, D). There are 6 myosin 

heavy chain genes, and their expression in skeletal muscle depends on developmental 

stages and myofiber types (125). In differentiating bovine satellite cells, only myosin 

heavy chain genes 3 and 7 were expressed whereas the remaining four myosin heavy 

chain genes were not expressed or expressed at barely detectable levels (Fig. 2. 3B). 

Bovine satellite cells transfected with STAC3 siRNA had higher expression of MYH3 

mRNA at 24, 48, and 72 h of differentiation than those transfected with scrambled siRNA 

(P < 0.05, Fig. 2. 3C). The former also had higher expression of MYH7 mRNA than the 

latter at 48 and 72 h of differentiation (P < 0.05, Fig. 2. 3C). Consistently, STAC3 

siRNA-transfected bovine satellite cells had higher expression of total MYH protein than 

scrambled siRNA-transfected cells at 24, 48, and 72 h of differentiation (P < 0.05, Fig. 2. 

3D). Overall, these data indicated that STAC3 knockdown stimulated the differentiation 

of bovine satellite cells. 

STAC3 knockdown promoted fusion of bovine satellite cells 

The role of STAC3 in differentiation of bovine satellite cells was further assessed 

by comparing the fusion index between STAC3 siRNA- and scrambled siRNA-
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transfected cells. Bovine satellite cells transfected with STAC3 siRNA appeared to form 

more and larger myotubes than those transfected with scrambled siRNA at 48 and 72 h of 

differentiation (Fig. 2. 4A, B). Based on quantitative analyses of cells stained with 

myosin heavy chain antibody and DAPI (Fig. 2. 4B), 42% of satellite cells transfected 

with scrambled siRNA fused into myotubes at 72 h of differentiation, whereas that 

percentage was 60% for those transfected with STAC3 siRNA (P < 0.01, Fig. 2. 4C). 

There were on average 15 nuclei in myotubes formed from STAC3 knockdown bovine 

satellite cells, whereas myotubes formed from control satellite cells had 10 nuclei on 

average (P < 0.05, Fig. 2. 4D). These data further indicated that STAC3 knockdown 

promoted differentiation and fusion of bovine satellite cells into myotubes.  

Identification of AP1µ1 as a STAC3-interacting protein  

The SH3 domain in STAC3 is a classic protein-protein interaction domain (Fig. 2. 

5A), thus, STAC3 might exert its intracellular functions through interaction with other 

proteins. We identified STAC3-interacting proteins by screening a yeast two-hybrid 

(Y2H) skeletal muscle cDNA library using the STAC3 protein as bait. Twenty largest 

positive colonies from the Y2H screening were picked and sequenced. Three of the 

colonies were found to contain cDNA coding for the AP1µ1 protein, a subunit of the 

adaptor protein complex 1 (AP-1), which is responsible for protein trafficking between 

the trans-Golgi network (TGN) and endosomes (Robinson and Bonifacino, 2001)). 

Because it was represented by multiple Y2H colonies, AP1µ1 had great potential to be a 

true STAC3-interacting protein.  

To validate STAT3-AP1µ1 interaction, we introduced the Gal4AD-AP1µ1 fusion 
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protein-expressing plasmid pGADT7/AP1µ1 and the Gal4BD-STAC3 fusion protein-

expressing plasmid pGBKT7/STAC3 or the empty vector pGBKT7 into yeast. The yeast 

containing pGADT7/AP1µ1 and pGBKT7/STAC3 grew on both DDO/X/A (low 

stringency) and QDO/X/A (high stringency) selection media, whereas the yeast 

transformed with pGADT7/AP1µ1 and pGBKT7 did not survive either selection medium 

(Fig. 2. 5B). This confirmed AP1µ1-STAC3 interaction in yeast. We next determined 

whether STAC3 and AP1µ1 interact in mammalian cells by co-transfecting FLAG-tagged 

STAC3 and HA-tagged AP1µ1 expression plasmids into CHO cells and analyzing the 

protein lysates from these cells by co-immunoprecipitation assay. Expression of STAC3-

FLAG and HA-AP1µ1 proteins in the transfected CHO cells were confirmed by western 

blotting (Fig. 2. 5C). HA-AP1µ1 protein was detected in the proteins immunoprecipitated 

by the anti-FLAG antibody, while STAC3-FLAG protein was detected in the proteins pull 

down by the anti-HA antibody (Fig. 2. 5C). These immunoprecipitation data 

demonstrated that STAC3 and AP1µ1 could interact in mammalian cells.  

STAC3 helps maintain AP1µ1 protein levels in myoblasts  

Both STAC3 and AP1µ1 appear to be adaptor proteins; their interaction might 

affect one or the other’s posttranslational modifications, stability, subcellular location, or 

folding. In this study, we determined whether STAC3 binding might influence the 

stability of AP1µ1 in myoblasts. We co-transfected HA-AP1µ1 fusion protein expression 

plasmid and scrambled siRNA or STAC3 siRNA into C2C12 cells and measured the 

protein levels of HA-AP1µ1 and STAC3 48 h after transfection by western blotting. In 

this experiment, we chose C2C12 myoblasts over bovine satellite cells because it was 
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difficult to efficiently transfect plasmid DNA into the latter. As expected, STAC3 siRNA 

transfection caused a marked decrease in STAC3 protein expression in C2C12 cells (Fig. 

2. 5D). STAC3 knockdown was associated with a significant reduction in HA-AP1µ1 

protein expression (Fig. 2. 5D). These data indicated that STAC3 interaction helps 

maintain AP1µ1 protein levels in myoblasts, perhaps by increasing its stability.  

STAC3 knockdown increased membrane localization of GLUT4 and glucose uptake in 

bovine satellite cells 

AP1µ1 binds to the FQQI motif of GLUT4 and regulates GLUT4 trafficking and 

endocytosis (Bernhardt et al., 2009, Gillingham et al., 1999). GLUT4 is the principal 

glucose transporter in muscle and fat, and translocates between intracellular storage 

vesicles and plasma membrane (Huang and Czech, 2007). AP1µ1 knockdown increased 

cell surface localization of GLUT4 and glucose uptake in adipocytes (Bernhardt et al., 

2009). As STAC3 knockdown significantly decreased AP1µ1 protein levels in myoblasts, 

we assessed the effect of STAC3 knockdown on membrane localization of GLUT4 and 

glucose uptake in bovine satellite cells.  

Based on western blotting analysis of membrane and total cellular proteins from 

bovine satellite cells transfected with STAC3 siRNA or scrambled siRNA, STAC3 

knockdown increased the abundance of membrane GLUT4 protein without affecting total 

cellular GLUT4 expression in bovine satellite cells (Fig. 2. 6A). The effect of STAC3 

knockdown on glucose uptake in bovine satellite cells was determined by incubating the 

cells with radiolabeled unmetabolizable 2-deoxy-D-glucose. The cells transfected with 

STAC3 siRNA had a greater ability to take up 2-deoxy-D-glucose than those transfected 
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with scrambled siRNA when cultured as myoblasts (P < 0.05, Fig. 2. 6B).  The former 

also had greater 2-deoxy-D-glucose uptake than the latter at 24, 48, and 72 h of 

differentiation (P < 0.05, Fig. 2. 6B). These GLUT4 and 2-deoxy-D-glucose uptake data 

suggested that STAC3 knockdown increased plasma membrane localization of GLUT4 

and thereby stimulated glucose uptake in bovine satellite cells. 
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Discussion 

Our lab previously identified the STAC3 gene as a skeletal muscle-specifically 

expressed gene that is essential to skeletal muscle development and contraction in mice 

(Reinholt et al., 2013).  In this study, we studied the potential role of STAC3 in 

proliferation and differentiation of bovine satellite cells. Since cattle are important meat-

producing animals and satellite cells are the primary cellular source for postnatal skeletal 

muscle growth, identifying factors controlling satellite cell proliferation or differentiation 

has implications for improving production efficiency or meat quality in cattle.   

In this study, STAC3 knockdown did not alter the proliferation rate of bovine 

satellite cells. This result suggests that STAC3 does not play a significant role in 

proliferation of those cells. This result is consistent with unpublished data from our lab 

that STAC3 knockdown had no effect on the proliferation rate of C2C12 cells and that 

myoblasts from STAC3 knockout mouse embryos had similar proliferation rate to those 

from wild-type littermates in culture.  

Differentiation results in the fusion of mononucleated myoblasts into 

multinucleated myotubes and expression of muscle structural proteins, and this step in 

myogenesis is primarily controlled by myogenin and MRF4 (Cornelison et al., 2000, 

Cornelison and Wold, 1997a). In this study, STAC3 knockdown promoted the fusion of 

bovine satellite cells into myotubes as demonstrated by data that a higher percentage of 

STAC3 knockdown bovine satellite cells fused into myotubes than did control bovine 

satellite cells and that myotubes formed from STAC3 knockdown satellite cells had more 

nuclei on average than those formed from control bovine satellite cells. STAC3 
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knockdown also increased the expression of myogenin and myosin heavy chain genes at 

both the mRNA and protein levels in bovine satellite cells during differentiation. All these 

results demonstrate that STAC3 knockdown enhances differentiation of bovine satellite 

cells into myotubes or that endogenous STAC3 inhibits differentiation of satellite cells 

into myotubes.  

The STAC3 protein contains a classical protein interaction domain: the SH3 

domain. The SH3 domain has been shown to play a crucial role in different processes in 

animals, such as relaying intracellular signals and assembling actin cytoskeleton (Mayer, 

2001). Recently, the SH3 domain was reported to regulate intracellular trafficking of 

clathrin-coated vesicles (CCVs) (Lam et al., 2001). Thus, STAC3 may perform its 

function by interacting with other proteins involved in signaling transduction. We have 

identified and validated the interaction of STAC3 with AP1µ1 using yeast two-hybrid 

screening and co-immunoprecipitation. We have observed that STAC3 knockdown was 

associated with reduced expression abundance of AP1µ1 protein in cells. This 

observation suggests that STAC3 interaction may increase the stability of AP1µ1 in cells.  

Adaptor protein complex 1(AP-1) is a heterotetramer, containing two large subunits, 

sometimes called adaptin γ and β1; a medium-sized subunit µ1; and a small subunit σ1 

(Robinson and Bonifacino, 2001, Hirst et al., 2011). The adaptor protein complex AP-1 

mediates vesicular protein sorting between the trans Golgi network (TGN) and 

endosomes and sorts cargo proteins into clathrin-coated vesicles (Robinson and 

Bonifacino, 2001, Blot and McGraw, 2008, Hirst et al., 2011, Valdivia et al., 2002). AP1 

µ1 regulates AP-1 membrane–cytoplasm recycling, and deficiency of AP1µ1 blocks AP-1 

membrane recycling and interferes with post-Golgi trafficking (Medigeshi et al., 2008). 
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Thus, STAC3 may regulate the function of the AP-1 complex in membrane protein 

trafficking.  

GLUT4 is the principal glucose transporter protein in muscle and fat, and it 

translocates between intracellular storage vesicles and plasma membrane(Huang and 

Czech, 2007). Three cytoplasmic motifs of GLUT4, FQQI, TELEY, and LL, have been 

reported to play roles in GLUT4 trafficking. The FQQI motif of GLUT4 has been shown 

to bind to AP1µ1 in yeast two-hybrid assay (Blot and McGraw, 2008). A high level of 

GLUT4 is associated with the AP-1 complex in muscle and fat cells (Gillingham et al., 

1999). Lack of the AP-1 complex in adipocytes results in increased GLUT4 at cell 

surface and increased glucose uptake (Bernhardt et al., 2009). In this study STAC3 

knockdown decreased the AP1µ1 protein level in bovine satellite cells. This led us to 

evaluate the effect of STAC3 knockdown on GLUT4 localization and glucose uptake in 

those cells. STAC3 knockdown increased the amount of membrane GLUT4, but had no 

effect on total cellular GLUT4 expression in bovine satellite cells.  In addition, STAC3 

knockdown stimulated glucose uptake in bovine satellite cells in both growth and 

differentiation media. These results suggest that STAC3 knockdown increased the 

amount of GLUT4 on plasma membrane and thereby increased glucose uptake in bovine 

satellite cells. Glucose is the principal energy source of muscle cells. Glucose restriction 

inhibits myoblast differentiation whereas increased glucose uptake stimulates myoblast 

differentiation (Fulco et al., 2008). Thus, it is possible that STAC3 knockdown stimulated 

differentiation of bovine satellite cells into myotubes by increasing their glucose uptake.     
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In summary, the present study showed that STAC3 knockdown in bovine satellite 

cells promoted differentiation of these cells into myotubes, that STAC3 physically 

interacted with the AP1µ1 protein,  , and that STAC3 knockdown reduced AP1µ1 protein 

level and increased plasma membrane localization of GLUT4 and glucose uptake in 

bovine satellite cells. These results suggest that endogenous STAC3 in satellite cells 

inhibits the differentiation of these cells into myotubes and that this inhibitory effect of 

STAC3 is mediated at least in part through its interaction with the AP1µ1 protein: STAC3 

binding increases AP1µ1 stability in cells; increased AP1µ1 causes less GLUT4 to be 

incorporated into the plasma membrane; reduced localization of GLUT4 on the plasma 

membrane leads to reduced glucose uptake and hence reduced differentiation of satellite 

cells  (Fig. 2. 7).  
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Table 2. 1. siRNA sequences (top strand) for STAC3 knockdown. 

Cat. No*. siRNA sequence 

JOHLI-000013 GAAGACACCUGAUGACAAA 

JOHLI-000015 GGGUGAUCAUGGCAAACAA 

* from Invitrogen (Carlsbad, CA) 
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Table 2. 2. Nucleotide sequences of the primers used for real-time RT-PCR  

Gene Direction Primer sequence GenBank 
Accession # 

STAC3 Forward 
Reverse 

5’- CCACTCTACAGCAACCAGCA -3’ 
5’- GCCGGTTTCATCGCCTTTTT -3’ NM_001192484 

18S Forward 
Reverse 

5’- GTAACCCGTTGAACCCATT -3’ 
5’- CCATCCAATCGGTAGAGCG -3’ NR_036642 

Myogenin Forward 
Reverse 

5’- TGGGCGTGTAAGGTGTGTAA -3’ 
5’- TATGGGAGCTGCATTCACTG -3’ NM_001111325 

MYH 1 Forward 
Reverse 

5’- GACAACTCCTCTCGCTTTGG -3’ 
5’- GCCTTCAGCTGGAAAGTGAC -3’ NM_174117 

MYH 2 Forward 
Reverse 

5’- CTGGCTGGAGAAGAACAAGG -3’ 
5’- CACCGTCTGGAAAGAAGAGC -3’ NM_001166227 

MYH 3 Forward 
Reverse 

5’- CTGGAGGAAATGAGGGATGA -3’ 
5’- CACTCTTGAGAAGGGGCTTG -3’ NM_001101835 

MYH 4 Forward 
Reverse 

5’- TCAAGGGGAGATCACAGTCC -3’ 
5’- TCAGCAACTTCAGTGCCATC -3’ XM_002695806 

MYH 7 Forward 
Reverse 

5’- CTTCAACCACCACATGTTCG -3’ 
5’- GCTTCTGGAAGTTGCTGGAC -3’ NM_174727 

MYH 8 Forward 
Reverse 

5’- GGAAAGATCCTGCGTATCCA -3’ 
5’- GGTTCCTCTTCAGCTGTTCG -3’ NM_001206174 
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Table 2. 3. Nucleotide sequences of the primers used for plasmid construction 

Construct Direction Primer sequence 

pGBKT7 
/STAC3 

Forward 
 
Reverse 

5’- GAGAATTCATGACAGAAAAGGAGGTGCTTGGA 
GH -3’ 
5’- TCGGATCCCTAAACCTCTAGAAAGTCG -3’ 

pcDNA3.1 
/STAC3-
Flag 

Forward 
Reverse 

 
5’- GAGGATCCGGGGCCCAATCTCTTGTAA -3’ 
5’-TCTCTAGACTACTTGTCATCGTCGTCCTTGTAAT 
CGTAAATCTCCTCC -3’ 
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Fig. 2.1. Validation of STAC3 knockdown. Bovine satellite cells were transfected with 

STAC3 siRNA or scrambled siRNA, and STAC3 mRNA and protein were quantified by 

quantitative RT-PCR and western blotting, respectively, at 48 h after transfection. (A) 

STAC3 mRNA levels in bovine satellite cells transfected with scrambled or STAC3 

siRNA. . ** P < 0.01 (n = 4). (B) Representative western blot of STAC3 protein in 

bovine satellite cells transfected with scrambled or STAC3 siRNA. β-actin served as a 

loading control.    
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Fig. 2. 2. Effect of STAC3 knockdown on proliferation of bovine satellite cells. Equal 

numbers of bovine satellite cells transfected with scrambled or STAC3 siRNA were 

cultured in growth medium, and the numbers of viable cells were determined 0, 24, 48, 

and 72 h later. The absorbance at 570 nm on the y-axis represents the number of viable 

cells. There is no difference in the proliferation rate between STC3 siRNA- and 

scrambled siRNA-transfected cells (P > 0.1, n = 4). 
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Fig. 2. 3. Effect of STAC3 knockdown on differentiation of bovine satellite cells. Equal 

numbers of bovine satellite cells transfected with STAC3 or scrambled siRNA were 

induced to differentiation at 24 h after transfection. (A) Expression levels of myogenin 

mRNA in STAC3 knockdown and control cells before or 24, 48, and 72 h after initiation 

of differentiation. * P < 0.05 (n = 3). (B) Expression levels of six myosin heavy chain 

(MYH) genes in STAC3 knockdown and control cells at 72 h of differentiation. * P < 

0.05 (n = 3). (C) Expression levels of MYH3 and MYH7 mRNAs in STAC3 knockdown 

and control cells before or at 24, 48, and 72 h of differentiation. * P < 0.05, ** P < 0.01 

(n = 3). (D) Representative results of western blotting analysis of myogenin and myosin 

heavy chain (MYH) protein. β-actin was used as a loading control. 

  



	   60	  

 

Fig. 2. 4. Effect of STAC3 knockdown on fusion of bovine satellite cell. Bovine satellite 

cells were transfected with STAC3 or scrambled siRNA, and differentiation was induced 
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24 h after transfection. (A) The morphology of bovine satellite cells transfected with 

scrambled and stac3 siRNA before differentiation or after differentiation for 24, 48 and 

72 h. (B) Immunocytochemistry of differentiating bovine satellite cells transfected with 

scrambled or STAC3 siRNA. Cells were stained with Giemsa or anti-myosin heavy chain 

antibody (green). The cells stained with anti-myosin heavy chain antibody were also 

stained with DAPI (blue) to highlight the nuclei. (C, D) Fusion index and number of 

nuclei per myotube. The fusion index was defined as the number of nuclei inside 

myotubes divided by the total number of nuclei at 72 h of differentiation. The number of 

nuclei per myotube was determined by dividing the total number of nuclei inside 

myotubes by the total number of myotubes counted. * P < 0.05, ** P < 0.01 (n = 4). 
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Fig. 2. 5. Identification and validation of STAC3-AP1µ1 protein interaction. (A) 

Schematic representation of the C1 and SH3 domains in the STAC3 protein. (B) 

Identification of STAC3 and AP1µ1 interaction via yeast two-hybrid analysis. Yeast was 

co-transformed with pGADT7/AP1µ1 and empty vector pGBKT7 or pGADT7/AP1µ1 

and pGBKT7/STAC3, and selected on DDO/X medium (low stringency) or QDO/X/A 

medium (high stringency). Note that the yeast transformed with pGADT7/AP1µ1 and 

pGBKT7/STAC3 formed blue colonies on both selection media. (C) Validation of STAC3 
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and AP1µ1 interaction by immunoprecipitation. Total protein lysates of CHO cells co-

transfected with FLAG-tagged STAC3 and HA-tagged AP1µ1 expression plasmids were 

immunoprecipitated (IP) with indicated antibodies. The immunoprecipitates were 

analyzed by western blotting analysis (WB) using the indicated antibodies. (D) Effect of 

STAC3 knockdown on AP1µ1 protein level. The C2C12 cells were co-transfected with 

the HA-AP1µ1 expression plasmid and scrambled siRNA or STAC3 siRNA. AP1µ1 and 

STAC3 proteins were analyzed by western blotting analysis 48 h after the transfection. β-

actin was used as a loading control.  
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Fig. 2. 6. Effect of STAC3 knockdown on membrane localization of GLUT4 and glucose 

uptake in bovine satellite cells. (A) STAC3 knockdown decreased the abundance of 

membrane GLUT4 without affecting total cellular GLUT4 protein expression in bovine 
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satellite cells. Bovine satellite cells were transfected with STAC3 or scrambled siRNA, 

and cultured in growth medium for 24 h before total cellular protein (TP) and membrane 

protein (MP) were isolated. GLUT4 was analyzed by western blotting analysis. 

Expression of epidermal growth factor receptor (EGFR) protein was analyzed as a 

loading control. Total cellular protein and membrane protein were subjected to 12% SDS-

PAGE gels. Coomassie staining of gels indicated the same protein loading. (B) STAC3 

knockdown stimulated glucose uptake. Bovine satellite cells were transfected with 

scrambled or STAC3 siRNA, and were induced to differentiate 24 h after the transfection. 

[3H]-labeled 2-deoxy-D-glucose (2-DOG) uptake was measured immediately before 

induction of differentiation or at 24, 48, and 72 h of differentiation. * P < 0.05 (n = 4). 

Differences between treatments at the same culture stage were indicated by *. Differences 

between culture stages within the same treatment are indicated by letters.  (P < 0.05, n = 

4). 
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Fig. 2. 7. Hypothetical model of STAC3 regulation of satellite cell differentiation.  (A) In 

control cells, GLUT4 is packaged into GLUT4 storage vesicles (GSV) at the trans-Golgi 

network (TGN). From GSV, GLUT4 can translocate to the plasma membrane (PM), 

where it mediates glucose uptake. The endosome is another cytoplasmic storage of 

GLUT4, which is transported from the plasma membrane or GSVs or TGN. From 

endosome, GLUT4 can be transported back to GSV, TGN, or plasma membrane. AP1µ1, 

as a subunit of the AP-1 complex, mediates protein transport from endosome to TGN 

(Robinson and Bonifacino, 2001, Blot and McGraw, 2008, Hirst et al., 2011, Valdivia et 

al., 2002, Medigeshi et al., 2008), and its stability is increased by STAC3 binding. (B) 

STAC3 knockdown reduces the stability of AP1µ1 protein, and this in turn causes less 

GLUT4 to be transported to TGN from endosome and relatively more GLUT4 to be 

transported to plasma membrane. Increased amount of GLUT4 on plasma membrane 

leads to increased glucose uptake, which promotes satellite cell differentiation.  
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