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Abstract 

The underlying cellular mechanisms of postnatally-derived stem cells known as 

myoblasts have been examined to aid in the advancement of reparative and regenerative­

type therapies for diseases such as muscular dystrophy. This study focused on myogenic 

differentiation, a process in which immature myoblasts fuse to form mature, contractile 

myotubes and irreversibly withdraw from the cell cycle in response to muscle-regulatory 

proteins. The C2C12 cell line provided the means for studying differential proteins linked 

to muscle development. C2C12 cells were cultured under appropriate sterile conditions 

and harvested in a time-dependent manner. Harvested samples were then subjected to 

quantitative protein analysis and two-dimensional gel electrophoresis (2DGE) in which 

protein maps were created and proteins visualized by Coomassie Brilliant Blue stain and 

highly sensitive SYPRO® Ruby protein gel stain. The anabolic compound testosterone 

was administered to myogenic cultures to determine the effects of testosterone on gene 

expression and the proteome of these myogenic cells during the process of 

differentiation. Preliminary findings have implicated differential proteins at various time 

points, indicating changes in gene expression. Future work will be carried out to 

determine the amino acid sequences and thus the identity of testosterone induced 

proteins. 
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Stem Cells: 

In recent years, heightened interest in the therapeutic applications of cells 

possessing the ability to differentiate into a variety of cell types of multiple tissue 

lineages has developed. Scientists have focused on such stem cell research in the 

laboratory to investigate the underlying properties of self-renewal and lineage 

specification to aid in the advancement of damaged cell and tissue-based reparative 

therapies for diseases lacking effective treatments. Stem cell replacement and 

regenerative therapies potentially provide the basis for treatment of injury resulting from 

diseases including muscular dystrophy, multiple sclerosis, Parkinson's disease, 

Alzheimer's disease, heart disease, diabetes, and arthritis. Currently, proteomic-based 

analysis in combination with genomic-based analysis may offer a more thorough 

understanding of the mechanisms of self-renewal and differentiation achieved by 

manipulation of stem cells in vitro, required for the clinical use of stem cells (Loebel et 

al., 2003; Tannu et al., 2004). 

What are the defining characteristics of stem cells? Stem cells are a population of 

infinitely dividing, self-renewing, undifferentiated cells that have the ability to produce a 

progeny of daughter cells with similar or opposite fates. Cell fate refers to the cell type a 

specific cell is most likely to give rise to during the normal developmental stages of the 

embryo. Through two strategies known as environmental asymmetry and divisional 

asymmetry, the homeostatic state of stem cells yields a generation of daughter cells 

containing 50% stem cells. For example, one of the daughter cells may retain the 

undifferentiated state of the parent stem cell, while one inherits properties ultimately 

leading to terminal cell differentiation. Conversely, two similar daughter cells may retain 
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the same original fate and vary only in environmental cues causing terminal cell 

differentiation. The process of terminal cell differentiation entails a precursor cell's 

attainment of specialized tissue characteristics, regulated by external and internal cellular 

signals (Alberts eta!., 2002). 

The two major types of stem cells, referred to as embryonic stem cells (ES) and 

adult stem cells, differ according to their developmental potential. Both types offer an 

opportunity for a thorough systemic analysis of the process of differentiation. In vivo, 

embryonic stem cells (ES) are a versatile source of totipotent precursor cells capable of 

producing every cell type in the embryo, while ES cultured in vitro are restricted to 

differentiation of many but not all cell types including hematopoietic, cardiac, and 

muscle. Embryonic stem cells are derived from the inner cell mass of preimplantation 

murine embryos and when supplemented with the appropriate culture factors can be 

manipulated to divide indefinitely, absent of terminal cell differentiation (Dinsmore eta!., 

1996). By supplementation of the ES with combinations of growth factors to simulate 

the conditions of an in vivo environment, it has been possible to create nearly 

homogeneous populations of differentiated stem cells capable of producing functional 

derivatives. Studies have demonstrated improved behaviors of mice that "phenocopy" 

Parkinson's disease upon receipt of a successful engraftment of differentiated dopamine­

producing neurons. Extensive experimentation with differentiated ES is necessary for the 

advancement of human stem cell therapies (Loebel eta!., 2003). 

The second major type of stem cells, adult stem cells, primarily functions in the 

processes of regeneration and repair of cells of the same tissue type (Roelen and Dijke, 

2003). Isolated from the bone marrow and periosteum of adult human and murine tissues, 
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multipotent stem cells termed "mesenchymal stem cells" possess the ability to 

differentiate into various mesenchymal cell lineages such as myoblasts, osteoblasts, and 

chondrocytes (Kadiyala eta/., 1997). Hormone-like proteins of the transforming growth 

factor-~ (TGF~) superfamily, including TGF~s, bone morphogenetic proteins (BMPs), 

growth and differentiation factors (GDFs) and activins play an essential role in guiding 

mesenchymal cells to specific cell fate choices (Roelen and Dijke, 2003). Determined 

myoblasts, known as muscle precursor cells, develop into mature muscle fibers through 

the process of skeletal myogenesis (Amack and Mahadevan, 2004) (Figure 1.1 ). 

Previous researchers have examined the effects of various agents on the process 

of muscular development. A gents including anabolic compounds such as testosterone 

and estradiol, synthetic analogues of glucocorticoids such as dexamethasone, growth 

factors like hepatocyte growth factor (HGF), and antioxidants such as quercetin and 

dimethylsulfoxide (DMSO) have been observed to effect the rates of myoblast 

proliferation and differentiaton upon addition to myogenic cultures (Desler et a/., 1996; 

Gal-Levi eta/., 1998; Orzechowski eta/., 2001; Yang and Goldspink, 2002). Studies 

have identified the effects of testosterone on the development of different muscles, 

including development of the rat levator ani muscle at two critical time periods. Joubert 

et a/. 's studies demonstrated that upon injection of testosterone during perinatal 

development, testosterone caused permanent changes in the levator ani muscle by 

increasing the rate of myoblast proliferation and/or the alignment and fusion of 

myotubes. The mechanism of testosterone released during puberty demonstrated 

increased proliferation of satellite cells to elevate the amount of myonuclei, most likely 

due to protein anabolism (Joubert eta/., 1993). There is also well-documented literature 
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confirming the enhanced protein synthesis and resulting increased muscle mass and 

strength following the administration of the androgen, testosterone (Mudali and Dobs, 

2004). Also to be considered are the steroid hormone receptors, including the androgen 

receptor (AR) family that act in combination with steroid hormones and are known to 

influence development, differentiation, and homeostasis (Muller et al., 2000). Although 

it is certain that the administration of testosterone exerts anabolic effects on proteins that 

ultimately increase skeletal muscle mass, the mechanism by which this occurs has not yet 

been determined. Clearly, advanced experimentation with both murine embryonic and 

adult tissue-derived cells will offer insight into essential strategies for human tissue 

growth, repair and replacement, and the means for a better understanding of the complex 

molecular mechanisms of proliferation and differentiation. 

Myogenesis and Differentiation: 

Myogenesis has been defined as a tightly-regulated, developmental program that 

controls the differentiation process of myoblasts (muscle precursor cells) into mature, 

muscle fibers (Amack and Mahadevan, 2004). The system provides a means of 

examining the molecular mechanisms underlying the cellular switch from proliferation to 

differentiation. Myogenesis is therefore recognized as an essential process in the 

generation of skeletal muscle in the embryo and the replacement skeletal muscle in the 

adult. Embryonically, the process of myogenesis occurs with the migration of muscle­

cell precursors from the somites into specific sites of colonization, in which gene­

regulatory proteins are expressed, followed by terminal differentiation (Buffinger and 

Stockdale, 1995). 
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Upon stimulation by various factors, the muscle precursor cells said to be 

"determined" to the myogenic cell type termed myoblasts, concomitantly express 

differentiation-specific genes and irreversibly withdraw from the cell cycle (Amack and 

Mahadevan 2004; Berry et al., 2001; Gal-Levi et al., 1998). Myoblasts continue to 

express myoblast-specific gene regulatory proteins belonging to the MyoD family of 

muscle regulating factors (MRFs,) encoded by the myoD gene, and MEF2 regulatory 

proteins encoded by the MEF2 gene. The MRFs are a group of helix-loop-helix 

transcription factors (HLH-TFs) including MyoD, myf5, MRF4, and myogenin. MyoD 

and myf5 expression are associated with the myogenic lineage determination, while 

MRF4 and myogenin are involved in myogenic differentiation (Berry et al., 2001; Shen 

et al., 2003) (Figure 1.2). These muscle regulatory factors "form heterotrimers with 

ubiquitous bHLH nuclear proteins (E proteins) and act in cooperation with the MEF2 

family members, thereby binding E boxes (MEF1) and MEF2 sites on muscle-specific 

gene promoters and activating these genes" (Gal-Levi et al., 1998). MEF2 members can 

only initiate the myogenic activities of MRFs when associated with MRFs (Shen et al., 

2002). 

Based on the plasticity of immature cell types, overexpression of MRFs have the 

capability of forcing the conversion of non-muscle cells into myogenic cells, such as 

chondrocytes into cells of the myogenic cell lineage (Buffinger and Stockdale, 1995). 

Such plasticity was evident when bone morphogenetic protein-2 (BMP2), regulated by a 

myogenic H LH-TF, induced bone formation following implantation into muscle tissue 

(Liu et al., 1997). Okubo et al. also demonstrated the arrest of terminal cell 

differentiation in C 2C 12 m yo blasts and the con version of such cells to the osteogenic 
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lineage upon addition of BMP-2 to culture medium (Okubu et al., 1999). Enhanced 

expression of MyoD in non-muscle cells forced these cells to the myogenic lineage, 

causing muscle-specific genes to be activated (Berry et al., 2001). 

The aspect of myogenesis named "myoblast differentiation" refers to the period 

following proliferation in which the myoblast overtly switches to a more specialized cell 

type. Through cellular membrane fusion, mononucleated myoblasts align to form 

multinucleated myotubes and are ultimately organized into mature myofibers with 

contractile ability (Amack and Mahadevan, 2004; Kim et al., 1999; Orzechowski et al., 

2001) (Figure 1.3a and 1.3b). The efficiency of the fusion process is enhanced by a 

phenomenon known as the "community effect" which directs identical, adjacent groups 

of myoblasts to complete the process of differentiation (Kim et al., 1999). At the point of 

terminal differentiation when mature myotubes are formed, cell division is terminated. 

Upon damage to mature myotubes, mononucleated cells known as satellite cells, essential 

for growth, regeneration and repair, are recruited (Amack and Mahadevan, 2004). 
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Figure 1.1: Myogenic Cells 

Chronological organization of cells involved in myogenesis, including satellite cells, 

myoblasts, myotubes, and mature, contractile muscle fibers. 
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Figure 1.2: Looking Back to the Embryo: 

Defining Transcriptional Networks in Adult Myogenesis 

Representation of the transcriptional networks in adult myogenesis. 

10 



Figure 1.2 
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Figure 1.3: Proliferating and Differentiating Myoblasts 

Figure 1.3a depicts a photographical analysis of subconfluent myoblasts during the 

proliferating phase of the cell cycle. 

Figure 1.3b depicts a photographical analysis of confluent myoblasts during an aspect 

of myogenesis known as myoblast differentiation in which myotubes are formed. 
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Figure 1.3a 
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Muscle Growth and Regeneration: 

The growth and regeneration of skeletal muscle cells is largely dependent upon 

nearby cells uniformly located within the basal lamina of myofibers. The inactive cells 

named satellite cells remain in close proximity to the mature muscle cells for emergency 

purposes. Upon injury to neighboring muscle tissues, satellite cells inherently proliferate 

and fuse with one another while simultaneously expressing muscle-specific proteins 

(Figure 1.4). The majority of extracellular activators and inhibitors of satellite cell 

proliferation and differentiation remain undefined, while growth factors such as insulin­

like growth factors I and II (IGF-1 and IGF II), transforming growth factor beta (TGF-~), 

and growth hormone have been implicated (Gal-Levi eta/., 1998). 

Although the mechanisms of satellite cell recruitment for regeneration or 

hypertrophic purposes remains elusive, it has been suggested that an increased 

proliferation rate will hinder the rate ofmyogenesis and therefore increase the mass of the 

growing muscle. The mitogenic antioxidant, quercetin, has been identified as a possible 

contributor to increased muscle mass, due to delayed myogenesis and the presence of less 

numerous, but larger myotubes after C2C12 myoblast treatment. Conversely, the 

antioxidant DMSO markedly inhibited myogenesis, therefore proposing avoidance of 

DMSO during required periods of accelerated muscle growth and regeneration 

(Orzechowski et al., 2001). Additional findings have suggested the influence of 

hepatocyte growth factor (HGF) and its receptor, c-met, on muscle satellite cell 

proliferation and differentiation inhibition (Gal-Levi et al., 1998). 

The population of satellite cells becomes useful in some forms of muscular 

dystrophy, including a type in which the myotubes are damaged because of defects in the 
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genetic conformation of the protein dystrophin, called Duchenne muscular dystrophy 

(DMD) (Noguchi et a!., 2003). Previous attempts at transplanting myoblasts into 

damaged tissues of mice to restore dystrophin function were only successful when mice 

were previously irradiated with damaging chemicals. However, pretreatment of mice 

with concanavalin A (ConA) did improve myoblast migration into transplanted tissues 

(Ito et a!., 1998). Studies have revealed in myotonic dystrophy type 1 (DM1 ), a mutant 

DM protein kinase (DMPK) contributes to an altered myogenic process causing smaller 

myofibers and increased satellite cell numbers (Amack and Mahadevan, 2003). A 

number of glucocorticoid drugs like dexamethasone, have been implicated to improve the 

damaging effects of DMD. Glucocorticoids reportedly increase the mRNA expression of 

satellite cell-proliferation genes (MRFs), which in turn activate satellite-cell specific 

genes that respond to injury of muscle fibers. Also, it has been suggested that 

glucocorticoid treatment decreases the differentiation of C2C12 myoblasts, indicated by 

decreased levels of myogenin mRNA (te Pas eta!., 2000). An increased differentiation 

rate of C2C 12 myoblasts treated with dexamethasone compared to untreated C2C 12 cells 

was observed in G.R.Walker's lab based on resulting increased myotube formation 

following dexamethasone treatment (Lariviere 2002). 

When the satellite cells have exacerbated any further regeneration possibilities 

because of the heightened pace of damage, connective tissue replaces muscle tissue 

(Alberts et a!., 2002). Extended research concerning myoblast function and investigation 

of the specific proteins expressed in myogenic differentiation could formulate solutions 

to these exhausted satellite cell lines. 
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Figure 1.4: Myogenic Differentiation Pathways 

Myogenic differentiation pathways of embryonic, regenerative, and C2C12 myoblasts. 
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Figure 1.4 
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C2C12 Cell Line: 

Due to the close genetic resemblance of all mammalian species discovered by the 

comparison of nucleotide sequences of orthologous genes and corresponding proteins, the 

mouse serves as an excellent model system for the in vitro analysis of myogenesis and 

cell differentiation (Alberts et al., 2002). The murine (Mus musculus) myoblastic cell 

line, C2C12, was utilized as a means for studying in vitro myogenic differentiation and 

cell cycle simultaneously with testosterone-effect analysis. The C2C12 line is 

distinguished by its accelerated differentiation capabilities, the formation of extensive 

contractile myotubes, the expression of muscle-specific proteins, and the ability to grow 

without contamination from other cell types (Yang and Goldspink, 2002). Fusion of 

cellular membranes requires cell-cell adhesion molecules necessary for recognition 

occurring between differentiating myoblasts and muscle fibers (Kim et al., 1999). The 

cells differentiate upon removal of growth stimulatory factors such as insulin- like growth 

factor (IGF-I), fibroblast growth factor (FGF) and hepatocyte growth factor (HGF) (Yang 

and Goldspink, 2002). 

Previous studies suggest the existence of a specific time parameter in which 

fusion occurs, while "spaciotemporal coordination" guarantees homogenous myotube 

cultures. Mature skeletal muscle cells are the result of these cell-cell adhesions. 

Furthermore, expression of specific myogenic proteins stimulates the transcription of 

other muscle-regulatory genes, resulting in an amplified feedback system for continuation 

of muscle development (Kim et al., 1999). 
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Cell Cycle-Control: 

The C2C12 line has been utilized as an in vitro model for studying cell cycle 

withdrawal associated with cellular differentiation. The arrest of the cell-division cycle is 

crucial to muscle differentiation. Under specific environmental conditions, actively 

proliferating cells, including myoblasts, undergo a series of events causing cellular 

growth for protein synthesis and DNA replication, and cellular division, in which one cell 

produces two daughter cells. 

What is the cell-division cycle? Cell-division cycle refers to the timed 

mechanisms in eukaryotic organisms by which mitosis is regulated and DNA is 

replicated. The cell replication program progresses through a sequence of phases, 

including the two major phases, S phase (synthesis) and M phase (mitosis). Following 

genomic DNA duplication in the S phase, the G2 or gap phase occurs to allow for 

extended cell growth. The gap phases also provide ample time for the cell to ensure 

proper environmental and preparatory conditions before entering the dramatic phases of S 

phase and M phase. The M phase follows, inducing a cascade of events leading to 

nuclear division, referred to as karyokinesis, in which the cell containing two pairs of 

sister chromatids separate into two separate chromosomes and reform intact nuclei . Cell 

division is complete when cytoplasmic division, or cytokinesis, causes the separation of 

the cell into two daughter cells. The newly formed separate entities will then enter into 

the G 1 phase, enhancing the growth of the cell. The cycle is then reinitiated (Lodish et 

al., 2000). 

The cell-cycle control system exerts ultimate control over the various mechanisms 

of the cell-division cycle by producing both stimulatory and inhibitory intracellular 
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signals, and specific checkpoints for completion of the phases (Figure 1.5). The two most 

important families involved in the cell-cycle control system are the heterodimeric protein 

kinases, cyclins and cyclin-dependent kinases (Cdks). The cyclin associated with the 

Cdk subunit will modulate which proteins the Cdk-cyclin complex will phosphorylate 

(Lodish e t. al., 2000; Kitzmann and Fernandez, 2 001). Inactivation/activation of such 

complexes induces fluctuations in the phosphorylation of amino acid residues, for 

example, which regulate the phases of the cell-division cycle. Cell division cycle 2 

(cdc2) is a c yclin-dependent kinase known to be a 34kD protein called p34cdc
2

, which 

controls the cell's entry into M phase (Wada et al., 2004). Other proteins such as gene 

regulatory protein p53, inhibits cells from proceeding through both gap phases when 

damaged DNA is present (Lodish et. al., 2000). 

Because many of the underlying cellular mechanisms that modulate cell cycle and 

division are unknown, indefinitely growing cells of in vitro culture remain an infinite 

source of knowledge to cell biologists and molecular geneticists. Studies have implicated 

an MRF protein, MyoD, for its role in the arrest of the cell cycle by the induction ofp21, 

a cyclin-dependent kinase inhibitor and the induction of retinoblastoma protein (Shen et 

al., 2002). Another marker of muscle differentiation, Bcl-2, is an "antiapoptotic protein 

that is phophorylated and inactivated by Cdk2 kinase during G2/M transition in 

proliferating cells, was dephosphorylated and, hence, activated during C2C12 cell 

differentiation" (Shen et. al., 2003). Additionally, the expression of the G 1 regulatory 

protein, p21 WAF/Cipi, functioned to maintain cell-division cycle in muscle cells (Shen et. 

al., 2003). 
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Studies have also identified the mammalian target of the immunosuppressant 

rapamycin, mTOR, for its role in regulating various components of the "translational 

machinery" of the cell (Proud 2003). A kinase domain related to the phosphatidylinositol 

kinase-related kinase family known to regulate cell cycle, is located near mTOR's C­

termini. Rapamycin interferes with the G 1-phase progression and cellular signalling by 

inhibiting the function of the protein mTOR, which is essential to the process of skeletal 

muscle differentiation (Brunn et al., 1997). Upon treatment ofC2C12 myoblasts with the 

prokaryotic nucleoside N 6-Methyldeoxy-adenosine (MedAdo), a marked increase in the 

expression of regulatory proteins p 21 WAF/Cipi, myosin heavy chain protein, and m TOR 

were detected. Thus, MedAdo forced the cells towards the myogenic lineage pathway 

(Charles et al., 2004). Because mTOR signaling occurs by amino acid and hormone 

stimulation, such as insulin, many questions remain to be answered. For example, is 

mTOR signaling activated by the administration of the steroid hormone testosterone? 

Also, how does mTOR force C2C12 myoblasts into the myogenic lineage? Additional 

findings may pinpoint the phosphorylation of various cell-division cycle proteins 

involved in myogenic differentiation pathway upon treatment with the testosterone. 
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Figure 1.5: Components of the Cell-Cycle Control System 

Components involved in the progression of the cell through the phases of cell-division 

cycle. 
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Figure 1.5 
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Effects of Testosterone: 

Testosterone is a lipophilic, hydrophobic masculinizing, sex steroid hormone 

derived from a cholesterol precursor molecule and secreted by the testes. There are 

many functions of testosterone including sperm production stimulatory effects, a role in 

secondary sex characteristics, the cause of elevations in erythropoetic basal rate and 

higher skeletal muscle mass and bone formation in males. The secretion of testosterone 

secretion is solely modulated by the hormone synthesis rate and it exerts anabolic effects 

on proteins. Testosterone functions by forming new intracellular proteins, as a result of 

the gene activation in the target tissue (Sherwood 1997). Once the hormone binds to its 

receptor, its DNA-binding site is exposed. The hormone is then converted to 

dihydrotestosterone (DHT) (Sherwood 1997). 

Although it is certain that testosterone will increase skeletal muscle mass, the 

mechanisms by which this occurs have not yet been determined. Contradictory findings 

have implicated questionable effects of testosterone on cell cycle proteins and its role in 

myogenic differentiation. The role of testosterone in myogenic differentiation has been 

examined, revealing DHT and testosterone control lineage determination in mesenchymal 

stem cells by forcing them into the myogenic lineage (Singh eta/., 2003). The effects of 

testosterone were analyzed in the levator ani muscle of the rat. Although the levator ani 

is present in both males and female rats at birth, it atrophies in the female. When female 

rats were treated with testosterone at birth, there was a marked mass increase in the 

levator ani muscles (Albis eta/., 1992). Additional studies focusing on the treatment of 

sarcopema, a form of muscle loss prevalent among the elderly, have identified a 

genetically altered skeletal muscle cell line, the C2C12 line, that responded to 
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hypertrophy-inducing a gents. Hypertrophy refers to the enlargement o fa tissue due to 

increased cell size. The C2C12 line, altered by the addition of the ~-myosin heavy chain 

gene promoter and enhancer regions, responded to hypertrophy-inducing agents like 

testosterone and insulin. Such a hypertrophy-responsive system could offer insight into 

unknown hypertrophy-induction signals. (Cross-Doerson and Isfort, 2003). Studies 

involving testosterone have shown that the testosterone was not a causal factor in the 

difference between male and female myosin transition from embryonic to adult isoforms 

(Albis et al., 1992). Some studies suggest that in vitro cultures of rat myogenic cell lines 

treated with testosterone cause a decrease in cell cycle time and the G1 phase, while other 

studies show that testosterone does not elevate myoblast production (Skjaerlund et al., 

1994). Dihydrotestosterone was shown to increase the activation of p38, a sex-specific 

MAP kinase (Angele et al., 2003). 

The effects of testosterone on the underlying mechanisms of muscle development 

and cell cycle require further investigation. This study proposes to examine the effect of 

testosterone on protein expression in C2C 12 myoblasts during differentiation. The 

approach taken is a proteomic approach. 

Proteomics: 

Proteomics is a novel technique based on the qualitative and quantitative analysis 

of the proteome, or the full set of proteins expressed by the genetic material of an 

organism. Proteomics serves to complement information achieved by the analysis of the 

transcriptome alone, through the achievement of the functions of proteins during varying 

cellular conditions (Graves and Haystead, 2002). Proteomic-based analysis involves two 
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revolutionary techniques including two-dimensional gel electrophoresis (2DGE) in 

combination with mass spectrometry. Such analyses allows for the quantitation and 

identification of specific peptides in a complex protein mixture, including whole cell 

lysates. Proteomic-based analysis offers insight into the unknown cellular processes, like 

proliferation and differentiation, due to the creation of protein maps visualized by 

polyacrylamide gels and highly sensitive staining. As a result of such protein maps, 

information pertaining to the upregulation and downregulation of proteins, changes in 

protein i soforms, and post-translational modifications can be achieved. Upon further 

computer-based analyses and mass spectrometry, proteins involved in varying cellular 

conditions may be identified (Gorget al., 2004). 

Goals ofProposed Study: 

The aim of this study was to offer a comparative, combinatorial analyses of the 

total proteome, upon differentiation of C2Cl2 myoblasts at zero, four and twenty-four 

hours after induction of differentiation, with or without testosterone treatment. Protein 

maps at each time point are then compared to each other and changes in protein 

composition can then me used to identify potentially important proteins. Proteins 

identified in this way will yield insight into the unknown cellular mechanisms involved in 

the effects of testosterone on C2Cl2 myoblast differentiation, to ultimately aid in the 

battle against muscular disease. We hypothesized the identification of differential protein 

expression at each time point, linked to changes in gene expression during differentiation 

oftestosterone-treated and untreated C2Cl2 myoblasts. 
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Experimental Approach to C2C12 Myogenesis: 

The C2C 12 cell culture system was utilized to examine the factors regulating 

muscle development through the processes of proliferation and differentiation. Upon 

administration of the anabolic steroid testosterone to the appropriate growth media, 

treated samples were collected in a time-dependent manner starting at time Oh, 4h, and 

24h following induction of differentiation. Triplicate samples from both treated and un­

treated cells were analyzed by comparative protein analysis using two-dimensional gel 

electrophoresis (2DGE) and PDQuest™ 2-D Analysis Software for the identification of 

the appearance and disappearance of regulatory proteins. 

C2C12 Culture (Mus musculus): 

The 3H strain of a C2C 12 mouse myoblastic cell line purchased from ATCC were 

cultured in sterile, vented-cap culture flasks (75cm2
) in 15mL of filter-sterilized growth 

medium under a laminar flow hood intermittently sterilized by ultraviolet light. C2C12 

cells were cultured in pre-incubated (37° Celsius) growth medium to obtain proper pH. 

The growth medium consisted of Dulbecco's Modified Eagle's Medium (DMEM) 

(1000mg/L glucose, L-glutamine, sodium bicarbonate), 10% Fetal Bovine Serum (FBS), 

and penicillin-streptomyocin (P-S) ( 1 O,OOOTIJ/ml and 10,000 J..lg/ml) in which the cells 

were incubated at 37°C in 5% C0
2

. Using appropriate sterilization techniques, growth 

medium was renewed every two days. To monitor factors including cell density, cell 

removal, and morphological characteristics such as myotube formation, cells were 

observed daily under an Olympus T041 microscope linked to a monitor. 
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The C2C12 cells were sub-cultured by rinsing gently with 5ml of 0.25% (w/v) 

Trypsin-0.53mM EDTA solution to ensure removal of serum that may inhibit trypsin 

effectiveness. Cells were then eluted with 7ml of 0.25% (w/v) Trypsin-0.53rnM EDTA 

solution upon 70-80% confluency, incubated for approximately 20 minutes, transferred to 

new culture flasks, and resuspended in 15ml of pre-incubated 10% FBS/DMEM/P-S. To 

harvest C2C12 cells, cells were rinsed gently with 5ml of 0.25% (w/v) Trypsin-0.53rnM 

EDTA solution and eluted with 7ml of 0.25% (w/v) Trypsin-0.53mM EDTA solution. 

After an incubation time of 20 minutes in which the cells had visibly detached from 

plastic surface, cells were vortexed and washed 3X with 10ml of lX Trans Buffered 

Saline (TBS) by centrifugation at 2000 rpm for five minutes per wash. Upon removal of 

TBS, pelleted cells were stored in a -80° Celsius freezer for later use. Cells required for 

additional cultures were harvested at 70-80% confluency (according to described 

harvesting procedures) with the addition of a 5% (v/v) dimethylsulfoxide (DMSO) 

solution to pelleted cells, frozen in the -80° Celsius freezer for 60 minutes, then 

transferred to a liquid nitrogen storage tank. 

Growth medium was reduced to a 1 % FBS/DMEM/P-S solution to induce 

differentiation of C2C12 myoblasts. Alternatively, differentiation medium supplemented 

with a 1 µM testosterone/ethanol solution was administered for comparison of both 

treated and untreated cells. Treated ( experimental) and untreated ( control) cells were 

harvested at Oh, 4h, and 24h following induction of differentiation and subjected to 

further analysis by two-dimensional gel electrophoresis and PDQuest Analysis. 

C2C12 culture aids in the detection of various proteins of interest expressed at 

different stages of cell cycle. Triplicate samples were collected for the mapping of pre 
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and post-differentiation proteins. Proteins were analyzed upon treatment of C2C12 cells 

with growth media containing testosterone, before and after differentiation. Alterations in 

patterns, time course differences, clarifications of molecular processes, and functional 

differences may be determined from excised proteins. 

Protein Preparation and Quantitative Protein Analysis: 

Pelleted C2C12 cells (1 pellet/culture flask) were diluted with 500ml of Sample 

Buffer (low-active rehydration buffer) containing 8M urea, 2% CHAPS, and 50mM 

dithiothreitol (DTT). Suspended cells were sonicated with the Cell Disrupter 3X at 15 

seconds per sonication on ice followed by a 60 second delay between sonications. Lysed 

cells were microcentrifuged at 2000 rpm for five minutes per centrifugation and the 

supernatant was recovered. 

To quantify the amount of protein in solution, samples were subjected to a 

modified Bradford Assay. The modified Bradford Assay, a technique slightly modified 

from the original Bradford Assay, is a fast and accurate method for the determination of 

total protein concentration of a sample. Protein concentrations (!lg) were determined by 

the absorbance of the protein-dye binding complex at 595nanometers (nm) in comparison 

to a bovine serum albumin (BSA) standard (Bradford, 1976). The Modified Bradford 

Assay required a Coomassie brilliant blue dye known to specifically bind proteins 

primarily at arginine residues. The shift in absorbance of the protein-dye binding 

complex was measured by a spectrophotometer (Hewlett-Packard 8453 UV-Visible 

System). A standard concentration curve representing a linear relationship between 

protein-dye binding, depicted by known amounts of protein per unit volume (!lg/!lL), 

versus the change in absorbancy at 595nm (Optic Density) was constructed. The 
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standard concentration curve was used to convert the unknown amount of O.D. to the 

actual concentration, by using the equation that fits the curve. The resulting R2 value 

must be 0.95 or higher. If the extinction coefficient was higher than 1, the sample must 

be diluted and factored into the equation. 

The Modified Bradford Assay procedures included preparing standards containing 

10, 15, 20, 25, 30, 35, and 40 microgram ()lg) quantities ofBSA. To each test tube, 80)lL 

ofDeionized (DI) H20, 10)lL ofO.lM Hydrochloric acid (HCl), 10)lL oftwo-dimensional 

electrophoresis (2-DE) buffer (8.4 M urea, 2.4 M thiourea, 5% CHAPS, 25 mM spermine 

base, 50 mM dithiothreitol) and 4mL of Bradford dye were added. A blank was prepared 

by adding 4 ml of Bradford dye to an individual test tube. T o separate test tubes, the 

unknown sample concentrations of harvested C2C12 cells were determined by adding 

1 O)lL of sample previously suspended in Sample Buffer, 80)lL of DI H20, 1 O)lL of O.lM 

HCl, 10)lL of 2-DE buffer (8.4 M urea, 2.4 M thiourea, 5% CHAPS, 25 mM spermine 

base, 50 mM dithiothreitol) and 4mL of Bradford dye. After a five-minute setting period, 

and a 15-minute warming period for the spectrophotometer, the solutions were 

transferred to plastic cuvettes. Following the blanking procedure, the absorbances of the 

standard and unknown samples were measured using UV-Visible light at 595 nm. 

Analysis by two-dimensional gel electrophoresis (2DGE): 

Two-dimensional gel electrophoresis results in the separation of proteins based on 

differences in charge and mass. Firstly, isoelectric focusing (IEF) separates proteins by 

differences in isoelecric pH (pi in which the net charges are zero). Secondly, sodium 

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) separates proteins 
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through a porous acrylamide gel matrix by molecular mass (Mr) differences by a constant 

voltage using immobilized pH gradient (IPG) strips. This revolutionary technique allows 

for the identification of proteins in previously ambiguous molecular processes and 

compliments information achieved by analysis of the transcriptome. From the visible 

protein "maps" created, pertinent information such as changes in protein expression and 

posttranslational modifications can be inferred. The detection of certain proteins may 

formulate insight into unknown cellular mechanisms of for example, disease-specific 

protein markers (Beranova-Giorgianni 2003; Candiano et al., 2002; Cleveland et al., 

1977; Gorget al., 2004; Tannu et al., 2004) (Figure 2.1). 

Active Rehydration and Isoelectric Focusing­

! st Dimension: 

Upon completion of the Modified Bradford assay, the proper concentration of 

sample load was determined based upon lOO!J.g of protein for 7cm immobilized pH 

gradient strips (IPG) and 4001J.g of protein for 17cm immobilized pH gradient strips 

(IPG). Ampholytes preformed into the gel strip establish the pH gradient in the gel, 

resulting in migration of the proteins to their isoelectric ph (pi). The preset pH gradient 

cast into the gel strip eliminates problems such as gradient drift. IPG strips from the 4-7 

pH and 3-10 pH gradient ranges were utilized. The proper volume of sample, 125!11 for 

7cm IPG and 3001J.L for 17cm IPG strips, was loaded into a Bio-Rad PROTE~ IEF 

focusing tray and the ReadyStrip™ IPG strip (purchased from Bio-Rad) was placed gel­

sided own in the IEF focusing tray, whiled irectly contacting thee lectrodes. B ubbles 

were removed by carefully lifting the strip up and down to eliminate interference with 
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isoelectric focusing. The strips were then overlaid with mineral oil to prevent 

dehydration, placed into the PROTEA~ IEF cell and programmed for rehydration under 

active conditions at 20° Celsius, 50 Volts for approximately 12 hours. A pause was 

inserted following rehydration to place H20-saturated wicks over the electrodes. 

Focusing conditions for 7cm strips were set linearly to 40000 volt-hours (V-hr) with a 

maximum current of 50)lA per strip and a default temp of 20° Celsius. Focusing 

conditions for 17cm strips were set linearly to 60000 V-hr, with a maximum current of 

50)lA per strip and a default temp of 20° Celsius. The IPG strips were held at a 500V 

hold upon completion of rehydration and isoelectric focusing. The entire 1st dimension 

process required approximately 24 hours. Strips are either frozen for future analysis or 

subjected to SDS-PAGE. 

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)-

2nd Dimension: 

Upon completion of 151 dimension, a loading tray was prepared with 2.5-6.0mL of 

Equilibration buffer I (6M Urea, 0.375 M, pH 8 .8, 2% S DS, 2 0% glycerol, 2% ( w/v) 

DTT). Excess mineral oil was removed from the ReadyStrip™ IPG strips by carefully 

draining and blotting on moistened KIM wipes. The IPG strips were inserted gel-side up 

into the loading tray and shaken on an orbital shaker for 10 minutes on speed two. The 

IPG strips were then placed gel-side up into a loading tray containing 2.5-6.0mL of 

Equilibration buffer II (6M Urea, 0.375M Tris, pH 8.8, 2% SDS, 20% glycerol, and 2.5% 

(w/v) iodoacetamide) and were shaken for a minimum of 10 minutes. The addition of 

iodoacetamide alkylates free DTT and prevents reoxidation of sulfhydryl groups (Gorget 



a!., 2004). A loading tray was then filled with 4mL of lx Tris-glycine-SDS (TGS) 

running buffer. Before applying the strip to the glass gel plate, an agarose overlay (5% 

agarose) was heated until fully liquefied and pipetted over the gel strip while 

simultaneously inserting the gel strip onto the glass gel plate. Both 10% and 12% 

polyacrylamide gels were made 24 hours prior to 2nd dimension procedures. (See Gel 

Components Table 2.1) Timing was essential as to not allow the agarose to solidify 

before the gel strip was inserted. Any excess air was removed, and adequate 

solidification time was necessary. 

A lX TGS buffer was filled to staggered levels inside and outside of the 

electrophoresis chambers, Bio-Rad's Mini-PROTE~ 3 for 7cm strips and the 

PROTEAN II XL Electrophoresis chamber for 17cm strips. SDS is an anionic binding 

detergent resulting in overwhelmingly negative proteins. When current is applied, the 

proteins are forced to travel to the opposite, positively charged end of the gel. The gels 

were run at constant current of 16mA per gel for 7cm gels and lOrnA for 17cm gels, at 

200 Volts. When the dye front created by the Bromophenol Blue present in the agarose 

overlay had reached the bottom portion of the gels, electrophoresis was complete. The 

approximate run time for 7cm gels was 45 minutes, while the run time for 17cm gels was 

18 hours (1 cmlhr). The gels were carefully detached from the glass gel plates, specific 

comers of the gel were removed for identification and orientation purposes, and the gels 

are fixed in High destain. 



Coomassie and SYPRO® staining: 

Protein maps were detected by immersion of gels in Coomassie Brilliant Blue 

(5% Coomassie brilliant blue G-250, 45% methanol, 10% acetic acid) or a highly 

sensitive SYPRO® Ruby protein gel stain (IX pre-mixed solution) which allows for 

visualization of protein spots under an ultraviolet light. For Coomassie staining, the gels 

were directly transferred to plastic vessels containing a sufficient volume of Coomassie 

for full immersion of gels. The gels were stained overnight on an orbital shaker. The 

following day, the gels were subjected to High Destaining (40% methanol, 10% acetic 

acid) for 60 minutes and low de-staining (1 0% methanol, 6% acetic acid) until 

background was clear. Gels were then stored in ddH20 for a minimum of 15 minutes 

before imaging. 

For SYPRO® Ruby protein gel staining, the gels were directly transferred into 

plastic vessels containing SYPRO Fixing Solution/High Destain ( 40% methanol, 10% 

acetic acid) for 60 minutes. The fixing solution was discarded and the gels were fully 

immersed in a sufficient volume of SYPRO® stain. The gels were stained overnight on an 

orbital shaker. The following day, the gels were washed in deionized/distilled H20 on 

the orbital shaker for a minimum of 15 minutes before imaging. 

PDQuest™ Imaging and Analysis: 

The PDQuest™ 2-D Analysis Software includes the Bio-Rad Gel Doc equipped 

with a CCD camera in which acquired images of the completed two-dimensional (2D) gel 

can be analyzed, optimized, and printed onto a video, digital, or local printer. To acquire 

digital images of gels subjected to 2DGE, gels were placed onto the Gel Doc, scanned, 



and focused until visible edges had disappeared. A ruler was placed adjacent the gel to 

ensure clarity of gel. The white tray and Epi-White light were utilized for Coomassie­

stained gels, while the UV box and Trans-UV light were utilized for SYPRO® stained 

gels. Both types of gels required Auto Exposure of the gel to find the best-fit image. 

When satisfied with image quality, the raw images were printed on a Sony printer and 

saved under specific file names. 

Using the PDQuest™ 2-D Analysis Software, specific portions of the gels 

containing the protein spots, excluding the dye fronts, were cropped. Crop settings were 

created, saved and applied to gels of the same condition to create a primary MatchSet. 

The gel with the best clarity was chosen as the Master image for that MatchSet. 

Automated detection and matching allowed for the detection and quantitation of spots of 

interest in all of the gels of the MatchSet. The Spot Detection Wizard allowed for both 

identification and quantitation of specific spots of interest, with such key tools as Edit 

Spot Tools and Match Tools. Multiple Higher Level MatchSets were created for further 

comparison of each time point, of both treated (1~-tM testosterone) and untreated 

differentiated C2C12 myoblasts. 

Mass Spectrometry and Bioinformatics: 

Mass spectrometry (MS) is an important tool for the identification of specific 

proteins of interest. Determination of specific protein characteristics requires analysis of 

the peptides resulting from enzymatic lysis of the targeted protein (Beranova-Giorgianni 

2003). Mass spectrometry delivers a "peptide mass fingerprint," defining the mass of all 

peptides in the protein of interest. Secondly, the MS technique can fragment peptides 
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into product ions, and label the product ions with a "sequence tag" to aid in the exact 

identification of the protein of interest. Experimental data is then compared to the 

theroretical data and subjected to proteome analysis through database search programs 

such as SWISSPROT, Peptldent, Multldent MS-Fit, MS-Tag, and MASCOT (Beranova­

Giorgianni 2003). 
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Figure 2.1: Two-Dimensional Gel Electrophoresis 

Depicts the process of2DGE: Isoelectric focusing and 2D-PAGE 
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Table 2.1 Polyacrylamide Gel Components 

Table 2.1a and Table 2.1b display components required for 10% and 12% polyacrylamide 

gel-making protocol yielding a 100 milliliter total volume. Total volume varied according 

to gel size and quantity. Gels were made 24 hours prior to usage in 2"d dimension. 
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Table 2.1a 

10% Gel Components 

Solution Components 100mL 

H20 48 

40% acrylamide 25 

1.5 M Tris (pH 8.8) 25 

10% SDS 1 

10% ammonium persulfate 1 

TEMED 0.04 

Table 2.1b 

12% Gel Components 

Solution Components 100mL 

H20 43 

40% acrylamide 30 

1.5 M Tris (pH 8.8) 25 

10% SDS 1 

10% ammonium persulfate 1 

TEMED 0.04 

-----
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Sample Preparation and 2D-Gel Results: 

All resulting data obtained from this study was achieved by previously described 

methods. As an overview, C2C12 cells were cultured appropriately and supplemented 

with differentiation media at 70-80% confluency. Triplicate samples of differentiated 

cells (untreated) were harvested at the T=Oh, T=4h and T=24h time points and subjected 

to 2DGE. The experiment also included analysis of triplicate samples of C2C12 cultures 

supplemented with a differentiation medium containing testosterone (treated) at the 

Te=Oh, Te=4h and Te=24h time points. Each gel image represents sample harvested from 

one flask. Both untreated (controls) and testosterone-treated (experimental) samples 

were subjected to further PDQuest imaging and analysis to investigate the effects of 

testosterone on protein expression. The resulting protein maps may indicate proteins 

involved in the unknown signaling cascades underlying myogenic differentiation in 

combination with testosterone treatment. 

Protein assays were conducted using BSA concentration standards. 

Concentrations were determined by comparing samples to a standard curve of increasing 

concentrations of BSA (Table 3.1). Both sets of values were recorded for the 

construction of a linear Standard BSA Curve using Microsoft Excel's X-Y scatter plot, 

represented in Figure 3.1. The resulting equation of the line yielded an R2 value of 

0.9927, sufficient for the determination of unknown protein sample concentrations. 

Unknown protein sample concentrations for Tl =Oh, T2=4h, and T3=24h controls 

determined by Standard B SA Curve values are indicated in Table 3.2. Table 3.2 also 

indicates calculated sample load volumes for 7cm lPG strips in microliters based on a 

total volume of 125 microliters for 7cm lPG strips and a total volume of 300 microliters 
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for 17cm IPG strips preceding active rehydration. The above procedures were repeated 

for all prepared samples (controls and experimental) which were sonicated accordingly 

and suspended in Sample buffer before subjection to 2DGE. 

In early experimentation with collected protein samples, samples were not being 

sonicated prior to active rehydration and 2DGE. Unsonicated samples resulted in 

unidentifiable protein maps with excessive smearing or the absence of protein, due to 

insufficient cell lysis (Data not shown). Following sonication, samples yielded a more 

complete representation of protein expression upon differentiation demonstrated by gel 

images. Possibly due to the nature of the C2C12 type and the method of cell lysis, gels 

displayed both horizontal and vertical streaking, later digitally removed by the PDQuest 

analysis software. Speckling was also removed by PDQuest analysis software. 

Following adequate experimentation with 7cm gels, three modifications to the 

2DGE protocol for this study are present in resulting gel images. Firstly, the pH range 

for IPG strips was changed from a broad range of 3-10 to a narrow range of 4-7 for better 

visualization of proteins. Secondly, the polyacrylamide gel percentage was increased 

from 10% to 12% to better resolve. Thirdly, the lPG strip length was changed from 7cm 

to 17cm for better visualization of proteins and facilitated manipulation during PDQuest 

analyses. The larger gels seemed to have less artifacts. 

The 2D-Gel image depicted in Figure 3.2 was the first sample following 

sonication, which resulted in defined protein spot configurations. Figure 3.2 therefore 

indicated successful cell lysis. For the 1st dimension, the 2D gel was passively hydrated 

at 40,000 V-hours using lOOflg of protein on a 7cm, pH 3-10 IPG strip. Electrophoresis 

was performed on a 10% polyacrylamide gel using Bio-Rad's Mini-PROTE~ 3 with a 



running power of 16mA. The gel was stained in Coomassie Brilliant Blue stain and 

visualized by Bio-Rad's ChemiDoc equipment. As in Figure 3.2, all resulting gel images 

were oriented from left to right by an increasing pH range, and from top to bottom by 

decreasing molecular weight. 

Better resolution of proteins detected by the highly-sensitive SYPRO® stain can 

be seen in resulting protein maps present in Figure 3.3. Figure 3.3 represents typical, 

untreated (7cm Controls) 2D-Gel images following the induction of differentiation at 

Tl =Oh, T2=4h and T3=24h time points. The 2D images are "Raw" images of the gels at 

each time point, meaning the gels images have not been altered by the PDQuest software. 

The color of the Raw image, however, can be modified by using the "Transform" feature, 

which will change the displayed color of the image to red, green, blue, gray etc. For the 

1st dimension, the 2D gels were actively hydrated and run at 40,000 V-hours using 100)lg 

of protein on 7cm, pH 4-7 IPG strips. Electrophoresis was performed oil 12% 

polyacrylamide gels using Bio-Rad's Mini-PROTE~ 3 with a running power of 16mA 

per gel and stained in SYPRO® Ruby protein gel stain. Protein spot configurations in the 

upper left and lower middle quadrants of the three gels demonstrate varying degrees of 

intensities and presence of proteins. Due to difficulty in generating MatchSets from 7cm 

gels using PDQuest software, manual comparison of spots was required for analysis. 

Figure 3.4 represents typical, testosterone-treated (7cm Experimental) 2D-Gel images 

following induction of differentiation at Oh, 4h and 24h time points. Again, visual 

changes in the intensities of protein spot configurations in the lower middle quadrants of 

the three gels resulted. Methods for the 1st and 2nd dimensions were repeated, as 

described previously for Figure 3.3. 
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In order to achieve greater separation of protein, 2DGE was carried out using 17 

em IPG strips. The resulting 2D-Gel images represented in Figure 3.5 are typical, 

untreated (17cm Controls) following induction of differentiation at T=Oh, T=4h and 

T=24h time points. The 2D images are "Raw" images actively hydrated at 60,000 V­

hours using 400J.lg of protein on 17cm, pH 4-7 IPG strips. Electrophoresis was 

performed on 12% gels using Bio-Rad's PROTEAN II XL Electrophoresis chamber with 

a running power of 1 OmA per gel and stained in SYPRO® Ruby protein gel stain. Gel 

images were later subjected to PDQuest analyses. Figure 3.6 represents typical, treated 

(17cm Experimental) following induction of differentiation at Te=Oh, Te=4h, and 

Te=24h time points. Methods for the 1st and 2nd dimensions were repeated, as described 

previously for Figure 3.5. 
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Table 3.1: Modified Bradford Assay Concentrations and Absorbances 

Concentrations ofBSA in micrograms and resulting absorbances achieved at 595 

nanometers of UV-Visible light, necessary for the construction of a linear Standard 

BSA Curve to determine unknown sample concentrations. 
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Table 3.1 

Modified Bradford Assay Concentrations and Absorbances 

Standard BSA Concentration Absorbance (at 595 nanometers) 
(micrograms) 

10 0.14259 

15 0.20089 

20 0.26526 

25 0.28287 

30 0.34491 

35 0.39321 

40 0.40752 
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Figure 3.1: Standard BSA Curve 

Figure 3.1 represents a linear Standard BSA Curve based upon the absorbance of 

standard BSA concentrations (10.3 11g) at 10, 15, 20, 25, 30, 35, and 40 increments 

versus the absorbance of the protein dye complex at 595nm. The Standard BSA Curve 

allowed for quantitation of an appropriate protein sample load for ReadyStrip™ IPG 

strips. 
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Figure 3.1 
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Table 3.2: Sample Protein Concentrations 

The table represents unknown sample protein concentrations in micrograms/microliters 

and absorbances at 595 nanometers determined by Standard BSA Curve values. The 

total load volume was 125!J.L for 7cm IPG strips and 300!J.L for 17cm IPG strips, 

including Sample Load volume (indicated) and Rehydration volume. 
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Table 3.2 

Sample Protein Concentrations 

Unknown Sample Absorbance at Concentration Sample Load 
595 nanometers ( microJ!rams/microliters) (microliters) 

T1 =Oh Control 0.54095 5.78 17.3 

T2=4h Control 0.60758 6.54 15.3 

T3=24h Control 0.52579 5.60 17.9 
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Figure 3.2: 2D-Gel Image (7cm Control) 

Represents untreated two-dimensional gel image (Raw) at the Ohr time point. For the 1st 

dimension, the 2D-gel was actively hydrated at 40,000 V-hours using lOO)lg of protein 

on 7cm, pH 3-10 IPG strip. Electrophoresis was performed on a 10% polyacrylamide gel 

using Bio-Rad's Mini-PROTE~ 3 with a running power of 16mA and stained in 

Coomassie Brilliant Blue stain. The gel image was not subjected to PDQuest analysis. 
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Figure 3.3: 2D-Gel Images (7cm Controls) 

Represents typical, untreated two-dimensional gel images (Raw) following induction of 

differentiation at T1=0h (top), T2=4h (middle), and T3=24h (bottom) time points. 

Vertical and horizontal streaking resulted. For the 1st dimension, the 2DGE gels were 

actively hydrated at 40,000 V -hours using lOO)lg of protein on 7cm, pH 4-7 IPG strips. 

Electrophoresis was performed on 12% polyacrylamide gels using Bio-Rad's Mini­

PROTEA~ 3 with a running power of 16mA per gel and stained in SYPRO® Ruby 

protein gel stain. The gel images were not subjected to PDQuest analyses. 
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Figure 3.4 2D-Gel Images (7cm Experimental) 

Represents typical, treated (experimental) two-dimensional gel images following 

induction of differentiation at Te 1 =Oh (top), Te2=4h (middle), and Te3=24h (bottom) 

time points. Vertical streaking resulted. For the 1st dimension, the 2DGE gels were 

actively hydrated at 40,000 V -hours using 1 OO)lg of protein on 7cm, pH 4-7 lPG strips. 

Electrophoresis was performed on 12% polyacrylamide gels using Bio-Rad's Mini­

PROTEA~ 3 with a running power of 16rnA per gel and stained in SYPRO® Ruby 

protein gel stain. The gel images were not subjected to PDQuest analyses. 
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Figure 3.4 
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Figure 3.5 2D-Gel Images (17cm Controls) 

Represents untreated (Controls) two-dimensional gel images following induction of 

differentiation at T1 =Oh (top), T2=4h (middle), and T3=24h (bottom) time points. 

Vertical and horizontal streaking resulted. For the 1st dimension, the 2DGE gels were 

actively hydrated at 60,000 V -hours using 4001J.g of protein on 17cm, pH 4-7 IPG strips. 

Electrophoresis was performed on 12% polyacrylamide gels using PROTEAN II XL 

Electrophoresis chamber with a running power of 1 OmA per gel and stained in SYPRO® 

Ruby protein gel stain. The gel images were later subjected PDQuest analyses. 
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Figure 3.6 2D-Gel Images (17cm Experimental) 

Represents treated (Experimental) two-dimensional gel images following induction of 

differentiation at Te1=0h (top), Te2=4h (middle), and Te3=24h (bottom) time points. 

Vertical streaking resulted. For the 151 dimension, the 2DGE gels were actively hydrated 

at 60,000 V -hours using 400J.!g of protein on 17cm, pH 4-7 IPG strips. Electrophoresis 

was performed on 12% polyacrylamide gels using PROTEAN II XL Electrophoresis 

chamber with a running power of 1 OmA per gel and stained in SYPRO® Ruby protein gel 

stain. The gel images were later subjected PDQuest analyses. 
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Figure 3.6 
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PDQuest Analyses: 

Gel images obtained from 17cm two-dimensional gels were subjected to further 

PDQuest analyses to ultimately examine changes in qualitative and quantitative protein 

expression possibly linked to differentiation in combination with testosterone 

administration. Images obtained from testosterone-treated (experimental) and untreated 

(control) triplicate samples were cropped accordingly to create "MatchSets." Primary 

"MatchSets" from each time point were created and protein spot configurations were 

observed in 3x3 quadrants of the gel. Gel images were also manually edited to remove 

false recordings of spots caused by frequent tearing of gels, vertical and horizontal 

streaking, and speckling. Matching summaries indicate the number of matched and 

unmatched spots, and are reflected in match percentages. "Match Rate 1" indicates match 

percentages relative to total spots on the gel, while Match Rate 2 indicates match 

percentages relative to the total spots on the Master. Synthetic "Master" images 

containing all spot data from gels in the primary MatchSet were then used to create 

"Higher Level MatchSets." Higher Level MatchSets (HLM) created from primary 

MatchSets were necessary for Master image comparison of matched and unmatched 

spots. 

Figures 3.7-3.11 demonstrate resulting MatchSet summary data obtained from Oh, 

4h and 24h time points of testosterone-treated (experimental) and untreated (controls) gel 

images, with the Master images displayed in the upper left region. Because the gels of 

each MatchSet were derived from the same conditions, gel match percentages should be 

nearly 100%. Resulting MatchSet data yielded lower, less consistent match percentages. 

The T4h (Figure 3.8) and T24h (Figure 3.9) control MatchSets demonstrated the lowest 
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matching percentages, while the Te4h (Figure 3.10) experimental MatchSets yielded the 

highest match percentages. When MatchSets were created from gel images with the 

lowest match percentages, T4h and T24h, the PDQuest software required a digital . 
inversion of the Master gel image spots due to spot quantities. HLM created from those 

MatchSets yielded 0% match rates, inconsistent with visual assessment of gel images. 

Figure 3.12 represents resulting HLM summary data from the TOh Control 

MatchSet (Figure 3.7) and the Te4h Experimental MatchSet (Figure 3.10) with TOh 

chosen as the Master image for comparison. Matched spots were identified by green 

letters, while unmatched spots were identified by red ellipses in Figure 3.13. HLM 

summary data yielded 85 unmatched spots and 6 8 matched spots between the two gel 

images, suggesting 85 differential proteins between the TOh control and the Te4h 

testosterone-treated samples. Figure 3.14 demonstrates the 85 unique proteins to the 

Te4h time point indicated by red ellipses. 

Because of inconsistent HLM data resulting from a T4h and Te4h comparison, a 

manual comparison ofTe4h and T4h MatchSet data was performed (Figure 3.15). When 

the crop settings for the T4h Control MatchSet were created, a crosshair was placed on a 

spot present in all three gel images. Those exact crop settings, were then loaded onto the 

three gel images to create the Te4h Experimental MatchSet. The spot was then identified 

as the same spot present in the two conditions, due to the crosshair located directly on 

that spot. A three-spot and two-spot configuration was then compared using the 

MatchTool feature "Show Match", indicated by yellow squares. Figure 3.15 

demonstrates a three-spot configuration in the 3x3 lower right quadrant of the T4h 

Control MatchSet containing a unique spot (highlighted by yellow squares). Also 
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demonstrated in Figure 3.15 is the corresponding two-spot configuration in the 3x3 lower 

right quadrant of the Te4h Experimental MatchSet lacking the unique spot, in which the 

area lacking the spot is indicated by a red arrow in the Master image and raw image. 
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Figure 3. 7 PDQuest Analysis-TOh Control Match Set 

Represents MatchSet summary data obtained from four, zero-hour time points: T=Oh, 

Tel=Oh, Te4=0h and Te7=0h. Tel=Oh was chosen as the Master image. 
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Figure 3.8 PDQuest Analysis-T4h Control MatchSet 

Represents MatchSet summary data obtained from three, four-hour time points including 

T1=4h, T2=4h and T3=4h. T 3=4h was chosen as the Master image. Gel image was 

inverted due to spot edges. MatchSet yielded 100%, 17% and 12% match rates. 
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Figure 3.9 PDQuest Analysis-T24h Control Match Set 

Represents MatchSet summary data from three, 24-hour time points: T1 =24h, T2=24h 

and T3=24h. T1 =24h was chosen as the Master image. Gel image was inverted due to 

spot edges. MatchSet yielded lowest match rates: 100%, 15% and 13% . 
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Figure 3.9 

iii T24h control matthset (Matchset- Modified) 

-
Jl::::...... :. 

Ill Matchin~ Summary for 'T24h control matchset' : 

Member inloHn~ion 

Gel NM~e I A~e Grcx.p ]spot: JMe!ched J Mo!ch Rate 1 J Match Ra!e 2 J Co11 Coeff I Delecl P<'!Cimelo 

j•T1•24h (17cm... not assigned 263 263 100% 100% 1.000 T24h parameter 

T 3-24h (17 em .. . 1 nota~signed 374 52 13% 19% 0.294 T24h Pbf'Mleler 

T 2-24h (17 em ... J not IISslgned 263 42 15% 15% 0.183 T24h parameter 

.!lJ .!..1 
([)Master is marked with • Correlation coefficient based on IT1•24h (17cm) r .. 

MatchSet inloonation Replico!e grcx.p and ~se3 infonnl!lion 
~ .. --·· ··-. 

ell not f.I:S$igned 3 10 83.16 

Spoh matched to e~ member. [ 10 

Overall mean coefficient ol variation: rje_3_1_8 ___ _ 
Repicate Gr~lasu.s I Membet I Matched !o al J M.:..e<>n:..__;DI __ _ 

71 



Figure 3.10 PDQuest Analysis-Te4h Experimental (Testosterone-treated) Match Set 

Represents MatchSet summary data from three, four-hour time points: Te2=4h, Te5=4h 

and Te8=4h. Te8=4h was chosen as the Master image. Yielded the highest match rates: 

100%, 97% and 65%. 
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Figure 3.10 
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Figure 3.11 PDQuest Analysis-Te24h Experimental (Testosterone-treated) MatchSet 

Represents MatchSet summary data obtained from three, 24h time points: Te3=24h, 

Te6=24h and Te9=24h. Te6=24h was chosen as the Master image. Yielded match rates: 

100%, 61% and 51%. 
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Figure 3.11 
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Figure 3.12 Higher Level MatchSet- TOh and Te4h Comparison 

Represents Higher Level MatchSet created from TOh and Te4h primary MatchSets. 

TOh MatchSet was chosen as the Master image. Yielded match rates: 100% and 43%. 85 

spots were unmatched (red ellipses) while 68 spots were matched (green letters). 
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Figure 3.12 
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Figure 3.13 Higher Level Match Set-TOh and Te4h Comparison 

Enlarged view of68 matched (green letters) and 85 unmatched (red ellipses) spots. 
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Figure 3.13 
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Figure 3.14 Higher Level MatchSet-Unmatched spots 

Enlarged view of 85 unmatched spots (red ellipses) unique to Te4h testosterone-treated 

time point. 
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Figure 3.15 Manual Comparison of T4h Control and Te4h Experimental 

(Testosterone-treated) MatchSets 

Column A-C (top) Four yellow squares in each 3x3 lower right quadrant indicate 

matched spots within T4h Control MatchSet. The three-spot configuration in the 3.3 

lower right quadrant contains a spot unique to the T4h Control MatchSet, located on the 

far right of the three spot configuration. 

Column A-B (bottom) Four yellow squares in 3x3 lower right quadrant indicate 

corresponding matched spots within Te4h Experimental MatchSet. Column C (bottom) 

indicates the two-spot configuration in the 3x3 lower right quadrant lacking the unique 

spot present in Column C (top) indicated by red arrow in the Master and a raw image. 
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The main goal of this proteomics-based study was to offer a comparative, 

combinatorial analyses of proteins expressed during differentiation of both testosterone­

treated and untreated C2C12 myoblasts. Preliminary results have indicated differential 

proteins present in resulting protein maps visualized by highly sensitive staining (Figure 

3.13-3.15). Using the computer-based analysis, PDQuest™ 2-D Analysis Software, 

introductory information pertaining to the specified cellular conditions has been 

achieved, based upon the identification of unique protein spots. Further analyses of 

proteins indicated would require excision of spots subjected to mass spectrometry, in 

which spots of interest are digested by enzymatic lysis and fragmented peptides 

identified. Database-search programs would then allow for the determination of exact 

amino acid sequences of testosterone-induced proteins. 

Rudimentary application of PDQuest™ 2-D Analysis Software provided us with 

preliminary results as well as highlighting a need to improve its use. Following further 

examination of the PDQuest software, a better understanding of the vast array of features 

provided by the software will be gained. Initially, multiple trials using 7cm 2D-gels were 

scanned and subjected to PDQuest analysis. Parameter inconsistencies during the 

construction of MatchSets were discovered, requiring the usage of 17cm 2D-gels for 

adequate analyses of conditions. 

The creation of MatchSets and Higher Level MatchSets created from lower­

quality 17cm gels also proved problematic, due to an automatic inversion of spots edges 

due to spot quantities (Figure 3.8-3.9). However, PDQuest analyses of optimal-quality 

gels eased the identification of differential proteins as demonstrated in Figure 3.14 with 

85 proteins unique to the Te4h experimental time point. Further mass spectral analyses 
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of the 85 differential proteins would offer more information pertaining to proteins 

expressed in the testosterone-treated state. The proteins may normally be expressed upon 

differentiation at the four hour time point, or quite possibly may be linked to testosterone 

administration of differentiating C2C12 cultures. 

Manual comparison in combination with the PDQuest analyses also proved to be 

a useful technique for differential protein identification. As seen in Figure 3.15, when 

using the same parameters for cropping and detection, a protein configuration containing 

a spot unique to the T4h control time point was indicated. Because the spot was absent in 

the Te4h experimental time point, it is possible to hypothesize the function of that 

unknown protein. Perhaps under normal, untreated conditions, the protein is expressed at 

the four hour time point following induction of differentiation in C2C12 myoblasts, 

linked to cellular signaling associated with differentiation-specific regulatory factors. 

Consequently, it is possible that the expression of the protein would be delayed in C2C12 

myoblasts as a result of the effects of testosterone on differentiation. The importance in 

delayed differentiation resulting from testosterone administration, lies in the extended 

time allotted for myoblast proliferation (cell cycle time). The extension of cell cycle time 

could ultimately aid in larger myotube formation, hence the increased muscle mass 

associated with testosterone administration (Orzechowski et al., 2001). 

Protein conformations present in resulting 2D-gel images following 

differentiation of C2C12 cultures in this study were similar to protein conformations 

present in 2D-gel images of total-cell proteins extracted from differentiating C2C12 

cultures with the same pH gradient of 4-7 in another comparative proteomic study. 

However, the polyacrylamide gel percentage varied, eliminating the possibility for 
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manual comparison of spots. Because Tannu et al. identified several proteins involved 

in the proliferation and differentitation of C2C12 cultures, laying the foundation for 

further comparison, future work must be carried out to continue identifying proteins 

expressed as a result of varying conditions, such as in differentiating, testosterone-treated 

C2C12 cultures (Tannu et al., 2004). 

Future work contributing to the information obtained in this study requires further 

analyses of SYPRO® stained 17cm gels from both testosterone-treated and untreated 

conditions. Protein preparation should include a more reliable method of cell lysis and 

protein extraction, producing 2D-gels with higher match percentages in primary and 

Higher Level MatchSets. Extensive PDQuest analyses would facilitate the location of 

unique proteins for later excision and mass spectral analyses. Further information 

involving recommended exposure status, 2D-gel image parameter settings, crosshair 

placement, crop settings and matching tools would be helpful in the verification of 

differential proteins. 

As reflected in this study, a proteomic-based approach in combination with 

known genomic information does indeed offer insight into unknown cellular processes 

such as myoblast differentiation and testosterone-effect analyses. Varying levels and 

intensities of protein expression may lead to identification of proteins associated with 

signaling cascades occurring as a result of specific cellular conditions. With the 

attainment of knowledge involving adult-tissue derived stem cells, therapies for 

degenerative diseases currently lacking effective treatments may be formulated. 
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