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ABSTRACT 

Heart failure is the final common pathway of most of the primary cardiovascular 

diseases, including hypertension, diabetes, cardiomyopathy, and valvular and congenital 

malfunctions. Most treatments slow the course of these primary diseases, but do not 

abolish them. Despite the significant progress in prevention and therapy of heart disease, 

treating patients with heart failure after myocardial infraction remains a major therapeutic 

challenge. 

Adult cardiomyocytes cannot regenerate after injury. One of the most fascinating 

and potentially beneficial goals in the field of gene therapy for cardiovascular disease 

would be genetic manipulation leading to regeneration of myocytes after myocardial 

infraction. A potential strategy is to repopulate infracted areas of the myocardium with 

skeletal myocytes, which have been genetically engineered to reproliferate. 

In muscle cells, as in other cell types, the decision to divide or differentiate is 

determined by a balance of opposing cellular signals. During skeletal muscle 

differentiation (myogenesis). mononucleated proliferating myoblasts stop dividing, 

coordinately activate muscle specific gene expression and fuse into multinucleated 

myotubes. 

It has been shown that during hypertrophy the activation of a fetal gene called 

skeletal alpha- actin (SkA) is associated with the AP-1 induction (Paradis et al., 1996). 

The AP-1 transcriptional factor is composed of dimers between Jun and Fos proteins. 



Thus characterization of the function of AP-1 in muscle differentiation may help to 

develop a new gene therapy technique for cardiovascular diseases. 

Our hypothesis is that the AP-1 activity plays an important role in directing 

skeletal muscle cells to remain in a proliferative state. As a first step towards this goal, 

we engineered two different cell lines (C2C12 and SOLS) to generate the AP-1 reporter 

cell lines. The engineered cell lines are called C2/3XTRE and SOL8/3XTRE. The AP-1 

activity during both proliferation and differentiation was measured in these engineered 

cell lines. We then used a dominant negative c-Jun molecule to down-regulate the AP-1 

activity in the engineered cell lines and in HeLa cells (as a control of the results obtained 

by using the SOL8/3XTRE and C2/3XTRE). The results of this study can be summarized 

as follows: 

1. AP-1 activity decreases as the growth factors in the growth medium decreases. 

2. Expression of a dominant negative c-Jun (A169-cjun) induces myoblast 

differentiation in high serum. 

3. AP-1 activity is a necessary signaling component directing myoblasts to remain in 

a proliferative state. 

4. The AP-1 transcription factor is a promising target for gene therapy in muscle 

cells. 

Suggested future work is the generation of a stable AP-1 reporter cell line, which 

should help to analyze both the AP-1 function and its components in a detailed manner. 

This will allow controlled expression of the gene of interest. 
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CHAPTER 1 

INTRODUCTION 

Heart failure is the final common pathway of most of the primary cardiovascular 

diseases, including hypertension, diabetes, cardiomyopathy and valvular and congenital 

malfunctions. Most treatments slow the course of these primary diseases but do not 

abolish them (Cohn et al., 1997). Despite the significant progress in prevention and 

therapy of heart disease, treating patients with heart failure after myocardial infraction 

remains a major therapeutic challenge. Adult cardiomyocytes cannot regenerate after 

injury. Therefore, cardiomyocyte loss due to myocardial infraction is irreversible 

(Eriksson 1995). As a result, an increasing proportion of the US population is living with 

heart disease and is at risk for heart failure. Approximately 400,000 new cases of heart 

failure occur annually. Estimates of its prevalence demonstrate the enormous burden 

exacted on the public: 4.7 million patients, with 1.5 million people younger than 65 years 

of age, and direct health care costs (drugs, nursing home care, professional services) 

totaling 17.8 billion each year. These numbers will likely increase as the US population 

ages (Cohn et al., 1997). It is desirable to develop strategies to genetically engineer 

dividing cells at the molecular level, studies are needed to define the gene expression that 

leads to growth and remodeling of myocytes and fibroblasts. 

Several studies suggests that restoration of the proliferation capacity of adult 

myocytes could serve as potential therapy in a variety of settings, including acute 

myocardial infraction and heart failure. Gene transfer as therapeutic approach for the 

treatment of myocardial infraction and congestive heart failure has been suggested as a 



new treatment strategy for these serious disorders (Nabel, 1995; Lafont et al., 1996). The 

introduction into injured myocardium of recombinant genes that encode growth factors 

could stimulate new vessel formation, accelerate healing and enhance myocardial 

performance. There are also some alternative strategies to rejuvenate the injured heart 

like reversing the terminal differentiation of adult cardiac myocytes and to induce growth 

in existing cardiac myocytes (Tam et al., 1995; Soonpaa et al., 1995). Another approach 

is to attempt to induce proliferation of cardiac myocytes by introducing genes that relieve 

cell cycle suppression (Sen et al.. 1988). 

As stated above one of the most fascinating and potentially beneficial goals in the 

field of gene therapy for cardiovascular disease would be genetic manipulation leading to 

regeneration of myocytes after myocardial infraction. In skeletal muscle, the muscle 

specific MyoD family of basic helix-loop-helix transcription factors functions as master 

genes that can induce the skeletal muscle differentiation program (Weintraub et al., 

1991). Most remarkably, members of the MyoD family of basic helix-loop-helix 

transcription factors functions as master genes that can induce this program in a variety of 

cell types including fibroblasts. 

Conversion of cardiac fibroblasts populating the scar of myocardial infraction 

into functional skeletal myocytes has the potential to contribute to cardiac contraction. 

Based on clinical experience, skeletal muscle was used to improve hemodynamic 

function in patients with heart failure (Hooper et al., 1993). Prentice et al. (1993) 

investigated the feasibihty of converting cardiac fibroblasts into skeletal muscle cells by 

forced expression of the MyoD gene. Fibroblasts isolated from rat heart were infected 



with a retrovirus carrying the Myo-D gene. Within a few days after transfection 

fibroblasts became elongated and formed multinucleated myotubes morphologically 

resembling skeletal muscle myocytes. Another study has reported fibroblasts can be 

coverted into skeletal muscles by transferring MyoD gene into myocardial infraction 

(Leoretal., 1997). 

Many transcriptional factors contain leucine zipper (e.g., AP-1 family) or helix-

loop-helix motifs (e.g., MyoD family). In this thesis the AP-1 (activating protein-1) 

family of transcription factors was studied. Much of our knowledge about transcription 

factors comes from the discovery and study of the AP-1 factor family. It has been shown 

that there is a relationship between the MyoD family and the AP-1 family of transcription 

factors. The AP-1 family is composed of c-Jun, JunB, JunD, c-Fos, FosB, Fra-1 and 

Fra-2. AP-1 activity can mimic the effects of growth factors and suppress the 

transactivating capacity of myogenin and MyoD. These results suggest that there is a 

cross talk between transcription factors that control myogenesis (skeletal muscle 

differentiation) and those involved in cell proliferation (Li et al.. 1992). Another 

important aspect of the function of the AP-1 transcription factor is its involvement in 

hypertrophy. During hypertrophy the activation of a fetal gene called skeletal alpha-

actin (SkA) is associated with the AP-1 induction (Paradis et al., 1996). 

Using molecular biology techniques we investigated the function of the AP-1 

family of transcription factors in skeletal muscle differentiation. As stated in Section 1-1, 

the AP-1 transcriptional factor plays an important role in directing skeletal muscle cells 



to remain in a proliferative state. Characterization of the AP-1 signaling is likely to be 

relevant to the clinically important process of cardiac hypertrophy. 

The hypothesis and the experimental techniques used to experimentally test the 

hypothesis are stated in the following sections 1-1 and 1-2. 

1.1 Hvpothesis 

The hypothesis in this study is that "AP-1 activity is a necessary signaling 

component directing myoblasts to remain in a proliferative state." 

1.2 Experimental Approach 

The experimental approach used in this study to test the hypothesis stated in 

section 1-1 is as follows: 

1. Generation of stable reporter cell lines to measure AP-1 transcription factor 

activity in C2/C12 and SOLS myoblasts during proliferation and differentiation. 

2. Use of a dominant negative c-jun (GFPA169-c-jun) molecule to down regulate 

AP-1 activity in myoblasts. 



CHAPTER 2 

BIOLOGY OF MYOGENESIS 

Cell proliferation and differentiation are critical events for all cells. Skeletal 

myoblasts provide a useful system for investigating these complex events. 

Differentiation of skeletal myoblasts is accompanied by transcriptional activation of a 

battery of muscle specific genes, whose expression is inhibited by defined peptide growth 

factors or activated oncogenes that transmit growth signals firom the cell membrane to the 

nucleus. 

2.1 Protein Svnthesis 

The synthesis of proteins involves copying specific regions of DNA (the genes) 

into polynucleotides of a chemicaUy and functionaUy different type known as ribonucleic 

acid or RNA. RNA, like DNA, is composed of a linear sequence of nucleotides, but it has 

two small chemical differences: (1) the sugar-phosphate backbone of RNA contains 

ribose instead of deoxyribose sugar, and (2) the base thymine (T) is replaced by uracU 

(U), a very closely related base that also pairs with adenine. 

RNA retains all of the information of the DNA sequence from which it was 

copied, as weU as the base-pairing properties of DNA. 

Production of protein in cells involves two major steps caUed transcription and 

translation. Transcription, the first step, involves making a piece of messenger RNA 



(mRNA) complimentary to the DNA. The second step, translation, involves making the 

protein using the mRNA as a template. Figure 2.1 shows schematically protein synthesis 

in eucaryotic cells (Alberts et al., 1989). 

Figure 2.1: Schematic representation of protein synthesis 



2.2 Molecular Biology of Transcription 

The process of copying a portion of the nucleotide sequence of DNA-the gene-

into a nucleotide sequence of RNA is called transcription. All the RNA in a cell is made 

by transcription. It begins with the opening and unwinding of a small portion of the DNA 

double helix to expose the bases on each DNA strand. One of the two strands of the DNA 

double helix then acts as a template for the synthesis of RNA. The nucleotide sequence of 

the RNA chain is determined by the complementary base-pairing of incoming 

ribonucleotides on the DNA template. When a good match is made, the incoming 

ribonucleotide is covalently linked to the growing RNA chain in an enzymatically-

catalyzed reaction. The RNA chain produced by transcription is exactly complementary 

to the strand of DNA used as a template (Alberts et al., 1998). 

The RNA molecules produced by transcription are single-stranded. As they are 

copied from only a limited region of DNA, RNA molecules are very much shorter than 

DNA molecules. The DNA molecule in a human chromosome can be up to 250 million 

nucleotide pairs long, most RNAs are no more than a few thousand nucleotides long, and 

many are very much shorter (Alberts et al., 1998). 

Transcription is the function of a multisubunit enzyme, RNA polymerase, which 

finds, with the help of auxiliary factors, the beginning of the gene and the noncoding 

strand. Proteins involved in transcription form an initiation complex at the promoter. In 

most of the genes transcribed by RNA polymerase II, a conserved sequence among, the 

TATA ox, determines where this complex assembles. TATA box is a characteristic 

sequence rich in Thymine (T) and Adenine (A). As stated above it is found in promoter 
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regions serving to specify where the transcription is initiated. In TATA-less promoters, 

an initiator sequence substitutes (Figure 2.2). 

DNA DBD RNA 
transcription 

Figure 2.2: Transcription Complex: CoAc; Coactivator, RNA-POLII; RNA polymerase 
II, DBD; DNA binding domain, TAD; transactivation domain, TFIID 
complex; TATA-binding protein-f- TATA associated factors 

Transcription factors, binding to specific upstream enhancer elements, are 

composed of a DNA binding domain and a transactivation domain (TAD). The TAD 

interacts with the components of the basal transcription machinery (RNA polymerase II 

plus basal factors, such as TFIIA, -B, -D, etc.). TFIID stands for a protein complex that 

consists of the TATA-binding protein (TBP) binding to the TATA sequence and 
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associated factors (TAFs) that do not bind to DNA, but interact directiy or indirectiy with 

TBP. The TAD of the transcription factor can interact either directiy with TBP or TAFs 

or through the action of a bridging protein (co-activator) that mediates the link between 

the TAD of the transcription factor and TBP or TAFs. 

In order to activate transcription, the promoter additional sequences are added to 

the TATA-reporter construct. In general terms, such sequences could be named 

enhancers since they "enhance" the activity of the basic initiation complex. Enhancer 

sequences (and their opposites, the silencers) are recognized by specialized proteins. 

These proteins are called "transcription factors." One common property of these factors is 

their ability to bind DNA in a highly specific manner. Each factor binds with preference 

to the specific enhancer sequence it is "built" for. 

Transcription factors carry functional domains like the DNA binding domain, and 

the transactivation domain. The DNA binding domain is the region of the protein 

responsible for binding to a specific DNA recognition sequence. The transactivation 

domain is responsible for making contact with the basic transcription machinery. 

Transcription factors seem to be able to interact directly with the TATA-binding protein 

(TBP), or indirectly with the TBP via interaction with TBP- associated factors (TAFs). 

Transactivation is the interaction between the components of the preinitiation complex, 

and the interacting portion of the transcription factor is referred to as the transctivation 

domain (Figure 2.1). The activity of transcription factors is influenced in response to the 

conditions of the environment. They are responsible for changing transcription when 

appropriate stimuli act on cells. These activations are specific for given agents, ensuring 



that changes in the genetic program occurs only in response to a specific stimulus. 

Steroid hormone receptors, for example, are converted to active transcription factors by 

the binding of the specific hormone ligands. Stimulus at the outer surface of the plasma 

membrane often results in a process of signal transduction via kinase cascades (Angel 

and HerrUch, 1994). 

2.3 Myogenesis 

In muscle cells, as in other cell types, the decision to divide or differentiate is 

determined by a balance of opposing cellular signals. During skeletal muscle 

differentiation (myogenesis), mononucleated proliferating myoblasts stop dividing, 

coordinately activate muscle specific gene expression and fuse into multinucleated 

myotubes. 

During vertebrate embryogenesis, myogenic progenitor cells arise within the 

somites. These progenitor cells are committed to a myogenic fate but do not express the 

phenotypic markers of muscle until they receive the appropriate environmental cues. 

When skeletal myoblasts are placed in tissue culture, their differentiation is tightly 

controlled through a repression-type mechanism by serum and exogenous peptide growth 

factors that prevent entry into the differentiation pathway until the concentration of the 

repressors is reduced below a critical threshold (Olson, 1992) (Figure 2.3). 
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Myogenic Progenitor Cells Determinated 
Myoblasts 

Determination 

Peptide Growth 
Factors 

Differentiation 

Differentiated 
Myotubes 

Figure 2.3: Schematic representation of the steps involved in determination of the 
myogenic lineage 

Mesodermal progenitor cells become determined to form myoblasts, which are 

restricted to a myogenic fate. Myoblasts continue to divide but do not express phenotypic 

markers of differentiated muscle until they are placed in an environment lacking peptide 

growth factors. Upon exposure to medium lacking growth factors, myoblasts exit the cell 

cycle, fuse to form multinucleate myotubes, and activate transcription of a battery of 

muscle-specific genes. Once the muscle cell has left the cell cycle, it cannot return even if 

the growth factors are provided (Nadal-Ginard, 1978). Such mutual exclusivity between 

differentiation and proliferation is also seen in the development of neurons, blood cells 

and skin keratinocytes. 

Following fusion, muscle cell nuclei lose the ability to reinitiate DNA synthesis, 

and muscle-specific genes become refractory to repression by exogenous growth factors. 

A likely explanation for the loss in growth factor responsiveness in terminaUy 
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differentiated myocytes is the disappearance of one or more components of the signal 

transduction pathways that link the cell membrane with the nucleus. Furthermore, several 

cell surface growth factor receptors are downregulated following myoblast fusion, 

although the delayed kinetics for their disappearance suggests that additional e\ ents are 

invohed in irreversible commitment to the postmitotic state. An alternate explanation for 

the loss in the cell growth potential is that one or more tumor suppressor genes, whose 

products inhibit cell growth, are activated or expressed following myoblast fusion. The 

retinoblastoma gene product (Rb), for example, is upregulated during myogenesis and 

acts as an inhibitor of cell growth (Olson, 1992). 

2.3.1 The Function of Muscle Regulatory Factors in Myogenesis 

A cell reproduces by carrying out an orderly sequence of events in which it 

duplicates its contents and then divides in two. This cycle of duplication and division, 

known as cell cycle, is the essential mechanism by which cells replicate. In unicellular 

organisms, such as bacteria or yeast each cell division produces a complete new 

organism, while in multicellular organisms, many rounds of cell division are required to 

make a new individual (Alberts et al., 1998). 

The eucaryotic cell cycle is functionally divided into four stages or phases. These 

stages are M, Gl, S, and G2 (Figure 2.2). The two most dramatic events are mitosis and 

cytokinesis. Mitosis is the division of the nucleus of a eucaryotic cell, involving 

condensation of the DNA into visible chromosomes. And cytokinesis is the division of 
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the cytoplasm of a plant or animal cell into two. These two processes together constitute 

the M phase of the ceU cycle (Alberts et al., 1998) (Figure 2.4). 

M phase 

mitosis cytokinesis 

(nuclear division) (cytoplasmic division) 

M 

/ \ 

(G2 phase) G2 Gl (Gl phase) 

\ / 

S 

(S phase) 

Figure 2.4: Cell Cycle of Somatic Cells 

After mitosis (M), there is a prereplication gap (Gl). after which time the 

synthesis of DNA takes place (S). After the synthetic period, there is a premitotic gap 

(G2), which is followed by mitosis. The progression of these phases is regulated by 

growth factors (Gilbert, 1994). 

The decision of a myoblast to differentiate is intimately linked to the cell cycle 

and is influenced by a balance between antagonistic signals for growth and 

differentiation. It is apparent that a wide range of growth factor and oncogenic signals 
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can negatively regulate the muscle differentiation program and that multiple mechanisms 

are involved in this repression. Muscle-specific transcription is initiated only when 

myoblasts are growth arrested in the Gi/S phase. Except under specific circumstances, 

terminally differentiated myotubes are unable to reenter the cell cycle. Arrest of 

myoblasts other than Gi/S phase in cell cycle does not result in muscle-specific gene 

activation. This suggests that myogenic regulatory program is dependent on gene 

products that are only expressed or functional in the Gi/S phase or that inhibitory factors 

expressed at other phases of the cell are incompatible with the events required for 

activation of the myogenic program. Even within the Gi/S, there appear to be a specific 

compartment that is essential for activation of the myogenic program (Olson et al., 1986; 

Spizz et al., 1986). By inactivating Gi/S cyclin-dependent kinase (cdk) activity, cyclin-

dependent kinase inhibitors (CKI) such as p21 block cell cycle progression before S 

phase (Hunter and Pines, 1994; Walsh and Perlman, 1997). The up regulation in p21 

activities causes cell cycle arrest of muscle cells (Andre's and Walsh, 1996). One target 

of cdks is the retinoblastoma protein (pRb). Inactivation of pRb is required for Gi/S 

progression and occurs in late Gl as a result of its phosphorylation by cdks (Bartek et al.. 

1996). In its hypo-phosphorylated form, pRb prevents S phase entry by sequestering E2F 

transcription factors, a family of proteins essential for Gl/S transition. Also pRb is found 

hypo-phosphorylated in myotubes, and it has been implicated in the maintenance of the 

permanent cell cycle withdrawal in myotubes. During myogenesis. these different cell 

cycle regulatory pathways can be antagonized or reinforced by muscle specific regulators 

of the MyoD family. This family is a set of four basic-Helix-Loop-Helix (bHLH) 
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proteins, known as Muscle Regulatory Proteins (or MRFs). The members of this famil> 

are MyoD, Myf-5, Myogenin and MRF4. These proteins are muscle specific. Of these 

four muscle regulatory proteins only MyoD and Myf-5 are expressed in proliferating 

myoblasts (Weintraub, 1993). Overexpression of MyoD directly modulates the cell cycle 

of normal and transformed cells by blocking Gl/S progression. Different mechanisms can 

explain the cell cycle inhibitory activity of MyoD. MyoD enhances p21 transcription that 

results in more p21 and inhibition of Cyclin/cdk activty (Halevy et al.. 1995). 

Additionally, the interaction between MyoD and the hypo-phosphorylated form of pRb 

may maintain MyoD in its active form (Gu et al., 1993). Finally, MyoD has also been 

shown to downregulate cyclin Bl expression (Chu et al., 1997). Cyclin Dl is 

upregulated in response to growth factors and antagonizes the myogenic activity of 

MyoD (Rao et al., 1994; Skapek et al.. 1995). Thus, the decision to differentiate relies on 

crosstalk between MyoD and the cell cycle signaling pathways. In summary, it can be 

concluded that slight variations in MyoD expression and/or activity may change the 

balance between proliferation and differentiation. In many myogenic cell lines, the 

capacity of cell a to differentiate is linked to the level of MyoD expression (Montarras et 

al., 1996). The known inducers of myogenesis such as insulin-like growth factors, thyroid 

hormones and retinoic acid enhance both MyoD expression and muscle differentiation, 

(Pinset et al., 1988; Florini et al., 1991; Camac et al.. 1992; Albagh-Curiel et al., 1993) 

implying that a minimal threshold of MyoD protein must be reached before 

differentiation can take place (Kitzmann et al., 1998). 
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2.3.2 AP-1 Function in Myogenesis 

Growth factors are polypeptides that affect the growth of cells. Peptide hormones 

and growth factors bind to specific receptors on the outer face of the cellular membrane 

and transduce signals that activate enzymes on the internal face of the cell membrane. 

These signals lead to the production or activation of other proteins (Cato, 1994). As a 

number of growth factors like fibroblast growth factors and oncogenes such as c-Jun and 

c-Fos efficiently block myogenesis, AP-1 (activating protein-1), a nuclear transcription 

factor, is a possible nuclear target for these proliferative signals. 

The proteins encoded by the Jun and Fos immediate early genes (c-Jun, c-Fos) are 

important transcriptional regulators in a variety of growth and differentiation programs, 

and are also involved in transducing signals arising from the environmental stresses on 

the cell. The Jun protein family contains the following three members: c-Jun, Jun-B and 

Jun-D. The Fos protein family contains five members: c-Fos, Fos-B, AFos-B, Fra-1 and 

Fra-2. All of these proteins share structural motifs, which confer to them similar 

activities; a highly charged DNA binding domain, an adjacent amphipathic alpha-helical 

dimerization domain (the leucine zipper), and a negatively charged transctivation domain. 

Dimerization is necessary for the efficient binding to a specific DNA target sequence, 

TGA(C/G) TCA. (Vogt and Bos, 1989, 1990). The energetics of dimer formation have 

been well studied and indicate that Jun: Fos and Jun: Jun dimer combinations can form 

readily, whereas Fos: Fos dimers are unstable. The entire set of possible dimmer 

combinations is collectively referred as the AP-1 transcription factor. AP-1 is a member 

of basic leucine zipper (bZip) transcription factors (Gilbert, 1994). 
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Each AP-1 factor is composed of two subunits. It is not known, however, how 

many AP-1 factors exist. If each subunit could combine with each other, we would 

predict 100 members of the family (Angel and Herrlich, 1994). 

2.3.2.1 Involvement of Phosphorylation and Dephosphorylation in the Control of AP-1 

Cells respond to extracellular signals by transmitting intracellular instructions to 

coordinate appropriate responses. This process involves a sequence of protein reactions, 

including phosphorylation and dephosphorylation, known as a signaling cascade (Alberts 

etal., 1998). 

Among the pathways often used to transduce these signals are the highly 

conserved mitogen-activated protein kinase (MARK) or extracellular signal regulated 

protein (ERK) cascades. These cascades are found in all eukaryotic organisms and 

consist of a three-kinase module that includes a MAPK, which is activated by a 

MAPK/ERK kinase (MEK), which in turn is activated by a MEK kinase (MEKK) (Cobb 

et al., 1995). The first and best-characterized MAPK cascade consists of three 

subfamilies, ERK, JNK/SAPK (c-Jun amino-terminal kinase/stress activated protein 

kinase), and P38. The MAPK cascade consists of Raf isoforms, MEKl/2 (MAPK/ERK 

kinase), and ERKl/2, and is regulated by Ras (Robinson and Cobb, 1997). This pathway 

has effects in proliferating cells, but mitogenic signals also stimulate the pathway, and 

proliferation can be blocked by inhibiting it. Ras is a small intraceUular activation 

protein, which is tethered to the cytoplasmic face of the plasma membrane. Many kinases 

are coupled to Ras, including those that respond to platelet- derived growth factor 

17 



(PDGF), mediating effects such as cell proliferation, to those that respond to nerve 

growth factor (NGF). preventing certain neurons from dying in the developing nervous 

system (Alberts et al., 1998). 

MAPKs act in concert with other cell signaling systems. Therefore, cross talk 

between pathways is crucial to the coordinated responses of cells. As described above 

MAPKs can act antagonistically in ceUs undergoing apoptosis (programmed cell death), 

or may cooperate with, or antagonize, each other in supporting cell proliferation 

(Robinson and Cobb, 1997). 

The function of AP-1 is controlled in part through the posttranslational 

modification, principally phosphorylation, of its two components, Jun and Fos. Another 

way of regulating the function of AP-1 is at the level of transcription. Both c-Fos and 

c-Jun are representative of the class of so-called immediate early genes that are induced 

rapidly in response to mitogenic stimulation of cells. Both jun and fos are targets for 

multiple phosphorylation events and kinases. 

The family of MAP kinases, or extracellular signal-regulated kinases (ERKs) 

(Kozma and Thomas, 1992) is likely to harbor candidates for which both Fos and Jun are 

targets (Shaw and Gille, 1994). Indeed. Jun has been reported to be phosphorylated by 

MAPI and MAP2 kinases (Pulverer et al.. 1991, 1993). This would seem to make sense, 

as MAP kinases are known to be activated rapidly by many of the growth factors and 

mitogens that induce Fos expression and activate AP-1 responsive genes (Kozma and 

Thomas, 1992) (Figure 2.3). 
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The ERK pathway is known to play an important role in cell proliferation and 

differentiation. ERKl and ERK2 are activated by mitogens in cells and they appear to be 

an essential shared element of mitogenic signaling. Prolonged activation and nuclear 

retention of ERK is required for transcription of cyclin Dl, suggesting a mechanism for 

ERK-mediated enhancement of cell cycle entry. Functions of ERKs outside the nucleus 

may also contribute to proliferative responses (Robinson and Cobb, 1997). Recent 

studies show that the p38 pathway is also an important signaling cascade in myogenesis. 

It is known that p38 plays an essential role in C2/C12 myoblast cell line differentiation 

(Cuenda and Cohen, 1999). 

2.3.2.2 Importance of the AP-1 Family 

The importance of the AP-1 family relative to other transcription factors like SP-1 

comes from its central role in both mammalian organisms and in the investigation of 

transcription factors in general. AP-1 has served as a modal for identifying DNA binding 

motifs and the bzip interaction. (bZip stands for the amino acid sequences of the two 

independentiy acting subregions of the Jun protein: the "basic domain" rich in basic 

amino acids responsible for contacting the DNA, and the "leucine zipper' region, 

characterized by heptad repeats of leucine, which is responsible for dimerization and is a 

prerequisite for DNA binding.) 

It is the AP-1 family for which inducible activation was first detected and 

investigated. Its members are engaged in the control of cell proliferation as well as 

various types of differentiation and further, in neural function and responses. AP-1 is one 
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of the key factors that transmit external stimuli into both short-term and long-term 

changes of gene expression. Several of the Jun and Fos family members are transforming 

proteins and cooperate with other oncogenes in transformation. (Oncogene: A gene that 

makes a ceU cancerous. Typically a mutant form of a normal gene (proto-oncogene) 

involved in the control of cell growth or division.) Work on AP-1 has also led to the 

discovery of cross talk and cross coupling between transcription factors (Angel and 

Herrhch, 1994). 
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CHAPTER 3 

TET- RESPONSE GENETIC SYSTEM 

The regulation of eukaryotic gene expression is a complex process involving 

multiple regulatory mechanisms such as transcriptional regulation and post-

transcriptional regulation. Regulation of transcription involves interactions between the 

proteins of the general transcriptional apparatus and proteins, which bind gene-specific 

enhancer elements, or specific transcription factors. One such specific transcription factor 

is the AP-1 complex. 

To establish the role of AP-1, one of the cell lines that we employed was the 

CL/26 cell line, a genetically engineered form of the C2/C12 myoblast cell line. CL-26 

has the gene for GFPA169-cjun protein which is a fusion protein between GFP (Green 

Florescence Protein, see section 4-4) and a dominant negative form of c-Jun lacking a 

transactivation domain. The transgene is kept inactive by the presence of antibiotic 

tetracycline in the culture medium. Expression of the GFPA169- cjun protein is 

controlled by using the TeT-Off system that is described in section 3.1. 

3.1 TeT-Off Systems 

In the TeT-Off system, gene expression is turned on when the antibiotic 

tetracycline (Tc) or doxycycline (Dox) is removed. This system allows expression of 

cloned genes to be tightiy regulated in response to varying concentrations of Tc or Dox. 

Furthermore, the maximal expression levels in Tet systems are quite high and compare 
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favorably with the maximal levels obtainable from strong, constitutive mammalian 

promoters such as CMV (CMV; cytomegalovirus). In this study we used doxycycline to 

control gene expression, as the half-life of Dox is longer than Tc. Use of Dox helps long-

term maintainenance of antibiotic levels. 

Figure 3.1 shows how Tc or Dox regulates gene expression inside a double-stable 

TeT-Off cell line. The first critical component is a hybrid regulatory protein based on 

TetR and encoded by a copy of a regulator plasmid stably integrated (in chromosome). 

To convert TeTR from a repressor into a transcriptional activator, amino acids 1-207 of 

TeTR were fused to the C-terminal 127 amino acids of the VP16 (a transcriptional 

activator protein from the Herpes Virus). The resulting hybrid protein, known as the 

tetracycline-controlled transactivator (tTA), binds the TRE- and thereby activates 

transcription in the absence of Tc or Dox. 
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Figure 3.1: Schematic of gene regulation in the TeT-Off System 

The tetracycline-controlled transactivator (tTA) is a fusion of the w ild-type Tet 

repressor (TeTR) to the VP16 trans-activation domain (TAD) of herpes simplex virus. 

The tet-responsive element (TRE) consists of seven copies of the 42-base pair tet 

operator sequence (tetO). The TRE is located upstream of the minimal immediate early 

promoter of cytomegalovirus (PminCMv), which is silent in the absence of tetracycline (Tc) 

or Tc derivatives such as doxycycline (Dox). 
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As Tc or Dox is added to the culture medium, transcription is turned off in a 

dose-dependent manner. Like the wild-type TeTR, tTA is presumed to function as a 

dimer. 

The second critical component is an integrated copy of a response plasmid, which 

expresses the gene of interest (GFPA169-cjun in our case) under control of the TRE. The 

TRE consists of seven direct repeats of the 42 base pair (The term base pair represents the 

complementary nucleotides; in DNA adenine [A] is hydrogen bonded with the base 

thymine [T] and guanine [G] is hydrogen bonded with the cytosine [C].) tetO sequence, 

and is located just upstream of the minimal CMV promoter, which lacks the strong 

enhancer elements normally associated with the CMV immediate early promoter. 

Consequently, in the absence of binding of the TeTR to the tetO sequences, there is no 

expression of genes inserted into the multiple cloning sites of p-TRE (CLONETECH 

User Manual). 

3.2 Advantages over Other Systems 

The Tet-Off system and the Tet-On system are complementary. The Tet-On 

system is based on a "reverse" Tet repressor (rTcTR), which was created by four amino 

acid changes in the Tet repressor (TeTR). rTcTR binds the TRE in the presence of 

antibiotic Doxycycline (or Dox; a Tetracycline (Tc) antibiotic derivative). Thus, when 

fused to the VP16AD, rTeTR created a "reverse" tTA (rtTa) that activates transcription in 

the presence of doxycycline. In the absence of Dox, transcriptional; activation wiU not 

occur. 
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When properly optimized, both systems give very tight on/off control of gene 

expression, regulated dose-dependent induction with similar kinetics of induction, and 

high absolute levels of gene expression. Thus, for most purposes there is no inherent 

advantage of using one system over the other. With the Tet-Off system, it is necessary to 

keep Tc or Dox in the medium to suppress expression of the gene of interest, but the 

continuous presence of low levels of antibiotic generally does not present a problem. 

Conversely, in the Tet-On system, the native state is maintained until the antibiotic is 

introduced into the medium. 

The Tet-Off and Tet-On systems have several advantages over other regulated 

gene expression systems that function in mammalian cells. In general, mammalian 

expression systems can be divided into two classes: homologous systems based on 

eukaryotic regulatory mechanisms, and heterologous systems based on prokaryotic 

mechanisms. 

Homologous systems include those based on promoters and/or enhancers that 

respond to heavy metals, steroid hormones, or heat shock. All of these systems are 

subject to one or more of the following problems. First, the inducing stimulus is very 

pleiotropic; i.e., the gene of interest is not the only gene affected by the inducing 

stimulus. Second, it can be very difficult to distinguish specific from nonspecific events 

in an expression system based on homologous regulatory elements. This is largely due to 

the modular nature of eukaryotic promoters, which interact with a variety of transcription 

factors that are, in turn involved in the regulation of many promoters and/or enhancers. 

Finally, most of the commonly used eukaryotic promoters are too "leaky" to maintain the 
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gene of interest in the fully repressed ("off) state. This limits theh usefulness for 

expressing toxic proteins. Furthermore, the maximal level of induction is usually not \ en 

high in these systems. 

In contrast, prokaryotic regulatory mechanisms such as those of the E.coli tet and 

lac operons exhibit extremely tight on/off regulation. When introduced into a mammalian 

cell, the prokaryotic regulatory proteins act quite specifically on their target sequences, 

presumably because these regulatory DNA sequences are not present in eukaryotic 

genomes. Several different IPTG-inducible (isopropyl-B-D-thiogalactopyranoside) 

expression systems based on the lac repressor have been established in mammalian cells 

(reviewed by Gossen et al., 1993; Yarronton, 1992). The Lac repressor, in general, 

silences the gene for the enzymes that degrade the sugar lactose. Many proteins act as 

genetic switches to control development in multicellular organisms, including humans 

(Alberts et al., 1998). These systems however have several drawbacks when compared to 

TeT-Off systems. These include slower induction, incomplete induction and low overall 

induction (100- vs. 10,000-fold), and a requirement for nearly cytotoxic levels of the 

inducer molecule (IPTG). 

An additional advantage of the Tet-Off system is that it is based on activation of a 

normally silent promoter rather than repression of a promoter that has high basal activity. 

In order to completely shut off transcription, repression based systems require 

high levels of repressor to ensure 100% occupancy of the regulatory sites. A regulatory 

system based on repression by TeTR has been shown to function well in plants; howe\er, 

it has been difficult to obtain sufficientiy high levels of repressor in mammalian cells. In 
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addition even if one could obtain suitably high levels of repressor, achieving the rapid 

induction is difficult. 

Once the silent promoter is activated, the maximal expression levels in the Tet 

systems are quite high and compare favorably with the maximal levels obtainable from a 

strong, constitutive mammalian promoter (CLONETECH User Manual). 
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CHAPTER 4 

GENETIC ENGINEERING 

Genetic engineering is an exciting, revolutionary scientific discipline that is based 

on the ability of researchers to transfer specific units of genetic information from one 

organism to another (Glick and Pasternak, 1998). This conveyance of gene(s) relies on 

the techniques of recombinant DNA technology. Recombinant DNA technology, which is 

also called gene cloning or molecular cloning, is an umbrella term that encompasses a 

number of experimental protocols leading to transfer of genetic information from one 

organism to another. There is no single set of methods that can be used to meet this 

objective; however, a recombinant DNA experiment often follows the following format: 

- The foreign DNA from a donor organism is extracted, enzymatically cleaved 

and joined to another DNA entity (a cloning vector) to form a new, recombined DNA 

molecule (DNA construct). 

- This DNA construct is transferred into and maintained within a host cell. The 

introduction of DNA into a bacterial host cell is called transformation. As a result of 

transformation the phenotype of the recipient organism changes. 

- Host cells that take up the DNA construct (transformed cells) are identified and 

selected from those that do not. 

- If required, a DNA construct can be prepared to ensure that the protein that is 

encoded by the cloned DNA sequence is produced by the host cell (Figure 4.1). 
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Figure 4.1: Recombinant DNA cloning procedure 
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Many scientific disciplines contribute to this area. These disciplines can be 

summarized as follows: Molecular Biology, Microbiology, Biochemistr\, Genetics, 

Chemical Engineering and Cell Biology (Glick and Pasternak, 1998). 

In this study, we have genetically engineered 3 different cell lines in order to 

study our hypothesis that the AP-1 signaling is important in myogenesis. These cell lines 

are C2/C12 myoblasts, S0L8 myoblasts and HeLa cells. This chapter explains the 

important elements that were used to genetically engineer these cell lines. 

4.1 CeU Line 

A cell line are cells that can be continuously maintained in culture that are clonal. 

Different cell lines have distinct features, which are useful in molecular biological 

applications (Glick and Pasternak, 1998). 

4.2 Plasmid 

Plasmids are self-replicating, double stranded, circular DNA molecules that are 

maintained in bacteria as independent extra-chromosomal entities. Virtually all bacterial 

genera have plasmids. Some plasmids carry information for their own transfer from one 

cell to another (F plasmids), others encode resistance to antibiotics (R plasmids), others 

carry specific sets of genes for the utilization of unusual metabolites (degradative 

plasmids), and some have no apparent functional coding genes (cryptic plasmids). 

Plasmids can range in size from less than 1 or to more than 500 kilobase (kilobase; is 

1000 base pairs; a unit of length of DNA. Also called kb). Each plasmid contains a 
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sequence that functions as an origin of DNA rephcation that is necessary for the plasmid 

to be stably propagated. 

Some plasmids present in by 10 to 100 copies per host cell; these are called high-

copy number plasmids. Others maintain 1 to 4 copies per cell and are called low-copy-

number plasmids. Seldom does the population of plasmids in a bacterium make up more 

than approximately 0.1 to 5% of the total DNA. When two or more plasmids cannot 

coexist in the same host cell, they are said to belong to a single incompatibility group. 

But plasmids from different incompatibility groups can be maintained together in the 

same cell. This coexistence is independent of the copy numbers of the individual 

plasmids. Some microorganisms have been found to contain as many as 8 to 10 different 

plasmids (Glick and Pasternak, 1998). 

4.3 Construction of Biologically Functional Plasmids in Vitro 

The landmark study of Cohen et al. (1973) established the foundation for 

recombinant DNA technology by showing how genetic information from different 

sources could be joined to create a novel, replicatable genetic structure. In this instance, 

the new genetic entities were derived from autonomously replicating bacterial extra-

chromosal DNA structures called plasmids. 

Construction of recombinant plasmids uses enzymes (restriction endonucleases) 

that cut a DNA molecule at a specific site and produces a short overhanging extension at 

each end. The extensions of the cut ends of a restriction endonuclease-treated DNA 

molecule can combine with the extensions of another DNA molecule that was cleaved 
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with the same restriction endonuclease. Consequently, when DNA molecules from 

different sources are treated with the same restriction endonuclease and mixed together, 

new DNA combinations that never existed before can be formed (Glick and Pasternak, 

1998). 

4.4 Reporter Genes 

It is important to be able to detect the foreign DNA that has been introduced into 

cells. Common methods to monitor gene expression involve techniques such as Northern 

blot analysis or nuclease protection assays to quantitate the specific mRNAs transcribed 

from the gene of interest. Since these procedures are time-consuming, an alternative 

approach is to link the gene of interest to the coding sequence of an unrelated reporter 

gene. 

Quantitation and other activities require the use of reporter genes that either 

permit transformed cells to be selected or encode an activity that can be assayed. The 

needs of a particular experiment often dictate which reporter gene will be used (Glick 

and Pasternak, 1998). There are many reporter genes used in studies, but the most 

commonly used ones are Firefly luciferase. Human growth hormone and Green 

fluorescent protein (Ausubel et al., 1991). 

Luciferase catalyses a bioluminescent reaction involving the substrate luciferin, 

ATP, Mg^", and molecular oxygen. When these components are mixed with the cell 

lysates containing the luciferase enzyme, a flash of light is emitted. Light signals are 

detected using a luminometer (Ausubel et al., 1991). 
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Green fluorescent protein (GFP), originally isolated from a jellyfish, has the 

unique ability to absorb blue light and emit green light. This unique protein can be 

expressed in mammalian cells and protein expressions can be monitored in living cells. 

This system provides a convenient way to detect protein expression (Ausubel et al.. 

1991). In this study, we have used firefly luciferase to monitor the AP-1 transcription 

factor activity and Green fluorescent protein (GFP) to detect the expression of GFPA 

169-cjun. 

4.5 Fusion Proteins 

The covalent attachment of the cloned gene product to a stable host protein is 

called a fusion protein. The advantage of this combination is it protects the cloned gene 

product from attack by host cell proteases. Indeed, in a number of studies, cloned gene 

proteins have been found to be resistant to degradation when they are part of a fusion 

protein, whereas, as separate intact proteins, they are susceptible to degradation of the 

protein by proteolytic enzymes. 

Fusion proteins are constructed at the DNA level by ligating together the coding 

regions of two genes. In its simplest form, a fusion vector system entails the insertion of a 

target gene or gene segment into the coding region of a cloned host gene. The fusion 

protein used in this study (GFPA 169-cjun) is a fusion protein between GFP and c-jun 

(Glick and Pasternak, 1998). 
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4.6 Transfection 

The transfer of foreign DNA to a eukaryotic cell is called transfection (Glick and 

Pasternak, 1998). It has become a powerful tool for the study and control of gene 

expression, e.g., for biochemical characterization, mutational analyses, or investigation of 

the effects of regulatory elements or cell growth behavior. 

There are two kinds of transfections, stable transfections and transient 

transfections. With a stable or permanent transfection, the transfected DNA is integrated 

into the chromosomal DNA. Although linear DNA yields optimal integration of the 

DNA into the host genome, it lowers DNA uptake by the cells relative to supercoiled 

DNA. 

When cells are transiently transfected, the DNA is introduced into the nucleus of 

the cell, but does not integrate into the chromosome. This means that many copies of the 

gene of interest are present, leading to high levels of expressed protein. Transcription of 

the transfected gene can be analyzed within 24 to 96 hours after introduction of the DNA 

depending on the construct used. Transient transfection is most efficient when 

supercoiled plasmid DNA is used. It is a good way to establish rapidly the feasibility of 

expressing a cloned gene in mammalian cells. In many cases, transient expression of 

cloned genes in cells provides all of the experimental data required to solve the biological 

question at hand. In other situations, it may be necessary to choose another vector-host 

system, for example, when the sustained high levels of production of a protein encoded 

by a cloned gene are required or when there is a need to obtain expression of a cloned 

gene in specialized cell types. 
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Largely, the cell type that is used determines the efficiency of transient or stable 

transfections. Different lines of cultured cells vary by several orders of magnitude in their 

ability to take up and express exogenously added DNA. 

In stable transfections, cells that have successfully integrated the DNA of interest 

can be distinguished by using selectable markers. Frequentiy used selectable markers are 

the genes encoding aminoglycoside phosphotransferase 9APH; neo*̂  gene or hygromycin 

B phosphotranferase (HPH). We have used the bacterial gene neo^ in our system for 

selecting the clones. The toxic agent for this system is the compound G-418 (Geneticin), 

which kills nontransfected mammalian ceUs by blocking translation. 

The introduction of recombinant vectors into mammalian cells can be done in a 

variety of ways. For example, electroporation, calcium-phosphate co-precipitation, and 

liposome-mediated transfection are commonly used techniques. In this study we used the 

liposomes system to introduce the DNA into the cells. Liposomes are being extensively 

studied for their usefulness as delivery vehicles both in vitro and in vivo. It is a simple 

and efficient method. The procedure involves encapsulation of DNA or RNA within 

liposomes, followed by fusion of the liposomes with the cell membrane (Sambrook, 

Fritsch and Maniatis, 1989). 
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CHAPTER 5 

RESULTS AND DISCUSSIONS 

In this thesis three different cell lines were used to study if AP-1 activity is a 

necessary signaling component directing myoblasts to remain in a proliferative state. As 

indicated in Chapter 4, these cell lines are C2/C12 myoblasts, SOLS myoblasts and HeLa 

cells. The general properties of these ceU lines are as follows: 

C2/C12 ceU line: The C2/C12 cell line is a subclone of the mouse myoblast cell 

line established by D. Yaffe and O. Saxel. This cell line differentiates rapidly, forming 

contractile myotubes and producing characteristic muscle proteins (Blau et al., 1985). 

SOLS cell line: The SOLS cell line is a myogenic cell line isolated by Daubas et 

al. generated from primary cultures of soleus muscle taken from a leg of a normal mouse. 

SOL 8 cells also differentiate into myotubes with serum deprivation (Daubas et al., 

1988). 

HeLa cell line: HeLa cells are derived from a cervical carcinoma from a human 

patient. This cell line is a useful transfection host (Anderson et al., 1996) and it was used 

in this study, as it is easy to transfect with plasmids. It helped us to investigate the role of 

the dominant negative c-Jun (GFPA 169-cJun). 

5.1 Generation of AP-1 Reporter Cell Lines 

Figure 5.1 shows the generation of the AP-1 reporter cell lines. A reporter cell 

line reports an activity in a cell. 
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An AP-1 reporter plasmid called 3XTRE has been used to transfect the cells. 

3XTRE has three AP-1 binding sites. We have also transfected the C2/C12 and SOLS 

myoblasts with other AP-1 reporter genes like -73-COL. After selecting and picking up 

the cells transfected with 3XTRE, luciferase assays were conducted in order to measure 

the luciferase activity that each cell line generates. The luciferase signal measured from 

each cell line was measured using luminometer. The more intense the luciferase signal 

one gets from a cell line indicates the better the attachment of the AP-1 transcription 

factor to the reporter plasmid. As a result of our initial screening we found that myoblasts 

transfected with a 3XTRE reporter plasmid gave high numbers in term of Relative Light 

Units (RLU). We decided to continue the experiments with the cells that were transfected 

with 3XTRE. 

For the generation of the stable AP-1 reporter cell line, both C2/C12 and SOLS 

myoblasts were also transfected with the puromycin vector that helps the selection of the 

clones. The puromycin protein constitutively produced in the cells as the puromycin 

plasmid has the CMV promoter as a part of it. The cells that can successfully integrate 

the puromycin vector have the resistance for the puromycin antibiotic and can survive 

under the culture conditions, meanwhile the cells that cannot integrate this vector will not 

be able to survive, thus enabling the selection of the clones. The selection procedure takes 

7 to 10 days. 

After the selection process the clones can be easily seen by eye without using the 

phase microscope. These clones were isolated and screened for their luciferase activity. 

The clones that have the highest luciferase activity for both C2/C12 myoblasts and SOLS 
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myoblasts were chosen and the experiments were conducted by using these two cell lines. 

These clones were named as C2/3XTRE and S0LS/3XTRE. 

As shown in Figure 5.1, two different myoblast cell lines were used for generating 

the stable reporter cell tines. The C2/C12 and SOLS cell are both myoblasts, but h has 

been observed that under culture conditions with low serum, SOLS myoblasts 

differentiate better than the C2/C12 myoblasts. However during the screening we also 

observed that the C2/C12 cells had a higher luciferase activity compared to the SOLS 

ceUs. As a result, we have decided to use both of these competitive cell lines and 

transfected them with the puromycin vector and the reported gene. This gave us the 

opportunity to work with two similar cell lines and double check the results obtained 

during the experiments. These two cell lines should behave in a similar way under similar 

conditions, e.g., both should form myotubes at low serum or they should have a similar 

AP-1 activity under the same culture conditions (e.g., low serum or high serum). 
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5.2 Measurement of the AP-1 Activity In Stable Cell Lines 

As shown in Figure 5.2 C2/3XTRE and SOLS/3XTRE were screened for their 

luciferase activity for the measurement of the AP-1 activity over a time course 

experiment. These two cell lines were placed in 6-well dishes. For each day. there were 

2 wells to be screened for the luciferase activity. Of these two wells, one of them 

contained high serum in culture medium, which is 20^r Fetal Calf Serum (FCS) and the 

other one had low serum in culture medium, which is 27c Horse serum (HS). During the 

initial characterization of these ceUs, we have used 27c HS. \7c HS. 0.59f HS. 27c (FCS). 

i7c FCS, 0.5% FCS and 0.257c FCS to see which concentration and type of the serum 

wiU help the cells to form myotubes. In 27c HS, we observed the best myotubes 

compared to the other serum concentrations so the experiments w ere conducted by using 

27c HS. We expected that in high serum both C2/3XTRE and SOLS/3XTRE should 

proliferate while in low serum these cells should differentiate and form myotubes. 

We measured the AP-1 activity in these cells for 72 hours. The reason that the 

AP-1 activity was measured for three days was. after the third da\. cells started to die. as 

the cell density increased and the medium on the cells started to lack the essential 

elements like growth factors. In order to keep the cells healthy over the time course 

experiment, they were plated sparselv' in 6-well dishes. According to our interpretation 

the medium on the cells should not be renewed over the time course experiment as the 

renewal of the medium will stimulate the cells and increase AP-1 activity. 
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With this stimulation, one will not be able to observe the time course over which the 

AP-1 activity decreases. In Figure 5.3 and Figure 5.4. the luciferase assay results are 

shown. 
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In Figure 5.3 and Figure 5.4. there is an increase in the luciferase activity for both 

C2/3XTRE and S0LS/3XTRE that were in the 20 % FCS or in the 2% HS. Under normal 

conditions the luciferase activity should remain the same in the 207c FCS and it should 

decrease in 2% HS. However in these experiments the cell density also increased over the 

time course, which caused an increase in the luciferase activity. We observed that this 

increase in the luciferase activity is directiy proportional with the cell density. 

In Figure 5.3, there is a substantial increase between 0 to 24 hours and 24 to 48 

hours in terms of the luciferase activity. But between 48 to 72 hours, there is a decline. 

We can conclude that the cells were healthy and continued to proliferate until 48 hours, 

but between 48 to 72 hours, the proliferation slowed down and they started to die. As the 

bulk of the cells were healthy we included this last point to the graphs. In Figure 5.4, a 

similar behavior can also be seen. The luciferase activity increased over the time course 

for the cells that were in 20% FCS and 2% HS. However, the AP-1 activity is even 

smaller in 2% HS than in 20% FCS compared with the Graph l(for C2/3XTRE). This 

behavior of the S0LS/3XTRE cell line supports our conclusion that we reached during 

the preliminary experiments. The tendency of the SOLS cell tine to form myotubes is 

higher than the tendency of the C2/C12 cell line. The units used in these graphs are 

RLU, that is relative light units, and hours. 

As a result of the time course experiments conducted by using the stable 

engineered cells, we have found as the growth factors in growth medium decreased, the 

AP-1 activity is also decreased. In both Figure 5.3 and Figure 5.4, the luciferase activity 

in 2% HS is lower than the activity in 207c FCS over the entire time course and this 
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difference increases with time. However we cannot say if the AP-1 activity decreases as 

the cells differentiate because of the increase in the AP-1 activity over the time course. 

As mentioned in the previous paragraphs we expected to see a decrease in the AP-1 

activity of the myoblasts that were in 2% HS. To test this behavior of the myoblasts we 

need to normalize the luciferase data by BRADFORD assays (to measure the total protein 

concentration of the samples) or by cell counting. 

In addition to the luciferase assay experiments, we have also watched these cells 

over the time course by using a phase microscope in order to visualize the behavior of the 

cells in high serum and in low serum. The cells that were in high serum continued to 

proliferate and the density in the plates increased. Meanwhile, the cells that were in low 

serum stopped proliferating, started to differentiate, and formed myotubes. This 

important result supports our hypothesis that the AP-1 activity is a necessary signaling 

component directing myoblasts to remain in a proliferative state. 
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5.3 Construction of GFP A169-cJun gene 

GFPA169-cJun is a fusion protein between GFP and a dominant negative form of 

c-Jun lacking the transactivation domain. Since it retains both the dimerization and DNA 

binding domains of c-Jun, it dimerizes with other endogeneous AP-1 components in the 

cell, thereby reducing the AP-1 activity in the cell (see Figure 5.6). 

GFPA 169-c Jun was constructed by deleting the N-terminal 169 amino acids of c-

Jun (wild-type c-Jun is 334 amino acids long). The transactivation domain is entirely 

contained within the 169 amino acid residues truncated in the A169 constructs. This 

truncation leaves the bzip region intact at the C-terminus (the 'bzip' region stands for 

'basic-DNA binding/leucine zipper dimerization). Thus, the A169 constructs (either 

FLAG-tagged or with GFP fused to it) still contain the bzip region (FLAG-tagged; a 

commonly used short polypeptide sequence). Also, all of the constructs contain an NLS 

(which stands for Nuclear Localization Signal) and is a short sequence just N-terminal of 

the bzip region. This NLS directs the protein to the nucleus (see Figure 5.5). 

The green fluorescence protein (GFP) is a widely used reporter in gene expression 

and protein localization studies. It is a stable protein and this property allows its 

accumulation and easy detection in the cells. Using GFP as a part of the c-Jun allowed us 

to easily detect the expression levels of the A169-cJun proteins in the cell. And it also 

gave us the opportunity to detect if the cells that were expressing the GFP A 169-c Jun 

protein were also forming myotubes. Without checking the green fluorescence in the 

cells, it would not be possible to decide whether the GFP A169-cJun behaves as a 

dominant negative or not. 
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Figure 5.5: Schematics of the construction of the GFP A169-cJun gene 
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Figure 5.6 shows schematically the mechanism by which the dominant negative c-

Jun (GFP A 169-c Jun) reduces AP-1 activity in the cells. Jun or Fos represent any member 

of the Jun or Fos family of transcription factors, which could interact with the GFP A169-

cJun molecule. 

It is not known whether the reduction of the AP-1 activity takes place in the cells 

via blocking or quenching mechanisms. According to our interpretation both of these 

mechanisms play an important role. In the blocking mechanism, the GFP A 169-c Jun 

proteins that were being expressed in the absence of DOXY in the culture medium 

dimerize with each other and block the AP-1 activity by preventing the wild-type Jun or 

Fos from binding. Alternatively, in a quenching mechanism the GFP A 169-c Jun protein 

and a wild type Jun or a Fos molecule can dimerize with each other and together they can 

bind to the AP-1 sites on the DNA. These dimers would form stable complexes and they 

can bind to DNA with the same affinity as wild-type Jun or Fos (Brown et al., 1993). 

This property of the dominant negative molecules modulated AP-1 activity in the 

different cell lines and helped us to seek an answer to the question that asks if the 

decreased AP-1 activity is sufficient to trigger the differentiation process in myoblasts. 

The answer to this important question wiU be given the following sections. 
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5.4 Measurement of the AP-1 activity with the Transient Assays 

To test if the GFP A169-cJun behaves as a dominant negative molecule, the HeLa 

cells and C2/C12 myoblasts were transientiy transfected with the GFP A169-cJun along 

with the 3XTRE plasmid. As shown in Figure 5.7, the 3XTRE has three AP-1 binding 

sites and it tracks the AP-1 activity while the GFP A 169-c Jun modulates the 

AP-1 activity. 

The GFP A 169-c Jun plasmid was used at three different concentrations in these 

experiments to test the effect of this dominant negative molecule on the AP-1 activity. 

0, 0.1, 0.2 and 0.3 |Lig of the plasmid were used. The reason for using these concentrations 

was that we used 24 well dishes for the experiments and the maximum concentration of 

DNA that can be used is 0.4 ^g. Using higher concentrations is toxic to the cells. 

Working with the 24 well dishes allowed for triple data points at each concentration. As 

transfection efficiency can vary, triplicate measurements increased our accuracy. An 

average of these three points was used to generate the Figures 5.8 and 5.9. 

Initially 45,000 cells per well were plated on 24 well dishes and 24 hours later 

they were transfected. This protocol resulted in an appropriate density for the transfection 

experiments. Plating a specific amount of cells per plate is crucial with the transient 

assays as the transfection efficiency changes drastically with the cell density. The number 

of cells that has to be plated on each well changes with the transfection agent used and 

with the cell type. 

Cytofectene (BioRad) was used as a transfection agent in these experiments and 

the number of cells that had to be used for an efficient transfection was taken from the 
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manufacturer's instructions. Other transfection agents (e.g., Transfest (Promega)) were 

also tested but yielded lower transfection efficiencies. 

C2/C12 myoblasts and HeLa cells were screened 24 hours after transfection for 

their luciferase acti\ it\ by using a luminometer. It was determined that as the amount of 

the dominant negative c-Jun (GFP A 169-c Jun) increased: there was a decrease in the 

luciferase activit\ of the cells. This result indicates that the AP-1 activity also decreased 

with the increasing concentrations of the dominant negative c-Jun. Thus the 

GFPA 169-cjun behaved as a dominant negative in transient transfections. The results are 

given in Figures 5.8 and 5.9. 
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It can be seen from Figures 5.8 and 5.9 that without GFPA 169-cjun (0 jig 

GFPA 169-cjun point in the Figures 5.8 and 5.9) in C2/C12 myoblasts and HeLa ceUs, the 

luciferase acti\ity is much higher in HeLa cells compared to the C2/C12 myoblasts. This 

indicates that the expression of the reporter plasmid. 3XTRE. is higher in the HeLa cells 

than in the C2/C12 myoblasts. As mentioned at the beginning of the Chapter 5, the HeLa 

cells are easy to transfect with plasmids. This result supports our initial decision to use 

the HeLa ceUs as weU as the C2/C12 myoblasts for the transfection assays. 

GFP is a stable protein and the expression of GFP in the cell lines should not 

interfere with the AP-1 acti\ ity (see page 33). But the results shown in Figures 5.8 and 

5.9 were suspicious. The decrease in AP-1 activity is dramatic in the HeLa cells, while 

there is a constant decrease in the C2/C12 cells. We expected to see a similar behavior in 

these two cell lines. This result gave us the idea to use the A169-cjun-flag molecule to 

check if the green florescence protein behaves properly. A169-cjun-flag is similar to 

GFPA 169-cjun but instead of fusing the c-Jun molecule with the green florescence 

protein, it has been flag tagged. The same experimental steps shown in Figure 5.7 have 

been used to transfect the C2/C12 myoblasts and the HeLa cells. The results of this 

experiment are shown in Figures 5.10 and 5.11. 
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5.5 Effects of the GFP A169 c-Jun on Myotube Formation 

Transient transfections with C2/C12 myoblasts and HeLa cells proved that the 

AP-1 activity decreases as the amount of GFPA 169-c Jun gene increases and the 

GFPA169-cJun behaves as a dominant negative in these ceUs lines. 

To visualize this behavior we have taken the ad\antage of the green florescence 

protein fused to the dominant negati\e gene (GFPA169-cJun) and transientiy transfected 

the C2/C12 myoblasts with it (see Figure 5.12). As we assumed that the GFPA169-cJun 

is a dominant negati\ e gene, our expectation was to see the green florescence in the 

nuclei and to see if there w ould be a change in the myotube formation compared to the 

C2/C12 myoblasts that were in the low serum. Green florescence in the nuclei shows that 

the cells expressing the dominant negative c-Jun are in fact the cells that are forming the 

myotubes. 

For this experiment, we have used two 6 cm culture dishes. One dish contained 

the cells that were transfected with the GFPA 169-c Jun and the other culture dish had the 

C2C12 myoblasts that were in 2% HS. After transfecting the C2C12 cells with the 

dominant negative GFPA 169-c Jun. we carefully watched both of the plates over a time 

course of 70 hours and took images. After 70 hours, the serum on the cells depleted, and 

the density in the plates increased to a level that they became unhealthy and started to die. 

The result of this experiment was as expected. We have observed the green florescence in 

the nuclei and the cells fused together to form the myotubes. At 24 hours there were only 

green cells in the culture dish. We did not observe any fusion at this time. Figure 5.13 

shows the florescence microscope image at 24 hours. But at 70 hours it can be clearly 
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seen from Figure 5.15 (florescence microscope image) that the cells fused to form the 

myotubes and the myotubes ha\ e many green nuclei in them. Phase images of the same 

culture dish at 24 hours and 70 hours are shown in Figures 5.14 and 5.16. During this 

experiment, in addition to the myotubes that were GFP positive, we ha\e also seen a 

couple of myotubes that were GFP negati\e. The ratio of the GFP negative myotubes to 

GFP positive myotubes was small. The GFP negativ e cells represent the portion of the 

cells that were not transfected with the GFPA169-cJun plasmid. However these non

transfected cells also fused to form the myotubes. According to our interpretation this 

behavior is correlated with the cell density and the serum conditions. Once the cells reach 

a certain density in the culture dishes, they start to form myotubes regardless of the serum 

that they are in (High serum or low serum). Another factor, serum condition, also affects 

the cells when the serum is depleted. The depleted serum somehow has the effect of the 

low serum on the cells. The myotubes formed as a result of this effect are usually not 

healthy. 
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Figure 5.13: Fluorescence 
GFPA 169-c Jun at 24 hours 

Microscopy image of C2/C12 cells transfected with 
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Figure 5.14: Phase image of C2/C12 cells transfected with GFPA169-cJun at 24 hours 
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myotube 

Figure 5.15: Fluorescence Microscopy image of C2/C12 cells transfected with 
GFPA 169-c Jun at 70 hours 
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Figure 5.16: Phase image of C2/C12 cells transfected with GFPA 169-c Jun at 70 hours 
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5.6 Generation of the TeT-Off Stable Cell Line 

In this last section, CL26, a genetically engineered form of the C2C12 myoblasts, 

will be discussed. 

As mentioned in Chapter 4, both stable and transient assays have both advantages 

and disadvantages. Since it is convenient to work with a stable cell line that expresses the 

gene of interest in a controlled manner, we have tried to generate a TeT-Off stable cell 

tine that expresses GFPA 169 c-Jun under the control of the antibiotic DOXY. Details of 

the TeT-Off systems are discussed in Chapter 3. 

The founder line called 151A was generated by Pfarr by using the plasmid called 

PuHC 13.3. PuHC-13.3 encodes the luciferase gene under the control of the Pcmv. Cells 

that integrate this plasmid into the chromosome constitutively produce the tTA protein. 

We have used this founder cell line and transfected it with the plasmids called PuHD-

10.3-GFPA169 c-Jun and Neomycin to generate a stable cell line. Neomycin is a 

selection marker. The resistant clones were picked up and screened with and without 

DOXY in the culture medium. With DOXY in the culture medium there should not be 

any GFP positive cells while without DOXY, many GFP positive cells should be present 

in the culture dish. The GFP positive cells with DOXY in the medium indicate that the 

system is leaky. 

CL/26 has lost its ability to express GFPA 169-c Jun in sufficient amounts after 

being passed to a number of cultures. Only a few bright green cells were observed after 

the removal of doxycycline from the culture medium. The rest of the culture contained 

either faint green cells or GFP negative cells, suggesting that these cells were not 
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expressing GFPA169-cJun. Cells started to get green after 48 hours following the 

removal of doxycycline. Between 48-72 hours these green ceUs started to form green 

myotubes while GFP negative cells continued to proliferate. 

We have tried to further induce the expression of GFPA 169-cjun by using 

TeT- Approved fetal calf serum as some mediums may contain low amounts of 

Tetracycline or its derivatives in them. But again the induction was not sufficient enough 

to do further experiments by using this cell line. A slight improvement has been observed 

with TeT- Approved culture medium. 

According to our interpretation, tTA expression was probably lost due to toxicity. 

Pcmv is a very strong promoter when fully activated and as mentioned before it controls 

the tTA synthesis. Upon induction the tTA may be quickly expressed to " poisonous" 

levels. 
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CHAPTER 6 

CONCLUSIONS AND FUTURE WORK 

6.1 Conclusions 

In this study, we investigated the role of the AP-1 transcriptional factor in skeletal 

muscle differentiation. As a first step towards this goal, we engineered two different cell 

lines (C2C12 and SOL8) to generate the AP-1 reporter cell lines. The engineered cell 

lines are called C2/3XTRE and SOL8/3XTRE. The AP-1 activity during both 

proliferation and differentiation was measured in these engineered cell lines. We then 

used a dominant negative c-Jun molecule to down-regulate the AP-1 activity in the 

engineered cell lines and in HeLa cells (as a control of the results obtained by using the 

SOL8/3XTRE and C2/3XTRE). The conclusions of this study can be summarized as 

follows: 

1. AP-1 activity decreases as the growth factors in the growth medium decreases. 

2. Expression of a dominant negative c-Jun (A169-cJun) induces myoblast 

differentiation in high serum. 

3. AP-1 activity is a necessary signaling component directing myoblasts to remain in 

a proliferative state. 

4. The AP-1 transcription factor is a promising target for gene therapy in muscle 

ceUs since it activates a hypertrophy-associated gene in heart cells. 
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6.2 Future Work 

In this study we encountered the problem of loss of the expression of tTA in 

CL26 cell line. The future work of this study includes the generation of a new TeT-Off 

stable cell line by using tTA-IRES-NEO (Reported by Yu et al., 1999). As mentioned in 

Section 5 the expression of tTA was lost due to toxicity, according to our interpretation. 

With the tTA-IRES-Neo vector, cells cannot 'spit-out' the tTA gene in the sense of losing 

expression, since the expression of tTA is coupled with the neomycin (NEO) gene. We 

believe that the generation of a stable TeT-Off cell line will help to understand the 

possible role of the AP-1 transcription factor and its components in a detailed manner, 

because experiments can then conducted over a longer time course compared to the 

transient assays. With transient assays the transfected gene should be analyzed within 24 

to 72 hours after introduction of the DNA. However it usually takes more than 72 hours 

for the myoblasts to reach to a state where they are fully grown and contracting. The 

expression of the gene of interest will also be controlled in a stable cell line, which may 

inhibit some non-specific effects that may take place within the transient assays. 

As stated in Chapter 2 the AP-1 family is composed of c-Jun, JunB, JunD, c-Fos, 

FosB, Fra-1 and Fra-2. The role of Jun during differentiation is not known in detail. 

During the preliminary characterization experiments conducted with the C2/C12 

myoblasts, we found that the JunB is up-regulated during differentiation. This result 

suggests that JunB may be an important negative growth regulator in myoblasts by 

suppressing the AP-1 activity. As a next step following this research, the following 
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hypothesis should be investigated "The overexpression of JunB in skeletal myoblasts will 

induce the muscle differentiation." 

As stated by several studies, restoration of the proliferation capacity of the adult 

myocytes could serve as a potential therapy to heart failure. One of the conclusions 

drawn from this study is that the AP-1 activity is a necessary signaling component 

directing myoblasts to remain in a proliferative state. So the results of this study may be 

used to develop a gene therapy technique for cardiovascular diseases. 
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A.l Cell Culture Protocols 

A. 1.1 Thawing Cells 

Transfer cyro-vial of cells from Hquid Nitrogen to 37^ C water bath (float vial in 

blue foam, but be sure the cap / vial seal line is above water level). Thaw for 2-3 minutes, 

remove vial and wipe down thoroughly with paper towel saturated with 70% ETOH. In 

culture hood transfer thawed cells to 10 ml of pre-warmed medium in 10 cm culture dish, 

mix thoroughly and place in incubator. After 24 hours change medium. 

A. 1.2 Freezing Cells 

Grow up cells to nearly 60-80 % confluence. Trypsinize as gently as possible (i.e., 

just long enough to get the cells off the plate) and add freezing medium (DMEM -i- 50% 

FCS + P/S + 10% DMSO) to the plate and mix well (Caution: use the DMSO from the 

bottle reserved for cell culture). In general, for a 10 cm dish of cells use about 2 ml of 

freezing medium. Aliquot 0.5 ml of cells per cyro-vial (prelabel vials with cell info and 

date) and cap tightly. Put vials in Stratagene cyro-vial cooler that has been pre-cooled to 

-20^C freezer for 1-2 hours. Then place cooler at -80V for 1-2 hours. Finally, place 

vials in liquid Nitrogen tank canister in a cyro-cane. To easily identify vial positions, 

write cell info with a sharpie on top of the cane handle. Note where your cells have been 

placed in tank log-book (and your own lab notebook). 
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B.l Passing Cells for Transfections 

Trypsinize cells and put in sterile 50 ml Coming tube with appropriate volume of 

medium (e.g., estimate the dilution you will need and use approximately half that 

volume). Count cells with hemacytometer. Complete dilution of cells appropriately. The 

common culture dishes have the following surface areas and culture volumes: 

Table B.l: Surface Areas and Culture Volumes of the Common Culture Dishes 

Plate Size Growth Area (cm )̂ Relative Area 

24weU 1.77 IX 

6 weU 9.62 5.4X 

35 mm 9.62 5.4X 

86 mm ^MB 32.8X 

Use approximately 5 X lO'̂  cells per 1.77 cm^ growth area. 

B.2 Transfection of the Adherent CeUs 

For the transfection of HeLa cells, C2C12 myoblasts and S0L8 myoblasts use the 

protocol given below: 

a. The day before the transfection, inoculate an appropriate number of cells into 6 

well plates or 35 cm dishes such that they will be 50-80% confluent the following day. 

For most cells, plating 2-8 x 10̂  cells into 2.0 ml of media should be appropriate. 

Incubate the cells at 37 °C in a 5% CO: incubator ovemight. 

b. Prepare a 10 x solution of plasmid DNA in serum-free media, i.e., dUute 
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0.5-2 Jig of plasmid to a total volume of 100 \i\ with serum-free media in a sterile 12x75 

mm polystyrene tube for each plate of ceUs to be transfected. 

c. Add the required amount of Cytofectene, i.e., 5-8 |il, to the lOx plasmid DNA 

solution. Mix gently by taping or pipetting and incubate 10-20 minutes. 

d. Add 900 |il of semm-containing media to the combined lOx 

Cytofectene/plasmid solutions for a final volume of 1 ml. Use the same percentage of 

semm to which ceUs have been adapted in culture. Avoid vortexing or centrifuging. 

e. Remove the media form the ceUs to be transfected and replace it with the 1.0 ml 

of the semm-containing media with the Cytofectene/plasmid complexes. Incubate the 

ceUs at 37 °C in a CO2 incubator. 

f For transient expression, assay reporter gene activity 24-48 hours after the start 

of transfection. 

See Tables B.2 and B.3 for the suggested reagent quantities and for the suggested ceU 

densities for various sized dishes. 
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Table B.2: Suggested Reagent Quantities for Different Sizes of PlatesAVells 

Plate Size 

96 weU 

48 well 

24 well 

12weU 

6 well 

35 mm 

60 mm 

100 mm 

Plasmid 
DNA 

50-200 ng 

100-400 ng 

200-800 ng 

250-1000 ng 

0.5-2/ig 

0.5-2 fig 

1.0-4.0 ^g 

3.5-14 Mg 

lOx Volume 
Plasmid+ 
Serum-Free 
Media 

lOfil 

20fi\ 

40/11 

50/il 

100/il 

200/xl 

200 Ml 

700 All 

Cytofectene 

0.5-0.8/^1 

1.0-1.6Atl 

2.0-3.2AI1 

2.5-4.0/^1 

5.a8.0/il 

10-16/>il 

i a i6 /x l 

35-35 /xl 

Volume 
Serum-
containing 

Media 

90/xl 

180/xl 

360/xl 

450/xl 

900/xl 

1.8ml 

1.8ml 

6.3ml 

Total Volume 
Applied to 
PlateAVell 

100/xl 

200/xl 

400/11 

500/il 

1/xl 

2/il 

2/xl 

7/xl 
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Table B.3: Suggested ceU densities, Cytofectene/plasmid amounts, 
and media volumes for various-sized tissue culture plates 

Plate Size 

96 weU 

48 weU 

24 well 

12 weU 

6 well 

35 mm 

60 mm 

100 mm 

Area (cm^) 

0.32 

1.0 

1.9 

3.8 

9.2 

9.2 

21 

60 

Cell Density 
(x 10 )̂ 

0.07-0.28 

0.2-0.8 

0.4-1.6 

0.8-1.2 

2-8 

2-8 

4-16 

12-48 

Media Volume 
per plate 

lOOial 

300|il 

500^1 

1.0 nl 

2.0^1 

4.0 îl 

4.0 îl 

12^1 
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