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ABSTRACT 

Cellular differentiation is accompanied by the modulation of gene 

expression. 1 have compared the expression of various genes, 

using the slot-blot technique, in two different systems. First, the 

level of expression of a wide variety of genes was analyzed in the 

hypertrophied heart of transgenic mice expressing the 

polyomavirus large "f-antigen gene, and compared to normal 

control heart. 1 have shown that most changes in gene expression 

occurred mainly during early stages of he art hypertrophy. These 

genes code for proteins known to play a role in signal 

transduction, and transcription al and growth control. The latter 

stages of cardiac hypertrophy are accompanied by changes in the 

expression of genes that are mostly in volved in stress responses. 

Second, we analyzed the expression of various genes in three 

mouse myogenic cell Iines undergoing differentiation in several 

culture conditions. The ddult (C2CI2) and fetal-derived (G7 and 

08) myoblast cell lines were exposed to either retinoic acid, 

dimethyl sulfoxide, or transforming growth factor B. These three 

molecules are known to have profound effects on cellular growth 

and differentiation. 1 have shown that these treatments result in 

significant changes in expression of a wide variety of genes. 

Interestingly, ail three cell Iines differed cOllsiderably in their 

pattern of gene expression. Results from the analysis of these two 

systems demonstrate that differcntially induced morphological 

changes of muscle cells, result in cell type specific changes in 

expression of a variety of genes. 
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RESUME 

La différentiation cellulaire est accompagnée de la modulation de 

l'expression de plusieurs gènes. J'ai comparé le niveau 

d'expression de différents gènes de deux systèmes cellulaires 

indépendants, à l'aide de la technique slot-blot. Premièrement. le 

niveau d'expression d'une variété de gènes a été analysé chez les 

coeurs atrophiés d'une lignée de souris dont les cardiomyocyh.'S 

exprime le transgène PVLT, comparativement aux cardio

myocytes des coeurs contrôles provenant de souris normales. J'ai 

démontré que les différences majeures dans l'expression de 

certains gènes se produisent au début du stade de l'atrophie 

cardiaque. Les gènes dont le niveau d'expression est modifié chez 

les coeurs atrophiés, codent pour des protéines impliquées dans 

le contrôle de la transcription et de la croissance cellulaire, ainsi 

que dans la transduction des signaux cellulaires. Les gènes qui 

ont un patron d'expression modifié lors des derniers stades de 

l'atrophie cardiaque codent surtout pour des protéines 

impliquées dans la réponse au stress cell ulaire. Deuxièmement, 

j'ai analysé l'expression d'une variété de gènes de trois lignées de 

myoblastes qui ont subit différents traitements en culture. Les 

lignées adultes (C2C12) et foetales (G7 et G8) de myoblastes de 

souris ont été exposées soit à l'acide rétinoique, ou DMSO, ou au 

facteur de croissance transformant B (TGFB). Ces trois molécules 

sont caractérisées par leurs rôles dans le contrôle de la croIssance 

et de la différentiation cellulaire. J'ai démontré que ces 

traitements résultent en la modulation d'une grande variété de 

gènes. Les trois lignées cellulaires diffèrent c 1nsidérablement 

dans leur patron d'expression génique lorsqu'elles sont exposées 

à ces molécules. Ces résultats démontrent que, lorsque'on induit 

de différentes façons des changements morphologiques à des 

cellules musculaires, il en résulte une réponse génique spécifique 

aux différents types cellulaires . 
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ORIGINAL CONTRIBUTIONS TO KNOWLEDGE 

The development of the slot blot multigene screening 

technique represents an original contribution to scientific 

knowledge. This method allows the analysis of any desired set of 

rnRN A species within a tissue, or population of cultured ceUs. 

Work presented in this thesis is currently being prepared 
for publication . 
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Modification of gene expression, dirccting active 

transcription, inhibition, or expression at a basal Icvcl. is a ccll's 

method of responding to ilS environment. For exarnple. if the ccii 

is exposed to increased temperaturcs, heat shock genes will he 

transcribed, in order to repair damage and allow the cell to regain 

normal function (Beinz and Pelham, 1987). Other methods of 

changing the protein content of the cell is to activate latcnt fonm: 

of proteins, or degrading mRNAs encoding proteins unhelpful to 

the situation before they can be translated. 

De novo transcription is one of the most important Illcthods 

a cell has to respond to a situation. Thercfore analysis of the 

expression profile of a tissue or cells undergoing a certain 

challenge will provide insight as to how cells cope with thcsc 

situations. 

The goal of my research project was to examllle patterns of 

gene expression in tissues and cells undergoing devclopmental 

and morphological changes. 1 have examined the pattern of gcnc 

expression in two cases. 

1) Normal versus transgenic hypertrophied munne heart 

2) Embryonic and adult skeletal myoblasts, treated with inducers 

of proliferation and differentiation 

Both of these systems were observed to change in rcsponse 

to a challenge. The transgenic mice devcloped a cardiac 

hypertrophy due to the expression of the transgene Polyomavirus 

Large T-antigen. Skeletal myoblast lines demonstratcd changes in 

myotube formation and proliferative capacity whcn trcated with 

retinoic acid, dimethylsulfoxide. or transforming growth factor U. 

Gene products must interact with each 

maintain cellular homeostasis ln times 

examination of expression of man y genes at 

other in order to 

of stress. Thus 

one lime will be 

more informative than restrictive analysis of a single gene. Genes 
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analyzed in this work included proto-oncogenes, growth factors, 

and genes encoding proteins forming striated muscle contractile 

apparatus. 

1.1 Transgen ie anima Is 

Transgenic techniques allow genetic manipulation of intact 

animais and transmission of this genetic change to their progeny. 

This technology involves the delivery of a novel gene into the 
germ line of an animal. (For review, see Chalifour 1991). The 

novel DNA is known as the transgene. A transgene typically has 
promo ter sequences (directing tissue or organ specificity of 

expression) followed by a structural gene coding region. 

Sequences may originate from different species, thus a human 

enhancer/promoter may direct expression of a bacterial gene in a 

transgenic mouse. Mating of transgenic animais leads to the 
generation of transgenic lines. Within a transgenic line, the 

transgenc copy number, integration site, level of expression, and 

genctic background are ail constant. Mice are the most popular 

vehicles for transgenes, due to high reproductive capabilities, 

relative ease and low cost of care, and availability of 

characterized inbred Hnes. Trangenic technology, however, has 

now spread to the use of domestic Iivestock, resulting 111 

transgenic cows, pigs, sheep, rabbits, goats, rats, and even fish. 

Transgenic animais are invaluable in experiments studying 

control of development, molecul ar interactions, the action of 

oncogenes, and gene expression and regulation. Transgenic 

animais are also useful models of certain diseases su ch as 

cardiomyopathy, many cancers including cancers of the central 

nervous system, liver, heart, bone, kidney, mammary gland, lens, 

skin and others, and can be used in drug and therapy testing. 

Tnlllsgenic livestock may also be used as living bioreactors 

(Pursel et aL. 1989, Van Brut, 1988) producing large quantities of 

engineered proteins harvested from milk or blood. 

2 
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There are three main methods of generating transgenic 

animaIs (Hogan et al.. 1986. Jaenisch. R .• 1988). 

1) microinjection of transgene sequences into the fcrtilized cgg 

2) direct delivery of transgene into the blastocoei cavity 

3) retroviral infection or transfection of transgene sequences into 

an embryonic stem cell 

Microinjection is the most widely used method of generating 

transgenic animais. 

The main advantage of transgenic techniques is the analysis 

of pathology developmeol in vivo. The trangenc intcracts with 

homeostatic and protective mechanisms leading to more rcalistic 

and applicable experiments th an those involving in vitro systems. 

Disadvantages of transgenic techniques include the inability to 

control the site of transgene integration, copy number, and Icvel 

of expression within the tissue. Transgenic technology advanccd 

In the 1980s, mainly due to two factors; 

1) Advances in technology permitting the successful manipulation 

and implantation of animal embryos to result in live 

progeny. 

2) The advent of recombinant techniques facilitating the mani

pulation of DNA to be used as a trangene. 

The combination of these factors allowed progression ln the 

field of transgenics to its current advanced statc. Our laboralory 

has developed a transgenic mouse Hne expressing polyomavirus 

Large T -antigen in the heart. 

1.2 Polyomavirus 

Polyomavirus (PV) IS a small double stranded virus of the 

papovavirus family. PV encodes three early genes; PV small T 

(PVST), PV middle T (PVMT), and PV large T (PVL T). These gencs 
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are expressed early during the normal lytic course of infection of 

susceptible mouse cells. The early genes function in viral DNA 

replication, host transcriptional modulation, and induction of viral 

late proteinll. In a non-p,ermissivt:! cell, the vims takes a different 

course and integrates into the ho st cell genome. This integration 

may result in host cell imrnortalization or transformation. The 

biochemical activities of polyoma\' iTUS which re:suJts in an altered 

cellular phenotype are not yet completely characterized. 

1.2.1 Early functions; PVST!I PVMT, PVLT 

PVMT is a plasma membrane protein involved in the 

transformation of immortalized cells. Il has been found to be 

phosphorylatcd by cellular tyrosine kinase pp60 c-SRC 

(Courtncige and Smith, 1983}. PVST is a cytosolic protein, 

howcvcr, its role in the viral life cycle and efft:!ct on the host cell 

IS unclear (Tom~e 1981). 

PVL T is a DNA-binding nUiclear phosphoprotein capable of 

immortalizing primary cells. Tt has ATPase and hc::licase activities 

and its presence is imperative for conrect viral DNA repllication 

and transcriptional regulation. PVLT binds wilth high affinity to 

several sites ~ ithin both viml promoters, controllillIg the 

transcription of both carly and late genes. This site also contains 

the origin of viral l'eplication. PVLT is known to bind to Rb, an 

an t i prol i ferati ve prote in possi bly removin g a blolck to 

proliferation, and altering cell g1iowth characteristics. 

PVL T alone ,confe,rs an immorta:ized phenotype ln rodent 

primary cells (Glaichenhaus et aIL, 1985, Rassoulzadegan et al., 

1982, 1983). Most of these immortalization studies were 

performed on fibroblast-like! cells. PVLT may potentially 

influence! many diffcTf~nt cell types, as a w ide variety of cells are 

affected following P'V infection into susceptible c:ells (Dawe et al., 
1987. Eddy et al.. 1982. Freund et al., 1987, Gross et al., 1970, 

4 
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Rochford et aL, 1990,). PVL T's combined characteristics of a less 

severe effect on cells (immortalizing not lransforming) and ils 

potential to act in many cells, makes il an ide .. 1 choicc as a 

transgene. 

1.2.2 Polyomavirus early gene transgen ic mouse models 

PVL T Transgenic mice 

Transgeni~ mouse models using PVL T as a transgene have 

been described by several groups. Expression of PVLT has 

resulted in inhibition of the differentiation of lens tissue (Griep ct 

al (1989). Polyomavirus promoter-driven PVL T synthesis 

resulted in PVL T expression in pituilary gland and lhe testes. A 

testicular phenotype was 

latent pituitary tumours 

Cardiomyocyte hypertrophy 

not observed, however, cxtrcmcly 

resulted (Bautch et aL, 19X7). 

(Chalifour et aL, 1990) and Leydig 

cell hyperplasia (Chalifour et aL, 1992) have also been dcserihcd 

in metallothionein driven PVL T synthesis. None of the PVLT 

effects were malignant except in the case of the pituitary gland, 

where PVL T was oncogenic only after extended latent period. 

These results suggests that PVL Tacts early ln the 

phenotype as a 'first hit', and that further phenotypic change may 

be the result of cellular events modifying the effeet of PVLT 

expression. The limit~d effect of PVL T on target tissues may be 

because its immortalizing rather than transforming activity, only 

minimally disrupts cell growth. 

PVMT Transgenic mice 

Transgenic mice with PVMT as the transgene develop early 

aggressive tumors. Guy et al, (1992) describe PVMT -transgcnic 

mi ce with mammary tumors and further metastasis to the lung. A 

model described by Bautch et al, (1987) developed multifocal 

5 
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lethal hemangiomas in vascular endothelium. Affected transgenic 

endothelium was transplanted into histocompatible acceptor 

mice. Acceptor mice died of hemangioma at the transplant site, 
demonstrating that the PVMT transgene had transformed an 

endothelial cell which could proliferate and cause tumors in other 

animais. 

Chalifour et aL, (1990), describe a model in which PVL T was 

Iinked to a metallothionein promoter known to be act~ve in most 
tissues. This allowed examination of the effect of PVL T in an 

extended range of target tissues. In one line of transgenic mice 
made with this construct, the transgene was expressed in both 
heart and testes. The mice developed a cardiac hypertrophy 

where the heart increased in weight about 3.3 fold over normal 
heart. Affected animais died on average at 160 days due to heart 
fai lure. One of my projects was a study of gene expression of 
these affected hearts compared to non-transgenic unaffected 

mlce . 

1.3 Striated muscle 

1.3.1 Origins of cardiac and skeletal muscle 

Vertebrate development involves the generation of three 

primordial tissues in the embryo (Gilbert, 1988); the ectoderm, 

the endoderm, and the mesoderm. Ali muscle originates from 

mesodermally derived tissue. The mesoderm of an embryo is 

divided into 5 regions, of which dorsal mesoderm, and lateral 

plate mesoderm are relevant. The dorsal region of the mesoderm 
gives rise to connective tissue, such as cartilage and dermis, as 

weil as bone and skeletal muscle. The lateral plat€~ mesocIerm 
gives rÏ$e to vessels and cells of the circulatory system. as weil its 
major component. the heart. 

6 
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Dorsal mesoderm and skeletal muscle dcvelopmcnt 

Blocks of mesoderm ~llong the embryonic neural fold 

develop into a segmented pattern, each segment termed a somite. 

Cells in the rniddle area of the somite forlll the myotolllc, which 

contains the progenitors of striated muscle of both back and 

limbs (Gilbert, 1988). Myogenic cells colonize structures sllch as 

the limbs leaving founder populations that will generale the 

significant muscle mass of the adult. Myotomal muscles appcar as 

repeated segments composed of mononuc\catcd myocytes. 

Myotomes are transient and are rcplaccd by muitillllclcate 

musculature. Il is unclear whether the early myotomal myocylcs 

fuse to bec orne multinucleate, or die and the arca is rccoloni/.cd 

by more mature myogenic cells capable of fusing to form 

rnultinucleate myotubes (Sassoon, D. A., 1993). Skcletal muscle 

rnyotubes rnay contain up to 100 nuclei. U pon fusion into 

rnyotubes, contractile proteins becomc highly cxpresscd, and the 

cells differentiate to a contractile phenotype. At or around bi rth 

almost ail the skeletal muscle cells are III the form of 

differentiated myotubes. Sorne myoblasts do, however, continue 

to exist in aduIt muscle as satellite cells. These cells can 

proliferate to a limited degree and play a part in repair of muscle 

after in jury. Skeletal muscle exists in multiple forms; slow twitch, 

fast twitch and a super-fast version locatcd in the eyc. Fast 

twitch muscles contract and fatigue quickly. ATP Ilccded for 

muscle contraction is generated by immcdiatc, hut inclïïcicnt 

anaerobic glycolysis of glycogen and glucose. These are the types 

of muscles used in fast activity like sprinting. Slow twitch skelctal 

muscles contract and fatigue slowly and contain myoglobin and 

many mitochondria. ATP needed for muscle contraction IS 

generated by steady aerobic catabolism of glucose and fats. Slow 

twitch 

Twitch 

muscle 

muscles are 

is determined 

ccII. 

used for activities rcquiring endurance. 

by innervation, and is not intrinsic to the 

7 
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Lateral plate mesoderm and cardiac muscle development 

The circulatory system is the first functional unit in the 

embryo, and the heart is its first functional organ. Heart 

progenitor cells migrate from the lateral sides of the mesoderm at 

a very early stage in embryonic development (Gilbert, 1988). The 

cells move independently and unlike skeletal muscle progenitors, 

do not derive from somites. Once the precursor heart cells have 

reached thcir target site, they differentiate into endocardium 

(which becomes the tnner lining of the heart) and the 

cpimyocardium (which becomes the layer of heart muscles). 

Epimyocardial cells differentiate into cardiomyocytes which 

remain mononuclear or more rarely fuse once to give rise to a 

binucleated ccII. Cardiomyocytes branch erratically unlike 

skelctal muscle fi bres which are arranged into uniform bundles. 

The prol i ferati ve and di fferen ti ated form of the 

cardiomyocytes are morphologically very similar, distinguished 

only by conlractility of mature cells. Skeletal myoblasts, on the 

other hand. must stop proliferating and fuse into large myotubes 

to be able to assume differentiated contractile dulies. 

1.3.2 Sarcomeric contractile proteins 

Cardiac and striated muscle fibres are both made up of 

myofibrils which contain sarcomeres as a basic repeating unit. 

Sarcomeres are composed of thick and thin filaments which slide 

past cach other as the muscle contracts. The thick filament is 

made up of myosin, a complex of a heavy chain (MHC) and two 

Iight chains (MLC). The thin filaments are made up of actin 

heliccs. Tropomyosin is a complex of several molecules which fits 

into the major groove of the actin helix. Each tropomyosin pair is 

associated wilh a trimeric complex of troponin (TN) composed of 

TN I. TN C. and TN T. TN C is sensitive to calcium concentration. At 

high concentrations. TN C releases the TN I-tropomyosin 
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inhibition of actin-myosin ATPase actlVIty. allowing contraction to 

occur. (Fora review. see Darnell et al.. 19(0) 

1.3.3 Gene expression during cardiac development 

In mammals, cardiac myoblastb proliferation occurs before 

or soon after birth. Unlike skeletal muscle. where proliferation 

and differentiation occur al different times during dcvclopmcnt. 

cardiac muscle can perform differentiated functions as it 

proliferates in fetal and early neonatal life. After birht and arrcst 

of cellular proliferation, increase in cardiac mass occurs solcly hy 

hypertrophy of pre-existing cardiac cells (Springhorn ct al, 1(92) 

It has been noted that terminally differentiated heart cells 

responding to stress, recapitulate the transcri ptional profile of a 

fetal proliferating cardiac cell (Nadal-Ginard and Mahdavi. 19R9. 

Parker et al., 1991). A change toward a more fetal/nconatal 

morphology and transcriptional profile has also hcen notcd upon 

long term in vitro culture of adult ventricular muscle cclls 

(Claycomb et al., 1980, Eppenberger-Eberhardt et al.. 19(0). 

Cardiac growth is attained in one of two ways; hypcrplasia 

of fetal heart, or hypertrophy of post-natal heart. Contractile gene 

expression in the heart reflects its developmental stage. A rcccnt 

review has described the expression levels and isoforms of 

important structural and contractile protcins during cardiac 

development (Lompre et al, 1991). 

Contractile proteins in normal heart developmcnt 

Myosin Heavy Chain (MHC) is the major component of the 

myosin thick filament and has ATPase aeti vity. In mammalian 

heart two MHC isoforms are present. The a and f3 isoforms are 

coded by separate genes clustered on chromosome 14 in mouse. 

The a. MHC is eardiac specifie and is not deteeted in othcr tissues, 

white BMHC is expressed in both heart and skelctal muscle 
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(Lompre et al., 1984, Mahdavi et aL, 1984, Sinha et aL, 1984). In 
mice and rats, the a. isoform is upregulated immediately following 

birth and predominates throughout the rest of life. BMHC is 
detectabIc in trace amounts in young animaIs. In older animaIs, 
BMHC rcappears and the Ievels increase with age. 

Each MHC is associated with two light chains: either one of 
an alkali MLCI or MLC3, and a phosphorylatable regulatory MLC2 
to form a functional muscle filament. These light subunits are 
necessary for the regulation of li1yosin ATPase. 

MLC 1 /3, or alkali light chains are transcribed from at Ieast 
three gcnes. The first gene is expressed only in fast skeletai 
muscle and gives rise to two isoforms generated by differential 
splicing; ( MLCI F, MLC3F). The second is expressed in cardiac 
ventricle and slow skeletal muscle (MLC 1 y = MLCI S) The third is 
expresscd in cardiac atria and embryonic skeletal muscle (MLCI A 

= MLClemb)· 

MLC2 is also encoded by several genes. One gene is 
cxpresscd in fast skeletal muscle (MLC2F). Another is expressed 
in cardiac ventricle and slow skeletal muscle (MLC2y = MLC2S); 
and yet another in cardiac atria (MLC2A). 

ln l'etai human heart, the ventricle co-expresses the fetal 
skeletal isoform M LC 1 e m b (the isoform also found in adult atria) 
with the ventrieular isoform MLCI V. In both rat and human, 

after birth the ventricular MLC isoform is downregulated in the 
atria and the atrial MLC isoform is downregulated in the 
ventricle. (Priee et al., 1980, Whalen et al., 1982) 

There are three types of actin; a, B and y, each encoded by a 

separate gene. Actin 1110nomers aggregate and twist into a double 
helix to fonn the th in filament. Alpha cardiac actin and a skeletal 
actin are both expressed in the fetus, but a cardiac actin is the 

mam isoform expressed in adult heart. The skeletal muscle actin 

10 



• 

• 

• 

isoform has been detected in young rat heart (Mayer ct al. 19~ .. n . 
however. the presence of the skeletal isoform declcascs as the 

animal ages l'rom neonate. 

Regulatory proteins of the contractile app'lnltus 

Tropomyosin (TM) is a rod-like protein of two suhullits (Ct 

TM and B TM), associated with the thin filament. Its roll' is in 

regulating calcium activation of the actomyosin complex. The B 
subunit is slightly more ncgatively charged than the <X. suhunit. 

Both subunits have been detected in l'etaI !,lt vcntricle. howcvcr. 
the adult ventricle expresses only the aTM subunit. 

The Troponin (TN) complex is made up of three dll'fcrent 

molecules; TN I, TN C. and TN T. 

TN T binds directly to TM. In rat, two gencs have hecn 

detected, a cardiac and a fast skclctal gcnc. An imlllullo

histochemical analy si s revealcd t hc presence of t wo TN T 

isoforms; a 42.5 KDa species prescnt in l'etaI hcart. and a 41 K Da 

form present in adult (Sabry and Dhoot, 19X<J. Saggin ct al, 1 9XX). 

TN 1 is a specifie inhibitor of the ATPase of actomY0'iin. TN

l's binding to actin intcrferes with thc formation of actomyosin. 

Little is known about the TN 1 genes cxccpt that therc arc 

multiple isoforms in both rabbit and chickcn. The cardiac , ... oform 

differs from the skeletal counterpart hy amino acid suh~titllti()ns 

within the TN 1 sequence. Recently a l'etai to adult ~witch of TN 1 

isoform expression has becn described in heart (Sahry and Dhoot, 

1989), however the relationshi p and dynamics of the l'etai and 

adult isoforms remain to be elucidated. 

TN C confers calcium concentration scn~itivity tn the 

myofibrils. TN C binds 3 to 4 moles of Ca++ per mole of TN C in 

both skeletal and cardiac muscle (Van Eard and Takaha ... hi, 197'5). 

Calcium binding initiates muscle contraction. No information of 
developmental isoforms of this gene is available. 
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Summary of gene expression in cardiac development 

Most contractile proteins experience a switch in isoforms 

around birth. In the ventricle of a rat model, BMHC is replaced 
with Cl MHC, although the B isoform may reappear in later Iife. 

Alpha skeletal actin expressed in fetal heart is turned off leaving 

only the continued expression of cardiac actin. The developmenta! 

form of TN 1 is replaced by the adult isoform. and B TM is 

replac~d by Cl TM. In the atrium, the predominant isofol"m 

expresscd throughout both pre- and post-natal Iife is aM H C , 

however, BMHC is detected toward the end of gestation, and 

increascs during post-natal development (reviewed in Lompre et 

al, 1991). 

1.3.4 Gene expression during cardiac hypertrophy 

There is more than one model of cardiac hypertrophy in 

mammals (Lompre et al, 1991). One model describes the cardiac 

response to thyroid hormone (TH), and associated molecules T3 

(triiodothyronine) and T4 (f\'traiodothyronine) treatment. Other 

models dcscribe chronic hemodynamic overload obtained by 

increasing pressure on the heart by mechanical blockage of 

afferent blood vessels. 

Thyroid hormone induction of cardiac hypertorphy 

Cardiac growth may be obtained by treatment with thyroid 

hormone (TH). TH increases the size of the myocyte, and the 

amount of total RNA and protein f()~nd within it, although DNA 

replication and cellular proliferation remain unaffected. The 

cardiomyocyte is reorganized, and a change in contractile 

performance and ion transport have been noted. TH plays a role 

during normal heart development in maturation and regulation of 
gene expression. 

Witholding TH from the aduh cardiac ventricle increases 
the amount of fetal BMHC detected at the expense of aMHC. TH 

12 
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replacement restores the adult phenotyope (Lompre et aL. 1984). 
TH has minimal influence on aMHC expression in the atria. T3 

increases the level of a cardiac actin in rat cardiomyocytcs i Il 
vitro (Gustafson et al, 1986). Effects on (l skeletal aClin were not 

observed. In a TH-induced hypertrophy of rat myocardium. 

administration of thyroid hormone T3 resulted in an incrci.lsc in 

both left and right ventricle weight (Greene et al, 1993). Amllysis 

of gene expression in the right ventricle showed an illcrease in 

the mRNA of e-mye, e-fos, and BMHC. No change in mRNA levels 

were detected in the left ventricle. 

ln summary, response of the ventricle to low levcls of 1'11 is 
a decrease of aMHC, a concurrent increase of BMHC, ,,"d induction 

of expression of c-mye and e-[os. TH seems to have little effeet in 
atria. In vitro, T3 induces an inerease in expression of (l cardiac 

actin in cultured rat cardiomyocytes, although no crfect IS 

observed on tropomyosin or troponin expression. Olher gencs 

were not examined in this model. 

Chronic hemodynamic overload (CHO) 

One of the responses of the heart to a sustained increascd 

workload is hypertrophy. Th i s is observed in human diseascs 

which put stress on the heart such as chronic hypertension, 

valvulopathies, coronary atherosclerosis and response to physical 

training and hormonal treatment. Two models of hemodynamic 

overload have been generated. 

1) Constriction of pulmonary artery in rabbit (Nagai et al., 1987). 

2) Coarctation of the ,'orta in rat (De la Bastie et al., 1987. Rayet 
al., 1987). 

Constriction of the abJominal aorta results in a 10 - 20% 

hypertrophy within 2-4 days after operation (lzumo et al., 1987, 
Mercadier et al., 1989). Constriction of the ascending aorta IS 

more effective, resulting in 40 % hypertrophy at day 2 (U meda et 
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al., 1987). This increased effecti veness may be explained by a 

more immediate mechanical load on the left ventricle, leading to 

a more severe adjustment on the part of the heart. Maximal 

ventricular hypertrophy peaks at the end of the 2nd week post

op and does not progress further, suggesting that the heart has 

reconciled its processes to its new load. Total RNA in the 

cardiomyocytes peaks at day 2 - 4 following aortic constriction, 

and decreases back to normal levels by the end of the second 

week. Protein and RNA turnover rates also increase and peak at 

days 2 - 4. Similar results for proteins were observed in the 

rabbit model. Translational efficiency increased by a factor of 2 in 

the rat hypertrophy model, and by a factor of 1.4 in the rabbit 

model. Taken together, these observations suggest the existence 

of transcriptional effects 10 the generation of cardiac 

hypertrophy. 

Contractile gene expression during CUO 

In the rat, hemodynamic overload results In the 

accumulation of the BMBC (fetal) isoform with a coordinated 
decrease in the a (aduIt) isoform (Gorza et al., 1981, Lompre et 

al., 1979, Martin et al., 1985, Mercadier et al, 1981). In rat, where 
a MI-IC predominates in adult heart, there is the potential for a 

complete reversai of MHC phenotype in the overloaded chamber 

(left ventricle). In cases of severe overIoad, labelling of rat left 

ventric les with anti-BMHC demonstrate the expression of the fetal 

isofornl throughout the entire ventricular wall, illustrating that 

BMI-IC is expressed in ail of the myocytes. In Iess severe 

hypertrophy. application of an anti-BMHC antibody reveals only 

sporadic labelling of the left ventricle (Gorza et al., 1981). Il has 

been suggested that this phenomenon of non-homogeneous 

staining is related to wall stress, or stretch of the cardiomyocytes. 

Increased stress may Icad to the expression of the fetal MHC 
isoform . 

14 
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Treatment of hypertension in these rats rc\;tnres aM 1-1 C 

expression, even if the hypertrophy does not diminish (Dussaule 

et al., 1986). Interestingly. hypertrophy resulti ng from intense 

physical training produces an overexpression of aM IIC (R u pp. 

1981, Scheuer et al.,l ll82). Phy sical training also rcstorcs 

expression of the correct ldult MHC isoform in an animal with 

artificially induced hypertrophy (Scheuer ct al.. 19H2). This 

suggests that MHC isoform switching and hypcrtrophy arc not 

directly related, as different methods of hypertrophy induet ion 

res-ults in different MHC isoform accumulation. 

Most of the studies in MLC expression during hypcrtrophy 

have been performed in humans. In a st'Jdy of 83 human 

patients, The regulatory Iight chain MLC2y accumulated in ail 

samples. Severe atrial overload resulted in t~le accumulation of 

MLC 1 V (Cummins, 1982). Spontaneously hypcrtcnsivc rats 

showed in increase in the mRNA encoding a vcntricul~lr form 

(MLC 2 V) in their atria before observable cardiac ovcrloading had 

begun (Kumar et al., 1988). In a h uman study, 1-1 irzcl at al (1985) 
report of an increase in an atrial alkali Iight chain (MLCIA) in 

ventricle, although the severity of the overload was Ilot c1arilïcd. 

In the rat CHO model, a rapid increasc in u skcletal actin 

mRNA was detected, peaking during the first week of ovcrload. 

but subsiding to normal levels during the second week. The 

skeletal actin isoform was expressed in ail myocylcs throughout 

the affected ventricular wall (Schiaffino et al, 1989b). 

The f.\ (fetal) form of tropomyosin accumulatcs in rcsponsc 

to aortie coarctation, with simultaneous accumulation of both 

striated and non-muscle BTM mRNAs. The expression of the 

abnormal isoforms is less prominent in chronic than acute stages 

of the hypertrophy . 
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Non contractile genes expressed d uring hypertrophy 

ln the pressure-overload rat mode} of hypertrophy, 
(Mulvagh et al., 1987) observed an induction of e-mye in the left 

ventricle and atrium. The atria sustained an expression of e-myc 

longer than the ventricle, and e - mye expression was more 

evident in older animais than younger ones. In a study of 
spontaneously hypertensive rats, Negoro et aL, (1988) noted an 

increase in c - my e in the heart. Izumo et al, (1988) saw a 
transient induction of both e-fos and e-mye occurring within an 

hour of pressure overload, preceding expression of fetal isoforms 

of contractile proteins. Haegerty (1989) noted a stimulation of c

mye, L'-Jos and Ha-ras expression at 3 days post-op which had 
subsided by day 9. Il was noted that, e-fos ,and e-mye (Komuro 

et al, 1988) as weil as hsp 70 (Delcayre et aL, 1988) had rapid 

transient expression, whi le Ha - ras was more graduai and 

sustained. This study also noted that the expression of e-erbA, c

erb8, l'-sis, and e-myb mRNA remained unaffected by pressure 

overloaded hypertrophy. 

Stretching of isolated rat ventricular cardiomyocytes caused 
(l to 8 MHC transition and a transient induction of e-fos (Yazaki 

and Komoro, 1989) suggesting that induction of the se genes 

occurs upon increased ventricular wall stress. Perfusion and 

stretching of whole hypertrophied hearts isolated from 10 week 

post-op rats showed a decrease in the level of c-fos and c-jun 

mRNA. The authors suggested, that as the hypertrophied hearts 

were 10 weeks post-op, the decreased proto-oncogene expression 

might have been due to the adaptation of the heart to sustained 

stress. Transient increases of gene expression at 2 - 3 weeks may 

have subsided after 10 weeks. 

TG F8 i ncreased transiently 1 n surrounding rat myocytes 

bordering experimentally induced infarct (Thompson, 1988), 

perhaps involved in compensatory hypertrophy of the surviving 
myocardium. 
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A model involving growth hormone treated rats (Turner et 

al., 1988), showed an increase in he art size of 93%. Whether this 

is relevant is questionable, as the body weight also increased 

112%. However, mRNA encoding Insulin-like Growth Factor 1 (JaF 

1) and IGF II increased 3-4 fold. Other tissues did not show an 

appreciable increase in lOF 1 mRNA. 

A study determining the level of EGR-l expression in 

cardiac cells during early and end-stages of differentiation was 

performed by Sukhatme et al (1988). A northern analysis of 

normal heart RNA illustrated a high basal level of EGR-I 
expression. Treatment of the cell line PI9S180lAI (PI9) with 

0.5% DMSO induced a cardiac phenotype of visibly beating eells. 

Northern analysis of E G R -1 mRNA after treatmcnt of P 19 eclls 

with DMSO, demonstrated an increase of expression during 

differentiati on . 

J 7 

Summary of gene expression in CHO-gcncratcd 
hypertrophy 

ln summary, chronic hemodynamic overload results in an 
increase in BMHC, with concomitant decrease of aMI-IC. The 

normal balance of these isoforms can be restored by exereise hl> 

treatment of hypertension. A ventricular isoform of MLC appears 
in atria while an atrial MLC isoform appears in ventriele. Cl

skeletal actin appears; peaks, and then disappears after the 

second week of hypertrophy. BTM, e-[os, c-mye, fla-ras, hsp 70, 

EOR-l, IGF l, and lOF II expression have ail been shown to 

increase in various 

are re-ex pressed 

hypertroph y. 

experiments. It seems that sorne fetal genes 

duri ng hemodyn arnic ovcrload -gencratcd 

Cardiac hypertrophy generated by TH treatrncnt or physical 

training does not result in expression of many 

with a fetal phenotype, therefore, a fetal 

obligatory for ail cardiac hypertrophies. 

gcncs associatcd 

prograrn i s not 
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1.4 Skeletal musde ccII line:; 

1.4.1 Myoblasts and myotubes 

Muscle arises from myoblasts, the 
myogenesis. Myoblasts are capable of 

differentiation. VpOIl contact and recognition 

cells destined for 
proliferation and 

of another myoblast 

and decreased serum I(~vels, spontaneous fusion occurs I,eading to 

formation of a muItinucleated myotube. Cessation of myol)last 

proliferation is m~cessary priol' to initiatiol1 of fusion. The 

myotube, representing the end-mitotic stage of the muscle cell, 

will no longer divide or synthesize DNA, but produces large 

amounts of muscle-specific proteins. These include c:ontractile 

apparatus and ·cell surface components necessary for 

neuromuscuhu transmission. 

Myoblast cell tilles used in this stndy 

Embryonic s~eletal muscle derived G7 and G8 ceU lines, as 

weil as the adult skeletal muscle derived C2C12 cell line were 

analyzed. G7 and 08 cells are clones which arose spontaneously 

from a culture of cells removed from hind limb muscle of a fetal 

Swiss Webster mouse. The G8 done is non-tumorigenic, or simply 

immortalized, whl~reas the G7 clone is tumorigenic and has 

become transformed (Christian and Nelson, 1977). 

The myoblast cell line C2C12 is a subc10ne derived by H. 

Blau (1985) of C2 cells, originally isolated by Yaffe and Saxel 

(1977). The C2 parent line was isolated from normal adult C3H 

mouse hind limb muscle. The myoblasts described above 

prol iferate in culture to confluency, and may form sorne 

spontaneous myotubes. C2C12 cells have greater rate of 

spontaneous fusion than G7 and G8 cells. Decreasing serum 

concentration from 10% to 2% induces fusion of ail 3 myoblast 

Iines to the terminally differentiated stage of myotubes . 
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Contractile gene expression 

Transcri ption of contractile genes has been studied in 

cultures of dividing myoblasts and l'used myotubes (Devlin and 

Emerson 1978). Dividing myoblasts were transferred into 

medium containing low serum to stimulate differentiation. The 

progression of fusion, as weil as the transcriptional status of 

various contractile proteins were observed l'rom 0 to 64 hours. 1t 

was noted that synthesis of MHC, MLCI, MLC2, TN T, TN C, 'l'MI 

and TM 2 was initiated simultaneously at the time of myoblast 

fusion. A marked increase in transcription was obscrved 20 hours 

after induction of differentiation, followed by a new higher 

steady state level of transcription at 30 hours. In this study MLC3 

was not activated during myotube induction. 

A study by Bains et al (1984) detected an cxtremely high 

level of cardiac actin mRNA during myotube differentiation. 

Within 12 hours of initiation, cardiac actin was detectablc in 

C2C12 cells. The cardiac transcript peaked at levels 6 times the 

detectable amount of skeletal transcript at that time, and then 

declined to levels lower than skeletal actin mRNA after 3 days. 

Kinetics of cardiac actin transcription followed closely to the 

observed rate of muscle cell fusion. Fusion was maximal at 24 -

36 hours, and essentially complete at 3-4 days. The rcsuIts 

obtained from culture were in sharp contrast to thosc obtaincd 

from adult skeletal muscle tissue which showed only trace 

amounts of cardiac actin, and high levels of skeletal aClin by 

northern analysis. The authors also note that the embryonic 

forms of many contractile proteins are expressed in cultured 

cells, even if derived from adult skeletal muscle. 

Proto-oncogene expression in myoblasts and myotubcs 

Dot blot analysis of proto-oncogene expression of the rat 

myoblast cell line L6al was conducted (Leibovitch ct al, 1986) . 

Induction of L6al myoblasts into terminally differcntiated 
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myotubes resulted in no obvious change in expression of e-abl, e

myb and Ha-ras. However, N-ras transc:ripts increased and e-sre, 

c-fes, c-fgr, Ki-ras, c-Jos, e-mye, e-sis, e-fms, e-erb A, and e-erb B 

were ail markedly reduced. Interestingly, when the L6al cultures 

approach confluency, e-fos transcription increases abruptly to 3-4 
fold its normal level, and then rapidly declines when contractile 

protein transcripts start to accumulate, becoming undetectable in 
resulting myotubes (Leibovitch et al, 1987). This suggests that 

regulat;on of e-fos is involved in initiation of the myogenic 

process. 

Transcriptional regulation in skeletal muscle is influenced 

by the presence or absence of basic helix-Ioop-helix muscle 
specifie factors such as MyoD, myogenin/myf 4, myf 5, and mrf 

4/herculin/myf 6. A change in expression of any of these factors 

will resuIt in alteration of regulation of muscle-specifie genes. 

Expression of MyoD in hearts of transgenic mi ce led to the 

expression of skeletal muscle-specific regulatory (myogenin) and 

structural genes (skeletal actin) (Miner et al., 1992), and was 

lethal to the mice. Activity of these regulatory proteins has not 

been detected in cardiomyocytes, appearing to be exclusive to 

skeletal muscle. They are thought to control each others 

expression, production of muscle-specifie structural and 

contractile proteins, and events during organogenesis in the 

embryo (Weintraub et al., 1991, Sassoon, D., 1993). 

1.4.2 Inducers of myoblast proliferation and 
differentiation 

The myoblast cell tines 07, GS, and C2C12 were treated with 

retinoic acid (RA), transforming growth factor-BI (TOFB), and 

dimethyl sulfoxide (DMSO) (AI Mustapha et al., submitted). 

Retinoic acid (RA) is known to profoundly enhance cellular 

differentiation. RA induces differentiation of mou se embryonal 

carcinoma cells 10 vitro, and suppresses malignant 

transformation. both in vitro and in vivo (DeLuca, L G., 1991, 
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Merriman and Bertman, 1979, Lotan, R., 1980). Exogcnously 

supplied, RA caused dramatic effects on pattern formation during 

limb development and regeneration in the chick emhryo and 

newt (Brockes, 1., 1989). RA was expected to induce 

differentiation of the myohlasts into myotubes. 

TGFB is a 25 kDA di-sulfide linked dimer which exists in 

multiple forms; TGFB 1,2,3, and 4 (Sporn et al., 1992). Of these. 

TG F Blis the most widely characterized and is available 

commercially. TGFB is present in developing somites, active in 

repair of myocardial inf4lTction, and is stored and secreted as a 

latent protein by cardiomyocytes. TGFI3 in general inhibits Ihe 

differentiation of myogenic cell line,s (Massague, J., 1990). TGFI3 

also contributes to the process of tissue development and repair 

in vivo, including fetal myogenesis; activities in which induction 

of differentiation is necessary. TGF133 is highly expressed and 

secreted by C2C12 myoblasts and was shown to inhibit C2CI2 

myoblast fusion (Lafyatis et al., 1991). Treatment of myoblasts 

with TGFB was expected to resuIt in proliferation arrest. 

DMSO causes P19 teratocarcinoma cells to stop pnlifcrating, 

and differentiate into a muscle phenotype with visibly striated 

cells (McBurney at al., 1982). G7, G8 and C2C 12 myoblasts were 

expected to Teact in a similar fashion upon exposure to DMSO. 

1.5: Airns and summary 

Genes activated during pathogenesis. or developmental 

alteration, are likely to be involved in ccII surface signal 

reception, signal trasnduction, transcriptional control, and 

proliferative or differentiated functions of the cciI. Bearing ln 

mind these considerations, we created a list of genes to be 

analyzed (Figure 2, Methods) 

A technique was developed to examine the expression of 

specific genes among any set of mRNAs isolated from a tissue or 

cells. This technique was employed to analyze the expression 
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profile of two systems responding to challenge. PVL T -transgenic 

mice developed enlarged hearts. Cardiac hypertrophy in sorne 
cases is associated with a re-emergence of fetal gene expression. 
Conversely, G7, G8 and C2C 12 myoblasts were induced to 
differentiate into a more adult phenotype of myotubes. 1 
screened the gene expression in these systems undergoing 

switches between fetal undifferentiated and adult differentiated 
phenotypes. 
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2.1: Plasmids harboring cDNA/gDNA of interest 

The following plasmids were obtained from the American 

Type Culture Collection (ATCC). The ATCC identification number 

follows each gene in parentheses. EG R-1 (63027), v-Ha-ras 

(41013), v-Ki-ras (4]027), c-jun (63026), c-jun-B (63025), c-jun

o (63024), v-abl (4]034), v-raf (41022), v-erb-A (4]018), Rb-l 

(57450), p53 (57254), HSP70 (57494), Myosin Light Chain 1/3 
alkali (59702), Creatinine Kinase M (57678), Endothelial Cell 
Growth Factor B (53335), TGFa (59950), TGFB 1 (59954), myf-5 

(59914), c-sis (57050), wnt-l (63013). 

The following plasmids were generously donated by; 

GAPDH, Dr. David Ann, U. Minnesota; Proliferating Cell Nuclear 

Antigen (PCNA), Dr. Renato Baserga, Thomas Jefferson U.; human 

androgen receptor (sv-ARo) Dr. Leonard Pinsky, McGi11 

University; metallothionein (hMTIIA/9), Dr. Philippe Gros, McGiII; 

c-fos, Dr. John Hiscott, McGill University; MYO D, Dr. Harold 

Weintraub, Fred Hutchinson Cancer Research Center, Seattle; pCCI 

(human 13 cardiac myosin heavy chain cON A), Dr. Michael Sole, U. 

of Toronto; pATA2 (human cardiac actin) and pZl9 (skeletal 

actin), Dr. Michael McBurney, U. of Ottawa; LK295 (human 

skeletal actin 3' untranslated region), LK300 (human cardiac actin 

3' untranslated region), and LK650 (rat troponin !), Dr. Howard 

Prenticc, U .S.C. at Los Angeles; pRT03.1 0 (B-actin) Dr. Denis 

Banville, Biotechnology Research Institute, Montreal; 4C (cTNI, 

cardiac troponin 1) and PCR-6 (sTN-l, skeletal troponin 1), Dr, 

Anne Murphy, Washington U., St. Louis; IGF-I and IGF-2, Dr. 

Peter Rotwein, Washington U. School of Medicine, St. Louis, and c

mye. Dr. Marie Trudel lRCM, Montreal. 

2.2: Enzymes and equipment 

Molony Murine Leukemia virus RNase H-minus Reverse 

Transcriptase was purchased from Canadian Li fe Technologies . 

DNA polymerase l, Klenow fragment, oligo dT, random primers, 

Sephadex G 50, and guan idi ne isothiocyanate were purchased 
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from Pharmacia. Taq polymerase and RQ 1 ONAse wcre purchased 

from Promega. Gene Sereen Plus was obtained l'rom NEN/Ollpont. 

and slot blot manifolds were pllrehased from Tyler Rcscarch 

Instruments. Edmonton. Canada. HybridizatlOn ovens and houles 

were obtained from Belleo Glass Co. A ONA Thermal Cycler was 

purehased from Perkin Elmer Cetus. Other necessary chcmicals 
and reagents were purchased either from BOil or Sigma . 
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A f10w chart of the method can be found ln Figure 1. 

3.1: Preparation of Plasmids 

DNA from plasmids was isolated using st.mdard IlHlXI

preparation techniques and purified from bacterial DNA afler 

centrifugation through an ethidi um bromide/cesi Ulll ch loride 

gradient (Ausubel et al., 1992). Each DNA sample WOlS verified as 

correct by restriction endonuclease digestion and exami nation of 

the DNA fragment pattern after electrophoresis through an 

agarose gel and subsequent ethidium bromide staining. DNA 

samples were quantified and purity confinned by ultraviolet 

s pectrophotometry. 

3.2: Preparation of Siot Blot Membranes 

Gene Screen Plus was eut to the correct size, soaked for at 

teast 1 hr in 0.4 M Tris HCI pH 7.4, and preparcd for blotting by 

following manufacturers instructions. DNA samples werc dilutcd 

to 250 ng. 25 ng and 2.5 ng per 20 ul in 0.125 N NaOII. 0.125 X 

SSC (0.375 M NaCI. 0.037 M Na3CsHS07·2H20). Genes used in this 
assay are Iisted in Figure 2. DNA was applied to the membrane 

with light suction. the membrane was then removed from the 

manifold. allowed to air dry. and the DNA cross-linked to the 

membrane by UV (50 mJoulcl\, 50 seconds). Membranes were 

prepared in batches and stored in plastic bags between shecls of 

fi lter paper. 

3.3: Preparation of RNA 

RN A was isolated essentially by the method of Chirgwin et 

al.. (1979). Tissues were homogenized in 4 M guanidine 

isothiocyanatel 1 M sodium citrate (pli 7.01 0.1 M B
mercaptoethanol) using a 8rinkman homogenizer. The guanidine

tissue solution was centrifuged at 45,OOOg for 16 hours at 200C in 

a Beckman SW60 rotor through a 5.7 M cesium chloride/O.l M 
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EDTA cushion and the RNA pelleted. The RNA pellet was 
resuspended in DNAse buffer (40 mM Tris HCI pH 7.9, 10 mM 
NaCl, 6 mM MgCI2, 0.1 M CaCI2), and any residual DNA removed 

by addition of 1 ul RQI RNAse-free DNAse (l U/ul). 
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Figure 1; Flow chart of Siot Blot technique 

Total RNA was prepared from a tissue or cell homogcn~ltc as 

described in the methods. Reverse transcription of messenger 
RNA was accomplished with oligo-dT primers and RNAse H-minus 
reverse transriptase. The first strand cDNA was purificd and uscd 
as template in a random priming reaction including 32 P-I abc lied 

dCTP. Resulting radiolabelled double stranded cDNA probe was 
hybridized to membranes containing bound DNA encoding gcnes 
of interest. Each screening included ail genes lisled in figure 2. 
Probe and membrane were hybridized at 570C for 16 hours. The 
membranes were washed and exposed to X-OMAT X-ray film. 

Resulting autoradiographs were scanned with a linear laser 
densitometer and quantitation was performed as described in the 

methods. 
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Figure 2: Genes analysed with slot blot method 

These proto-oncogenes, muscle specific genes, growth 

factors, anti-oncogenes and heat shock proteins were used in the 
screening assay. The genes were chosen for their roles in growth 
and transcriptional control, damage repair, stress response. 

signalling, and muscle specificity. Genes of interest were supplicd 

in expression vectors and were not purified from vcctor 

sequences prior to application to membranes. The negative 

control in this assay was a pBR322 plasmid devoid of insert. 

pBR322, due to its bacterial origin, should not hybridize 

specifically to mammalian-derived cDNA probe. The negativc 

control vector has sequences similar to the vectors containing the 
genes of interest, and wi Il d~tect cross-hybridization of probe to 

vector backgrounds. Th,; po~itive control is glyceraldchydc 

phospho-dehydrogenase (GAPDH), a housekeeping gene assumed 

to be transcribed at relatively constant levels in ail cells and 

tissues . 
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Figure 2; Genes analyzed with slot blot method 

proto-oncogenes 

c-myc 
c-fos 
c-sis 
c-neu 
int-l 
PCNA 
v-abl 
Ha-ras 
Ki-ras 
c-jun 
junD 
junB 
v-erbA 
EGR-l 

muscle specifie genes 

human cardo actin (pata2) 
murine sk. actin (pZ19) 
human sk. actin (LK29S) 
human cardo actin (LK300) 
R actin (pRT03) 
cardo troponin 1 (~TN 1) 
sk. troponin 1 (STN 1) 
human R cardo MHC (pCC-l) 
myoD 
myfS 
muscle creatinine kinase (MCK) 
myosin light chain (MLe) 

growth factors 

IGF 1 
IGF II 
TGFa 
TGF,g 

stress genes and antioncogenes 

hsp 27 
hsp 70 
hsp 90 
Rb 
pS3 

controls 

pBR322 (-) 
GAPDH (+) 
MTPVLT (transgene) 
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Proteins were removed with a phenol/choloroform extra\'lÏon and 

the DNA-free RNA was collected by ethanol precipitation. The 

quantity and quality of the RNA was determined spectrophoto

metrically and by examination of an aliquot after electrophoresis 
through an ethidium bromide stained agarose gel (Figure 3, pancl 
A). The total RNA was stored at -700C as an ethanol (EtOH) pellet. 

3.4: Preparation of Radiolabelled Double Stranded DNA 
Probe 

Five micrograms of total RNA were removed, spun down in 

a 0.5 ul eppendorf tube for 20 minutes in a benchtop centrifuge, 

washed twice with 75% EtOH, evaporated to dryness in a Savant 

Automatic speedvac (model AS t 80). and resuspended in 9 ul of 

distilled water in preparation for reverse transcription. Two ul of 

oligo dT (0.5 ug/ul) were added to the RNA resulting in a total 
volume of Il ul The tube was heated al 800 C for 10 minutes, 

th en chi lied on ice for 5 minutes. To each tube was added 4 ul of 

reverse transcription buffer, 2 ul of 0.1 M DTT (both reagents 

supplied with the enzyme), and t ul of dNTP mix (10 mM each of 

dCTP, dTTP. dATP, dGTP). One ul of RNAse H-minus reverse 

transcriptase was added and the reaction was incubated at 370C 

for 1 houT. In order to visualize first strand product, 1 uCi of 
3000Ci/mmol 32p dCTP was added with the 10 mM dCTP during 

the reverse transcription. A small aliquot of the producl was 

subjected to agarose gel electrophoresis and exposed to X-ray 

film (Figure 3. panel B). Three reverse transcription experimenls 

were performed. using five, ten and twenty micrograms of total 

RNA. ft was determined that 5 ug of total RNA was sufficient to 

generate adequate amounts and length of first strand cDNA. 

Following reverse transcription, 30 ul of TE was addcd and 
the reaction mixture was spun through through a sephadex 050 
spin column (2 minutes at 1000 g) to remove unincorporated 
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nucleotides. The column was washed with an additional 50 ul of 

TE to re~ult in a final volume of 100 ul containing the first strand 

of cDNA. The sample was evenly divided into 2 tubes and 

evaporated to dryness. One of these aliquots was used in the 

second strand reaction. The other tube was stored at -20o C for 

later reactions. 

Radioactive probe was generated by a random priming 

reaction (Asubel et al 1992) using the first strand cDNA product 

as template. Thirteen microlitres of distilled water and 2 ul of 

random primers (pdN6, 4.2 ug/ul, Pharmacia) Wére added to to 

the tube containing the dessicated first strand cDNA product. The 

tube was heated at 800 C for 10 minutes and then chilled on ice 

for 5 minutes. A reaction mix containing 2.5 ul of dNTPs (0.5 mM 

dGTP, dATP, dTTP), 2.5 ul of Klenow buffer (supplied by 

manufacturer), 5 ul of 32p-dCTP (3000 Ci/mM) and 1 ul of Klenow 

per reaction was prepared and Il ul of the mix was added to 

each tube to yield a final volume of 25 ul. The random priming 

reaction was allowed to proceed at 370 C for 2 - 4 hours, or left 

overnight. The reaction was stopped by addition of 75 ul of TE, 

and the reaction mix applied to a sephadex 050 spin column to 

remove unincorporated radiolabelled nucleotides from the cDNA 

probe (Asubel et al, 1992). The DNA probe was denatured at 

room temperature by the addition of 0.1 volumes of 1 N NaOH 

and incubation for 5 minutes, followed by neutralization with an 

equal volume of 1 N HCI. Probe was stored at -20o C and used 

within one week of synthesis. 
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Figure 3: Example of RNA quality and first strand cDNA synthcsis 

Panel A: Aliquots of RNA prepared with protocol describcd 

in materials and methods. Lanes contain 5 and 2.5 ug 

of total RNA respectively. 

Panel B: Autoradiograph of single stranded cDNA product 

generated by increasing amounts of oligo dT-primed 

total RNA template. Lane a; Lambda/Hind III markers 

with arrows indicating 2 kb and 0.5 kb markers. 

Lanes b, c, and d contain radiolabelled first strand 

cDNA generated from 5, 10 and 20 ug of total RNA 

respectively. Note that the first strand cONA ranges ID 

size from 200 nucleotides to over 2kb . 

3 1 
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Figure 3: Example of RNA Quality 

and First Strand cDNA Synthesis 
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Alternatively, radiolabelled second strand was synthesized 

using random primers in a Polymerase Chain Reaction (PCR). As 

the probe was generated with equal efficiency by eithcr PCR or 

Klenow random priming (as determined by scintillation counting 

of the resulting probe) it was decided that Klenow based 

synthesis would be the method of choice for synthesis of the 

second strand due to cos t, ease, and av ailability of equipment. 

3.5: Hybrid ization 

Membranes were incubated with radiolabelled probe in 

glass tubes in a hybridization oyen. Membranes (6.2 x 6.8 cm) 

were prehybridized in 10 mIs of 1 % SDS / 1 M NaCI /10% dextran 

sulphate at 580 C for 2-4 hours. The prehybridization buffer was 

removed and replaced with 5 mis of hybridization buffer 

containing 1 % SDS, 1 M NaCl, 10% dextran sulphatc, 2 x 106 cpm 

radioactive cDNA probe, and 100 ug of sheared dcnatured hcrring 

sperœ DNA per ml of hybridization buffer. The membranes werc 

hybridized overnight at 57 0 C. The following day, the 

hybridization buffer was removed, and the membranes washed 

twice with 1 X SSC, 0.1 % SDS for 20 minutes at room temperature, 

followed by two washes of 0.1 X SSC, 0.1 % SDS al 500 C (20 X SSC 

is 3 M NaCI/0.3 M Na citrate). The damp membranes were 

exposed to X-OMAT film at -700 C and developed using an 

automatic X -0 MA T fil m processor. 

As soon as possible after exposure, the damp membranes 

were stripped of the hybridized probe by boiling in 0.1 X SSC/ 2('0 
SDS for 20 minutes. The stripped membranes were exposed to X

OMAT film for a week to verify that the membranes were free of 

radioactive probe. Stripped filters were th en rinsed in 2 X SSC, 

air-dried, and stored as previously described for re-use in 
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further experiments. Membranes may be stripped and re-used 

twice without losing significant amounts of bound DNA. 

3.6: Quantitation; 

Each membrane contained genes at 2.5 ng per slot, 25 ng 

per slot and 250 ng per slot. Densitometry using an LKB Ultroscan 

XL laser densitometer was performed on the 250 ng slots, which 

were the c1earest, and the area under each peak was noted. An 

example of a densitometric scan of an autoradiograph is provided 

in Figure 4. Calculations were as follows; the corrected area (area 

generated by each gene minus the area generated by the 

negative control background vector; either PGEM4Z or PBR322) 

was divided by the corrected area obtained for GAPDH to give an 

intensity value. The intensity of each gene is therefore expressed 

relative to GAPDH. When comparing gene expression of affected 

tissue or cells to unaffected counterparts, affected values are 

dcscribed as fold increase or decrease of the normal expression 
value of that gene . 
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Figure 4: An ex ample of a densitometric scan 

Densitometry data (Panel A) was generatcd from a lincar 

scan of the autoradiograph in Panel B. The autoradiograph uscd 

affected transgenic heart cDNA probe hybridizcd to membrane

bound DNA sequences. Exposed areas and thcir corrcsponding 

densitometric peaks are identified as follows: Peak 1: PYLT, 2: 

jnt-l, 3: junD, 4: c-jun, 5: c-myc, 6: ECR-I, 7: c-fos, 8: v-rar. 

Note that peak 1 corresponds to the transgene PYLT, which 

IS expressed in transgenic hearts. Peak 6 corresponds to EGR-I, a 

gene detected in at abnormally high levels in ail stages of PYLT

induced hypertrophy. junD (peak 3), c-jun (peak 4), and c-fos 

(peak 7) are also expressed at high levels in this particular hearl. 

34 



• 

• 

• 

A 

l' 
' . ~.2~·J . 
J 

, 
1 

, 

" ,. 
, 

c, 

~ 
c 

'" ,. 
0 
II 
'1 , 
'" 
'" I~ 

''> 
D 

B 

: Id to~2"d14.d{1f ---- --------------------~nm' YL 12:-n- :!Aù9-T9~~ 15:!.1Î:~, 
• fit! 9' t'ur,d. _____ _ 

1 2 3 

t 
4 

:5 
1 

5 

4 
1 

6 7 8 

• f 

6 
1 

Figure 4: An Example of 

a Densitometric Scan 



• 

CHAPTER FOUR 

• RESULTS 

• 



• 

• 

• 

Coordination of expression of many genes is necessary 
during cellular proliferation, development, and differentiation. 

We have examined gene expression 10 two models of 

development and differentiation. Cardiac hypertrophy in PVL T
transgenic mice represents a model of abnormal growth and 

development. Skeletal muscle myoblast fusion is a model of 

normal proliferation and differentiation. It has been shown that 
artificially induced cardiac hypertrophy (Lompre et al, 1991) and 

myoblast fusion (Leibovitch et aL, 1986) result in altered gene 

expression. Due to these reports, we hypothesized; 

1) PVL T -induced cardiac hypertrophy would result in detectable 

changes in gene expression, 

2) Exposure of G7, GS, and C2C12 skeletal myoblasts to chemicals 
known to affect proliferation and differentiation such as retinoic 

acid, dimethyl sulfoxide and transforming growth factor B, should 

cause appreciable differences in gene expression. 

ln order to test these hypotheses, a screen of gene 

expression was performed with the slot blot technique described 

in the methods section (Chapter 3, Figure 1). Figure 2 shows a Iist 

of ail genes screened by this assay. Data is presented separately 

for the ~ransgenic hearts and the myoblasts. 

4.1: PV L T· Transgen ic mouse hearts 

35 

4.1.1: Macro and Microscopie appearance of cardiac 
tissue 

Expression of the PVL T transgene in cardiomyocytes caused 

a hypertrophy of 1.5 - 5 fold (Figure 5). The increase in cardiac 

mass was caused by cardiomyocyte hypertrophy, rather than 

hyperplasia (Chalifour et al., 1990). Figures 6 to 9 illustrate 

histological changes in PVL T -transgenic hearts as the pathology 
progresses. 
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Figure 5: Comparison of heart size between a non-transgenie and 

an affected PVLT transgenic mouse. 

Panel A: Opened chest cavity showing the position of the 

organs of the ehest and upper abdomen of an age

matched non-transgenie mouse. The white arrow 

points to the heart. 

Panel B: Opened chest cavity of an affeeted PVLT transgenic 

mou se. Note the large size of the heart and the dis

tortion of the ehest eavity into the upper abdomen. 

Panel C: Comparison of excised hearts. Left; excised heart 

from affected animal from panel B. Right; exeised 

heart from non-transgenic animal from panel A. The 

seale is in centimeters . 
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Figure 5: Comparison of Heart Size Between a Non-transgenic 
and an Affected PVL T Transgenic Mouse. 
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Figure 6 depicts the histology of a nornutl non-transgenic 

mouse heart of approximately 150 mg. Note th~lt the heart is 

composed of both cardiomyocytes and non-muscle cells 

(interstitial cells, endothelium. etc.). Cardiomyocytes are linger 

than the interstitial cells. a fact easily visualized by compiuing 

their nuclei and cytoplasm as indicated 111 figure 6 panel B. 

Figure 7 shows the histology of an affected PV L T -transgcnic 

heart tissue at an early stage of hypertrophy. Although heart 

weight has increased to 244 mg, cardiomyocytes do not appcar 

significantly larger than those of the normal heart in figure 6. 

A heart weight of 457 mg ts considered to be 

representati ve of mid-stage hypertrophy (figure 8 ). The 

cardiomyocytes are noticeably larger than normal (compare 

figure 8 panel B to figure 6 panel B). Many but not ail 

cardiomyocytes are enlarged at this stage. This indicates 

heterogeneity of hypertrophy at a cellular level. 

Histology of late stage hypertrophy is illustrated by a heart 

weighing 728 mg (figure 9). Note the vary large, densely staining 

cardiomyocyte nuclei. This heart displays a histology very 

different from the normal non-transgenic sample. Il is intercsting 

to note that the disease progression does not correlate weil with 

age, nor with transgene dosage. Homozygotes and heterozygotes 

for the transgene develop equally severe pathology. We 

wondered if a change in gene expression accompani~d the 

histological differences observed during pathology dcvelopmcnt 

in PVL T -trangenic hearts 

37 



• 

• 

• 

Figure 6: Histological appearance of normal non-transgenic heart 

Hematoxylin and eosin stammg of normal 119 day old 
mouse heart (150 mg). 

Panel A: 100 X magnification 

Panel B: 200 X magnification 
Arrow denotes cardiomyocyte nuclei, arrowhead 
denotes interstitial cell nuclei. 
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Figure 6: Histological Appearance of 

Normal Non-transgenic IIeart 
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Figure 7: Histological appearance of transgenic early stage 
hypertrophied heart 

Hematoxylin and eosin staining of small (244 mg) early 
stage hypertrophied heart from an 82 day old mouse. 

Panel A: 100 X magnification 

Panel B: 200 X magnification 
Arrow denotes cardiomyocyte nuclei, arrowhead 
denotes interstitial cell nuclei. 
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Figure 

• 
7: Histological Appearance 

Transgenic Heart in an 
Stage of Hypertrophy 

of 
Early 
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Figure 8: Histological appearance of transgenic mid-stage 
hypertrophied heart 

Hematoxylin and eosin stammg of medium-sized (457mg) 
hypertrophied heart from a 170 day old mouse . 

Panel A: 100 X magnification 

Panel B: 200 X magnification 

Arrow den otes cardiomyocyte nuclei, arrowhead 
denotes interstitial cell nuclei. Presence of enlarged 

cardiomyocytes is more noticeable than in normal or 
small stage hypertrophy . 
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Figure 8: Histological Appearance of a 

Transgenic Heart at an Intermediate 
Stage of Hypertrophy 
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Figure 9: Histological appearance of transgenic late stage 
hypertrophied heart 

Hematoxylin and eosin staining of large (728mg) 
hypertrophied heart from a 147 day old mou se. 

Panel A: 100 X magnification 

Panel B: 200 X magnification 
Arrow denotes cardiomyocyte nuclei, arrowhead 
den otes interstitial cell nuclei. Note that enlarged 
cardiomyocytes predominate. 
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Figure 9: Histological Appearance 

Transgenic Heart at a Late 
of Hypertrophy 

of a 
Stage 
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4.1.2: Alterations in gene expression d uring hypertrophy 

Using a technique useful for screening patterns of gene 
expression (Chalifour et al, submitted), we compared proto

oncogene, stress protein, and growth factor mRNA levels in 
normal heart (mass = 240 g) versus three affected transgenic 
hearts (mass = 323 g, 556 g, 666 g) representative of each stage. 
Figure 10 illustrates the difference of hybridization intensities 

between normal and affected hearts. RNA from a normal non
transgenic heart is di splayed on the left of the figure and the 

pattern from RNA of a late stage hypertrophied heart is shown to 
the right. Included on each membrane was a representative 

plasmid vector pBR322 to allow subtraction of cross
hybridization to vector rather than insert sequences 10 

calculations. Each membrane also contained the house-keeping 
gene glyceraldehyde phospho-dehydrogenase (GAPDH), which 
served as a baseline in calculations. 

Table 1 respresents the quantitation and organization of 
intensities generated by transge.lic and non-transgenic hearts. 

Altered gene expression in PVL T trangenic heart was classified 
by three hypertrophy stages; early (minimal hypertrophy), 

middle (mid-sized hypertrophy) and late (extreme hypertrophy). 

Early stage hypertrophy; 
Similar to the results of pressure overload, increased c-ju n, 

c-mye, EOR-l, and Ha-ras expression were detected as weil as 

that of TOFB. junD and c-fos expression are ahered during both 

early and mid stages, but are expressed at normal levels in the 

late stage heart. junD and c-fos are therefore required beyond the 
initial remodelling stage of hypertrophy. 

Mid-stage hypertrophy 
HSP 70 and 27, IGF-l, p53 and c-neu were expres1ed only 

in mid-stage hypdrophied heart. 
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Figure 10: Siot Blot hybridization intensities of genes of interest 

in normal and affected transgenic hearts. 

Siot blots were prepared as described in matcrials • .od 

methods. Three increasing amounts of DNA encoding each gcnc 

were applied to the membrane; 2.5 ng, 25 ng, 4tnd 250 ng. The 

membranes were hybridized with labclled cDNA probe. washcd 
and exposed to X-ray film. Densitometry of the exposcd areas of 

the film permitted evaluation of the intensity of expression of 

each gene. The figure is arranged such that the gene of intcrest at 

the left of the table is accompanied by a reprcsenlativc slOl blot 

of both a normal and a transgenic hybridization expcrirncnt. 
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Figure 10: Slot Blot Hybridization intensities 
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Table 1: Gene expression changes In small, mid-sized and large 

transgenic hearts. 

The table includes data generated from 4 normal, and a 

representative small, mid-size and large transgen ic hearls. Their 

weight in milligrams can be found directly below the sample. The 

genes of interest are found to the left of the table followed by the 

intensity of expression in normal heart (average value +/
standard deviation of ail normal hearts), and data gencratcd by 

transgenic hearts. The trangenic heart data is recorded as fold 

increase or decrease (indicated by up or down arrows) of the 

normal intensity value. Insignificant deviation from the normal 

intensity value is shown as "N" . 
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Table 1: Gene expression changes in small, m;d-sized and large 
transgenic hearts 

Transgenic Hearts 
Normal Small Mid-size Large 

size (mg) 240±25 

continuously altered 
EGR-l 0 

Altered early stages only 
c-jun 1.5±1.3 
c-myc O.8±1 
TGF-B O.06±1 
Ha-ras O.56±O.4 

323 

60t 

18.4t 
2.6t 
4t 
5t 

Altered early and mid-stage 
junD O.135±O.16 138t 
c-fos O.53±1 

Altered mid-stage only 
HSP 70 0.35±0.5 
HSP 27 O.23±O.24 
IGF-l 
p53 
c-neu 

O.4±1.2 
1.06±0.4 
O.53±O.3 

25t 

N 
N 
N 
N 
N 

Altered mid-stage and late-stage 
HSP 90 4.3±1.2 N 
TGF-a 0 0 
Ki-ras 
PCNA 

O.64±O.3 
4±3.1 

Altered late-stage only 
junB 2.5±2 

Unaltered at any time 
abl, Rb, IGF-2, erbA 

N 
o 

N 

556 

7.3-10t 

N 
N 
N 
N 

7t 
4t 

22t 
7t 
2t 
6t 
lOt 

o 
o 
25l 
o 

N .-

666 

5t 

N 
N 
N 
N 

N 
N 

N 
N 
N 
N 
N 

20J. 
0.27t 
2.5l 
33.&. 

IO.&. 
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Late stage hypertrophy 
HSP 90, Ki-ras, Proliferating Cell Nuclear Antigen (PCNA) 

and ju nB ail showed lower than normal expression in late stage 
hearts. TOFa showed only a very slight decrease in expression. 

Expression of ail other genes analyzed were not detectably 

altered from non-transgenic values, thus transcriptionally, the 

late stage hypertrophied heart was not radically different from " 

non-transgenic unaffected heart. 

PCNA was decreased uniformly throughout hypertrophy. It 

was not detectable by the screening method except at very low 

levels in the late stage heart. 

Summary 
PVL T-induced hypertrophy resulted ln gene expression 

changes. Interestingly, it is possible to associate lhesc changes 

with stages of pathology. Genes with expression moditïed during 

early stages of pathology are mainly transcription factors. Later 

stages of disease include alterations in the expression of growth 

control or stress management genes. Examination of more 

samples may further substantiate a possible time course of 

transcriptional changes during PVL T -induced hypertrophy. 
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4.2: Myoblast ce)) Iines treated with RA, DMSO, and TG.'" 

Previous experiments with RA, DMSO and TOFB suggcst that 

they induce muscle phenotypes. Treatment of embryonal 

carcinoma cells with DMSO induced differentiation into both 

cardiac and skeletal phenotypes (McBurney et al., 1982). Retinoic 

acid plays a major role in many developmcntal systems including 

muscle (Halevy et al., 1993). Treatment of cardiac fibroblasts 

with TGFB resuIted in a striated muscle phenotype (Eghbali et aL, 
1991). Addition of TGm to L6E9 rat skeletal myoblasts in mitogen 

rich medium causes terminal differentiation into myotubes 

(Zentella and Massague, 1992) 
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These experiments prompted investigation of the effects of 

these inducers on an in vitro muscle development system. 

Established cell tines of murine embryonic skeletal muscle origin; 

07 and 08, and murine adult skeletal muscle origin; C2C 12, were 

treated with the above inducers (AI Mustapha et al, submitted). 

105 cells were incubated for four days with or without inducer 

(DMSO, TOFB], RA). After this period, cells were analyzed to 

determine the effects of the inducers on cellular proliferation, 

myolube formation and gene expression. 

4.2.1: Morphology of treated and untreated cells 

Incubation with 1 % dimethyl sulfoxide (DMSO) had a slight 

inhibitive effect on proliferation and myotube production in 07, 
08 or C2C 12 cells, whereas higher concentrations (2 - 5%) were 

lethal. TOFB mildly increased cellular proliferation in ail three 

myoblast lines with a concomitant small decrease in their ability 

to differentiate and form myotubes. Retinoic acid (RA), at 10-4 to 

10-7 M slightly increased the percentage of cells able to form 

myotubes in the 07 and 08 Iines, but myotube formation was 

increased four-fold in RA-treated C2C12 cells. These effects are 

summarized in Table 2. 

Figures 11 and 12 depict the appearance of these myoblasts 

m culture. Figure 11 is composed of three photographs of 08 cells. 

Panel A shows a non-confluent culture of proliferating 08 
myoblasts. Depletion of serum in the media causes fusion into 

myotubes depicted in panel B. Treatment of 08 cells with RA and 

TOFB had liule or no effect on myotube induction. Both chemicals 

resuIted in morphology similar to that shown in panel A. DMSO at 

1 % inhibited 08 proliferation (panel C) resulting in sparse cell 

populations. 07 myoblasts reacted similarly to 08 cells upon 

exposure to the inducers, therefore 07 photographs are not 
shown . 
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Table 2: Compilation of the effects of dimethyl sulfoxide (DMSO), 
transforming growth factor-B (TGFB), or retinoic acid (RA) 
on 07, 08, and C2C12 myoblast cell lines . 
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Table 2: Effects of DMSO, TGF& and RA on G7, G8 and C2C12 myoblast celllines 

cell type DMSO TGF& RA 

- slight inhibition - slight increase no visible effect 
G7 of proliferation, in proliferation, on myotube 

- decreased myotube - decreased myotube formation 
formation formation 

- slight inhibition - slight increase no visible effect 
G8 of proliferation, in proliferation, onmyotube 

- decreased myotube - decreased myotube formation 
formation formation 

- 4-fold increase in 
C2C12 - slight inhibition - slight increase myotube number 

of proliferation, in proliferation, - myotubes are larger, 
- decreased myotube - decreased myotube contain more nuclei and 

formation formation appear 2 days earlier 
than controls 
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Figure Il: 08 myoblast and myotube morphology 

Panel A: Proliferating 08 myoblasts in 10% serum 

Magnification = 200X 

Panel B: Terminal differentiation of cell into myotubes 

caused by removal of serum. Arrow indicatcs a 

myotube. Magnification = 200 X 

Panel C: DMSO treatment of 08 myoblasts causes inhibition 

of proliferation. Spherical particles are dcad 

cells. Maginification = 200X 
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Figure 12 contains photographs of C2C12 cells. Panel A 

depicts C2C12 myoblasts approaching confluence. Serum 

depletion resulted in fusion of the myoblasts into myotubes 

(Figure 12, panel B). The arrow in this panel indicates il normal 

C2C12 myotube. Note that C2C12 myotubes are larger than G8 

myotubes (compare figure Il, panel B to Figure 12. panel B). 

Treatment with TGFB and DMSO had similar effccts on 

C2C12 cells as on 07 and OSs, therefore data is not shown. 

Incubation of C2C12 cells with RA, however causcd early 

induction of larger, myotubes, containing a greater number of 

nuclei (Figure 12, panel C). The arrow in this panel indicatcs a 

giant myotube caused by RA treatment. 
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Figure 12: C2C 12 myoblast and myotube morphology 

Panel A: A confluent culture of C2C12 myoblasts. 

Magnification = 200X 

Panel B: Deprivation of serum results in fusion of myoblasts 

into myotubes. Arrow indicates a myotube. 

Magnification = 200 X 

Panel C: Treatment of C2C12 myoblasts with retinoic acid 

resul ts in accelerated and more pronounced 

myotobe formation. Arrow indicates large 

myotube. Tubes form two days earlier than in 

untreated cultures, contain greater numbers of 

nuclei and are larger overall (compare myotube 

size in panel B to panel C). 

Magnification = 200X 
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4.2.2: Inducer effects on muscle cell transcription profile 

G7 transcription profile (Table 3) 
RA-treated 07 cells showed a decrease in expression of 

proliferation-associated genes c-mye (6-fold) and c-jun. (2-fold). 
Significant transcriptional changes were not observed upon 
DMSO-treatment of these cells. A screen of gene expression of 
TOFB-treated 07 cells showed that only the myf5 muscle 
regulatory factor (MRF) was appreciably affected, its expression 
decreasing 2.5-fold. The expression of another MRF, myoD was 
found to be unaltered. PCR analysis of myf-6 expression in RA
treatcd cells by Sheida Bonyadi in our laboratory found that 
expression was not altered in neither untreated control 07 cells, 
or in RA-treated 07 cells (data not shown). 

G8 transcription profile (Table 4) 

Transcriptionally, RA-treated G8 cells showed expression of 
an actin increased from undetectable in untreated 08 cell s, as 
weil as a 2.2-fold increase of c-myc expression. Vpon screening 
the mRNA present in DMSO-treated G8 cells, it was found that 
actin leve s were increased from zero as was the transcription of 
junD. Gene expression of TOFB-treated 08 cells, demonstrated 

increased actin levels as weil as both c-jun (2.75-fold) and junD 
(increased from 0). 

C2C 12 transcription profile (Table 5) 

The screening procedure detecteo ~ncreases ln the 
expression of p53 (4.6-fold), hsp 27, (3-foll.i' ~nJ t!rbA (6.3-fold) 
in RA-treated C2C12 cells. Vpon exposure tu ')MSO C2C12 cells 
illcreased expression of p53 (24-fold), Ki-ras ~22-fold), c-neu (19-
fold), ,1Ild hsp 27 (ll-fold). Changes in gene expression of TOFB
treated C2C 12 cells were unremarkable except that of v-erbA 
which increased 30-fold. 
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Table 3: Alteration of gene expression in untreated 
control G7 cells and G7 cells exposed to RA, 
DMSO, and TGF8. 

The genes Iisted in the lar left hand column showed 

significant alteration of expression following treatment with RA, 

DMSO, or TGFB. The level of expression of thcsc genes in control 

untreated G7 cells are listed in the next column. The upper value 

represents the mean of three separate expcriments and below. in 

parentheses is the range of expression of the thrcc samples from 

lowest to highest. Levels of expression from G7 cclls tre'lted wilh 

RA, DMSQ, or TGFB are organized as follows; The mean of threc 

experiments is shown, followed III parenthcses by the fold 

increase (indicated by an up arrow) or decreasc (down arrow) 

from the conrol mean. The range of expression l'rom lowest lo 

highest is provided below the mean in parentheses. A leHcr "N" 

means thal the expression did not differ significantly from thc 

control value. A significant difference is recognized if the mcan of 

the three treated sample falls outside the range of the control 

values . 
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Table 3: Gene expression in treated and untreated G7 myoblasts 

gene G7 G7 + RA G7 + DMSO G7 + TGFB 
mean mean (fold i q mean (fold i q mean (fold i q 

(low -+ high) (low -+ high) (low -+ high) (low -+ high) 
myoD 1. 25 N N 0.52 (2.4.1.) 

(0.66 -+ 1.59) (0.22 -+ 0.88) 

c-myc 0.84 0.15 ( 6l) N N 
(0.25 -+ 1.44) (0.05 -+ 0.24) 

c-jun 2.92 1. 66 (2t) N N 
(2.4 -+ 3.37) (1.37 -+ 1.96) 
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Table 4: Alteration of gene expression in untreated 
control G8 cells and G8 cells exposed to RA, 
DMSO, and TGF6. 

The table is organized as described in the legend to table 3. 

RA treatment of G8 cells resulted in an increase in expression of 

skeletal aetin and e- mye. Treatrnent with DMSO resultcd in 

elevated expression of both cardiac and skeletal actin as weil as 

junD. DN A encoding both the cardiae and skeletal aclin isoforms 

included the last exon, an area of extensively shared homology. 

The actin data is therefore not specifie, and should be regardcd as 

total actin. Exposure to TGFB caused an increase in aClin, c-jUtl 

and junD expression 
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Table 4: Gene expression in treated and untreated G8 myoblasts 

gene G8 G8 + RA G8 + DMSO Ga + TGFB 
rnean rnean (fold t l) mean (fold t q mean (fold t l) 

(low -+ high) (low -+ high) (low -+ high) (low -+ high) 

c actin 0 N 0.77 0.72 
(0.14 -+ 1.26) (0.46 -+ 1.206) 

sk actin 0 0.65 1. 37 1.49 
(0.49 -+ 0.7B) (1.15 ~ 1.6) (1.03 ~ 1.85 

c-myc 0.93 2.02 (2t) N N 
(0.68 -+ 1.11) (1.26 -+ 3.55) 

c-jun 0.89 N N 2.45 (3 t) 
(0.87 -+ 1.2) (1.19 -+ 4.79) 

jun D 0 N 0.52 0.15 
(0.024 -+ 1.29) (0 -+ 0.3) 
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Table 5: Alteration of gene expression in untreatcd 
control C2C12 cells and C2C12 cells cxposcd to 

RA, DMSO, and TGFR. 

The table is organized as described in the legend lo table 3. 

RA treatment of C2C12 cells resulted in increased expression of 

p53, hsp 27 and v-erbA, white decreasing expression of an aClin. 

Exposure of C2C12 myoblasts to DMSO increased expression of Ki
ras, p53, c-neu and hsp 27. TOFS trealment caused increased 

expression of v-erbA . 
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Table 5: Gene expression in treated and untreated C2C12 rnyoblasts 

gene C2C12 C2C12 + RA C2C12 + DMSO C2C12 + TGFB 
mean mean (fold t q mean (fold t q mean (fold t !) 

(low -+ high) (low -+ high) (low .... high) (low .... high) 

c actin 0.95 0.16 (6q N N 
(0.28 -+2.24) (0 -+ 0.31) 

Ki-ras 0.11 N 2.41 (22t) N 
(0 -+ 0.44) (2.3 -+ 2.5) 

p53 0.16 0.74 ( 5 t ) 3.88 (24t) N 
(0 .... 0.31) (0.39 -+ 1.1) (1.1 -+ 6.66) 

c-neu 0.2 N 3.92 ( 191) N 
(0 .... 0.33) (1.1 -+ 6.82) 

hsp 27 0.48 1. 41 (3t) 5.54 (11 t) N 
(0.02 -+1.16) (1.13 -+ 1.67) (1. 69 .... 9.34 

v-erbA 0.14 0.89 (6 t ) N 4.25 (30t) 
(0 -+ 0.55) (0.69 -+ 1.08) (1.03 -+ 9.44) 
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4.2.3; Effects on gene expression in G7, G8 and C2C 12 
myoblast cell Iines arranged by induccr 

The data may also be grouped by inducer to analyze the 

overall effeet of each chemieal on the myoblast tines. Gene 

expression altered in ail treated samples, and lwo out of lhree 

treated samples have been included. These data are compiled in 

Tables 6 - 8. 

Effccts of TGF8 on gcne expression (Table 6) 

Changes in gene expression mediated by TOH3 was analyzed 

in triplicate, or in some cases, duplicate sampJes. The average 

level of expression of a gene was calculatcd l'rom thrce similarly 

treated samples. If this average fell outside the range of the 3 

untreated controls, il was considered significant in 3/3 sampJes 

as indicated by the superscript a. These cases included actin in G8 

ceUs, and verbA in C2C12 cells . 

In sorne cases, only two of the three TGFB-treated sampi es 

fell beyond the range of control sample values. This Jess stringent 

selection indicated alteration on gene expression of c-jUtl, jUtlD, 

and c-neu in TOF-treated G8 cells, myoD, EGR-I, and C-!lCU in 07 

cells, and c-neu, Rb, p53, hsp 27, and g IUl4 (a muscle-specific 

glucose transporter) in C2C 12 cells, in two out of three treated 

samples. 

Effects of DMSO on gene expression (l'able 7) 

Three out of three DMSQ-treated 08 cell samples showed 

increased actin and j U nD expression, whereas two out of thrcc 

showed increased c-mye and e-Jos expression. Two out of three 

DMSO-treated G7 sampi es showed increa~ed skeletal actin and 

EGR-l, and decreased ('-neu expres~ion. Only two sampi es of genc 

expression for c-neu, Ki-ras, p53, and hsp 27 were available in 
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DMSQ-treated C2C12 cells, howt'ver, theses gp,nes demonstrated 
increased expression in both samples. Two out of three DMSQ
treated C2C12 samples showed increased skeletal actin and junD, 
and decreased MCK expression. 

Effects of RA on gene expression (Table 8) 
Ail samples of RA-treated G8 cells showed increased 

skeletal actin and c-myc expression. Ali RA-treated G7 samples 
demonstrated decreased c-fos, c-myc, and c-jun expression, and 
ail RA -treated C2C 12 eells showed deereased eardiae actin and 
8MHC, and increased hsp 27 and v-erbA expression. Two out of 
three RA-treated 08 samples showed increased eardiac aetin, 
8MHC, TOFa, and c-myc expression, while two out of three RA-

treated G7 samples showed deereased myf5 expression. 
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Table 6: Effect of TGF8 in gene espression in G7, GR, and 
C2C12 myoblast cell lines 

Genes ~hown to have differentiated expression are Iistcd in the 

far left column. Their expression was increased (upwards 

pointing arrows) or decreased (downwards pointing arrow), from 

the normal range. Genes whose expressIOn did not diffcr grcatly 
from normal values are indicated by "N" . 

3/3a; gene expression altered in duee out of three samplcs 
examined 

2/3 b ; gene expression altered 10 two out of three samples 

examined 

2/2C; gene expression altered 10 two out of two samplcs 

examined 

Actin, c-neu, c-fos, c-jun, and junD expression incrcascd 10 

TOFB-treated 08 cells, while EOR-I expression was increascd 10 

TOFB - treated G7 cells. c-neu and myoD expression decrcascd 10 

the treated 07 cells. C2C12 cell showed increascd hsp 27, glut 4, 

verbA, and c-neu expression . 
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Table 6: Effects of Transforming Growth Factor B on gene expression 
in G7, G8, and C2C12 myoblasts 

gene Ga cells G7 cells C2C12 cells 

pata 2 t (3/3)a N N 

pZ19 t (313 ) N N 

myoD N .l- (2/3)b N 

myf5 N .l- (3/3) N 

c-myc N .l- (2/2)C N 
1 

c-jun f (3/3) N N 

jun D t (2/3) N N 

EGR 1 N f (2/3) N 

c-neu t (2/3) ~ (2/3) t (2/3) 

p53 N N t (2/3) 

hsp 27 N N f (2/3) 

glut 4 N N f (2/3) 

verbA N N t (3/3) 

• 
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Table 7: Effect of DMSO in gene espression in G7, G8, and 
C2C12 myoblast cell Iines 

Table 7 is arranged as described ln the legend of Table 6. 

Expression of total actin and transcription factors c-myc and c-fos 

was elevated in DMSO-treated 08 cells. DMSO-trcatcd 07 cclls 

demonstrated an increase in EOR-l and a decreasc in skcletal 

actin and c-neu transcription. C2C12 cells showed and increasc in 

expression of hsp 27, Ki-ras, c-neu, junD, and skclctal aClin 

expression upon treatment with DMSO. 
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Table 7: Effects of Dirnethyl Sulfoxide on gene expression in G7, 
G8, and C2C12 myoblasts 

- -- ---------

gene G8 G7 C2C12 

pata 2 t (3/3)8 N N 

pZ19 t (3/3) N N 

LK295 N t (2/3)b t (2/3 ) 

c-myc t (2/3 ) N N 

c-fos t (2/3) N N 

jun D t (3/3) N t (2/3) 

EGR 1 N t (2/3) N 

c-neu N ~ (2/3 ) t (2/2)C 

Ki-ras N N t (2/2) 

pS3 N N t (2/2 ) 

hsp 27 N N t (2/2) 

• 
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Table 8: Effeet of RA in gene csprcssion in G7, GN, and 
C2e 12 myoblast eell lines 

Table 8 is arranged as described JO the legcnd for Tahle 6. 

08 myoblasts treated with RA demonstrated increascd expression 
of total actin, BMHC, TGFa, and c-myc. Trcated G7 cells resulted in 

decreased expression of myf5, and the transcriplion factors <:-fos, 

c-myc, and c-jun. RA-treated C2C12 myoblasls showed decrcased 

expression of aClin and BMHC, and increased expression of hsp 27, 
and verbA . 
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Table 8: Effeet of Retinoie Aeid on gene expression in G7, G8 and 
C2C12 myoblasts 

---------- ------ -- - - ------- --

gene G8 G7 C2C12 

pZ19 i (3/3)" N N 

pata 2 t (2/3)11 N ~ (2/2)-

myf5 N J. (2/3 ) N 

peel i (2/3 ) N i (2/2) 

TGF a i (2/3) N N 

p53 i (2/3 ) N N 

e-fos N J. (2/2 ) N 1 

1 

e-mye i (3/3) J. (2/2) N 

e-Jun N t (2/2 ) N 

hsp 27 N N i (2/2) 

verbA N 'T .' :- (2/2) 

• 
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Summary 

Exposure of myoblast cells Iines to RA, TOFS and DMSO did 

rcsult in changes in gene expression. Morphologically, the three 

myoblast Hnes reacted similarly to the inducers, except in the 
case of RA. In this case, the adult-derived C2C12 myoblast line 

dcmonstrated accelerated differentiation with large.r, more 

nucleated myotubes. G7 and 08 differentiation paths were not 

unusually affeeted hy RA. A general sereen of transcription 
revealed that the cells did not respond similarly to the Jnducers. 

07 cclls seemed to deerease transcription of certain gencs while 

G8 and C2C 12 eells responded by increasing transcription of 

others . 
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The pattern of genes expressed in a tissue or cell 1S 

reflective of its developmental state and environ ment. For 
example. fetal cells, in general, express genes more associated 
with proliferation, and mature non-dividing eells, in general, 

express genes more assoeiated with their differentiated function. 
Cells undergoing phenomena such as differentiation, 

development, or induction by a certain chemical, will alter their 

transcriptional profile in order to transcribe the necessary genes. 

ln this study. the expression profile of two ~ystems undergoing 

change were examined. 

1) Cardiac hypertrophy in murine heart caused by expression of a 
PY L T transgene. 

2) Embryonic and adult skeletal murine myoblasts treated with 

inducers of proliferation and differentiation 

5.1: Gene Expression ln PVL T -transgenic hearts 

Expression of the PVL T transgene in miee caused a cardiac 

hypertrophy (Figure 4). The increase in cardiac mass was caused 

only by an increase in cardiomyocyte size, or hypertrophy, not an 

increase in cell number. Thus, even during this cardiac pathology, 

anti-proliferative control was maintained. As the phenotype 

takes several months to develop, and as hypertrophy was evident 

before pathological symptoms were observed, il is unlikely that 

PVL T alone was responsible for the hypertrophy. We 

hypothesized that the effect of PVL T was to affect expression of 

other cellular genes, possibly those responsible for growth control 

such as proto-oncogenes and growth factors. Findings from other 

hypertrophy models (reviewed in the introduction, pages 12 -

17) suggest that the pattern of gene expression in pressure 

overloaded heart, but not thyroid hormone-treated heart, 

rescrnbled that of proliferating fetal cardiomyocytes. The 

reversion to a fetal type of gene expression may be necessary to 

allow cardiomyocytes to return to a rapid synthetic state, 

permitti ng hypertrophy. In the rat hemodynamic overload model, 

after 2 weeks. the hypertrophy stabilized and the expression of 
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sorne genes such as a. skeletal actin. ('-fos. and c-11Iye. wcrc back 

at normal levels. suggesting that continued expression of thrsc 

genes were no longer required once the heart reachcd its new 

Slze. 

We wondered if PVLT -induced hypertrophy would be more 

similar to pressure overload hypertrophy, cvidcnccd by the re

expression of proliferative genes, or thyroid hormonc-indllced 

hypertrophy, whieh does not involve thcir re-expression. 

AItered gene expression in PYL T transgcnic hcart was 

classified by three hypertrophy '\tages, carly, middlc and late. 

with corresponding gene expression changes compilcd in table 1. 

Early stage hypertrophy incIudes hearts of 200 - 350 mg weight. 

Minimal histological change is observed in carly stage hcarts. 

Mid-stage hypertrophy ineludes hearts of 350 - 500 mg wcight 

with sorne enlarged cells present. Late stage hypertrophy 

includes hearts of 500 mg weight or greatcr with high nlllllhers 

of enlarged cardiomyoeytes. 

5.1.1: G cne Expression d uring carly stage hypertrophy 

62 

Increase in EGR-I expression was greatcst in the smallest 

heart, and decreased as the heart enlargcd. EGR-I (also known as 

Krox 24, TIS8, NGFI-A or zif-268) stimulates expression of BMIIC 

in vitro (Gupta et al., 1991). BMHC is the l'etai isoform absent in 

normal heart, but present in eardiac hypertrophy models. Thesc 

faets argue that EGR-l has a possible role in induction of t'etai 

isoforms of muscle-specifie proteins in the adapti ve respollse to 

hypertrophy. EGR-I expression was elevated in ail stages of 

PYL T -indueed hypertrophy suggesting that its presence 1 S 

neeessary not only for initiation, but aho maintenance of the 

hypertrophy gene expression pattern. 

TGFB is involved in wound repair (Sporn and Robert"i, 1992) 

and embryonic formation of the heart (Akhur\t et al., 1990). 
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Other stud ies have demonstrated a transcriptional response of 

TGFB to cardiac hypertrophy (Villareal and Dillman, 1992). It is 

found in a latent form in cardiomyocytes, in prime position to 

direct heart repair due to abnormal cardiac growth or tissue 

damage. Its expre~~ion in early stages of hypertrophy may direct 

activities involved in tissue remodelling. 

e-mye belongs to a family of short-lived DNA-binding 

nuclcar phospho-proteins (Meek and Street. 1992). Many cancers 

show evidence of genetic alteration of tbis locus usually leading 

to constitutive high levels of e-mye expression. e-mye is one of 

the gencs to be rapidly induced upon treatment of quiescent cells 

with mitogens. Presumably, c-mye serves a function in growing 

cells not required by their quiescent counterparts. Over

expression of e-mye can replace requirement for PDGF in cell 

culture (Armelin et aL, 1984). Thus, e-mye may function within a 

signalling pa hway, or further downstream as a transactivator of 

transcripti 011. 

Elcv <.tted c - my c expreSSIOn d uring the early stages of 

hypertrophy may indicate a switch of the cardiomyocyte from 

quiescence in to a more dynamic state. AIthough usually 

associated wi th proliferation, c-myc may prepare the 

cardiomyocyte for increased growth. 

The products of c-fos and jun genes form homodimer and 

hctcrodimer AP-I transcriptional regulators. The presence of 

multiple c-jun-related genes such as junB and junD allow a 

variety of possible heterodimers (Abate and Curran, 1990). The 

three jun proteins are almost identical at the C-terminal region 

necessary for dimerization and DNA binding, however, their N

termllll, respJl1sible for transcnptional activation, diverge. c-jun 

and jun B ure considered to be "immediate early" genes, activated 

dircctly following stimulation to proliferate, but junD is only 

weakly activatcd (Castellazzi et al, 1991). In resting cells, junD 

expression was found to be higher than c-jun or junB (Ryder et 
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aL, 1989). junO, junB, and c-jun have different target gcnes • 

therefore preferential expression of one jun species over another 

will result in specifie activation of certain gencs. 

Normal heart appears to express primarily C-Jli1l and .ÎunB 

transcripts, with a smaller amount of ju nO, thus c-fos/c-jun and 

c-fos/junB heterodimers predominate eompared to c-fos/junD 

heterodimers. PVL T -hypertroph ied heart has increascd mR NA 

levels of c-jun and junD with decreased junB in later stages. 

Affected hearts would then contain more c-fos/c-jun and c

fos/junD heterodimers in earlier stage hypertrophy and less than 

the normal numbers of c-fos/junB heterodimers in lalc stage 

hypertroph y. 

junO and c-fos expressIon are altered during both carly and 

mid stages, but are expressed at normal levels in the lale stage 

heart. These genes are may not be required beyond the initial 

remodelling stage of hypertrophy . 

5.1.2: Gene expression d uring mid-stage hypcrtrophy 

HSP 70 and 27. IOF-I. p53 and c-neu transcripls were 

detected exclusively in the mid-stage heart. Heat shock genes arc 

activated in response to stress and are thought to be involvcd in 

the repair of damaged tissue (Bienz and Pelham, 1987) Dclcayre 

et al. (1988) noticed an increase in the expression of IISP 70 

following hemodynamic overload. Heat shock promoter rcgions 

are also sensitive to c-fos and c-myc (Kingston ct aL, 1984). and 

both genes are incieased in early and middle stages. The function 

of HSPs in the heart. however. is unknown. 

c-neu and IOF-l expression was increased ln PYLT -induccd 

cardiac hypertrophy. IGF-I (or insul in-like growth factor-I) is 

found in normal heart (Long et al., 1990), and showed incrcased 

expression in a model of skeletal muscle hypeHrophy (Turner ct 

aL, 1988). Expression of IGF-I is regulated by growth hormone 
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(Mathews et aL, 1986), and GH has been shown to cause cardiac 

hypertrophy (Penny, et aL, 1985). In the normal rat heart 

examined by Mathews et aL, (1986), exposure 10 increased levels 

of growth hormone only minimally increased IGF-l expression. In 

the PYLT -induced hypertrophy, this pathway may be activated 

10 a grcater degree due to the abnormal growth situation, or IGF-

1 expression may be induced by other factors not identified by 

the assay. 

C-Neu or erbB-2 is member of the Epidermal Growth Factor 

receptor family (Slamon et al., 1989). C-Neu is a transmembrane 

protein with an intracellular region containing a tyrosine kinase 

domain. Despite its similarity to the EGF receptor, il has been 

demonstrated that C-Neu does not bind EGF, thus appearing to be 

a receptor for a yet unidentified ligand (Bargmann et al., 1986). 

Amplification of c- ne u has been detected in breast carcinoma 

and other tumors (Naber et al., 1990), and is therefore associated 

with abnormal growth conditions. The C-Neu receptor may be 

associated with the atypical growth of the cardiomyocytes. 

P53 is a nuclear DNA-binding phospho-protein with anti

proliferative and transcription factor properties (Montenarh, M., 

1992). Its presence in mid-sized hearts may play a role in 

maintaining the proliferation-arrested state of the 

cardiomyocytes, counteracting the activities of proliferation

associated genes found to be over-expressed during cardiac 

hypertrophy. Interestingly, another anti-proliferative protein Rb, 

does not show elevated levels of expression. Rb is either not 

involved in growth arrest of the se cardiomyocytes, or is not 

present in detectable levels. 

5.1.3: Gene expression during late stage hypertrophy 

Expression of HSP 90. Ki-ras, Proliferating Cell Nuclear 

Antigen (PCNA) and junB was detected at decreased levels in late 
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stage hearts. TGFa showed only a very slight dccreasc in 

expression. 

The decreased expressIOn of PCNA (a gene involvcd in 
proliferation) is not surprising in late stage hypcrtrophicd 1lC..~arl. 

A decrease in junB with normal levels of l'-JUil and IUf/D would 
favor the expression of C-JUIl and JUil D targeted gCllcs ovcr jll11 /J 

targeted genes as was hypothesized in the carly ~tagc hearl. 
Which genes are targeted by which jun spccies is as yct 
unknown. 

HSP 70 and 27 were increased in the mid stage and IISi> <JO 
IS decreased in late stage, suggesting that thcse heat shock 

proteins have differing activities in stressed hcart. Increascd 
expression of genes involved in the stress responsc dllring the 
early stages suggest that more remodelling IS occurring, with an 
incl~ased need for damage repai r. Later stages do not have 
abnormal levels of these stress proteins, sugge~ting that late 
stage hypertrophied hearts have adjusted and have a fairly 
stable phenotype. 

5.1.4: Summary 
The majority of the molecular remodelling of the PVLT

hypertropied heart takes place in the carly and middlc stages of 
phenotype development. The pT! mary gen<::s in vol ved arc 
transcription factors (EGR-I, c-fos, c-mye, e-JUIl, jUIl/). The 
preponderance of altered transcription factor expression may 

indicate the activation of a new pattern of muscle-specifie and 
non-muscle genes necessary to dcal with the ongoing 
hypertrophy. Genes found to be affected during later 'Itages arc 
involved with repair and stress management (IISP 70, IISP 90, 
HSP 27, IGF-I) or are necessary to maintain the proliferation 
arrested state (pS3). Most genes are rc-exprcssed at normal or 

near-normal lcvels again in the late stage hypertrophied hcart, 

indicating that the phenotype has stabilized and no longer 
requires the presence of transcripts involved in active tissue 
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remodelling. Early stage hypertrophy resembles the chronic 

pressurc-i nduced hemodynamic overload model with elevated 

expre~sion of proliferative genes. The 'iimilarity subsides as 

pathology progrcsse~ to later stages. A greater number of 

affeeted hearts must be analyzed in order to make direct 

conclusions about the gene expression in PVLT-induced cardiac 

hypertrophy. Limitations of the sueening system do exist and 

will be diseussed later in this chapter. 
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5.2: Effccts of indueers of proliferation and differen
tiation RA, DMSO, and TGFR on gene expression in G7, G8 
and C2C] 2 myoblasts 

Tables 3, 4, and 5 orgamze data of genes with altered 

expression in three out of three samples from inducer-treated 

myoblasts. The tables are arranged by eell line and indicate fold 

inereases or deereases of average control gene expression. Tables 

6, 7, and 8 are arran ged by inducer and include data of 

alterations in gene expression in three out of three, and two out 

of three treated samples. The data indicate how many samples 

increased or decreased gene expression compared to the control 

range. 

5.2.]: Effects of TGF8 on G7, G8 and C2C12 eeUs (Table 6) 

Originally associated with transformation, TGFB IS now 

known to have bath positive and negative effects on cellular 

proliferation and differentiation. lts activity is highly cell-type 

specifie and is modulated by other growth factors present in 

serum (Massague. 1990). 

TGFB binds to three specifie receptors at the cell membrane 

(>250 kDa. 85 kDa, and 65 kDa) through which it is coupled to 

intracellular signalling mechanisms. L6 rat myoblasts do not 

possess the largest (>250 kDa) TGFB receptor found on many 
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other cell types, and it appears that the smaller (85 and 65 k Da) 

receptors mediate activities caused by TGFl\. Binding assays and 

cell counts revealed that approxim.uely 18000 TG FB rcceptors 

were present on each L6 myoblast (Ewton et al. 1988). 

Zentella and Massr,gue (1992) reported induction of L6E9 rat 

skeletal myoblast differentiation upon inclusion of 5 - 50 pM 

TGF61 or TGFB2 in mitoge,nic media (20% l'etai calf serum, 1 ()l',i, 

bovine calf serum). Myotubes appeared within three days of 1'GI<'B 

addition, and were maximal at 6 days. Diffcrcntlation was 

accompanied by an immediate decrease of ('-mye expression, and 

an inclease of myogenin expression and MCK activity. In this 

model, TGFB not only arrested proliferation, but actively induccd 

differentiation and accumulation of muscle specifie prolcins. 

Oison et al. (1986), studied the effeet of TGFB (5 ng/ml) 111 

low serum, fusion-promoting media on C2 skclclal myohlasts. 

Although proliferation was arrested, the presence of TGFB did nol 

allow differentiation, as MCK and aectyleholine rcccptor 

expression, and myotubes were not observed. TGFB eHccls on thc 

expression of genes other than MCK and actylcholine reccptor 

w~~re not examined. 

Our studies show a slight illcrease in proliferation of G8, G7, 

and C2C12 murine myoblasts upon exposure to TGFB (lOng/mI> 

in high serum media. The disparity of these lhree experiments 

reinforces the pleiotropic aspect of TGFB aetivity, and its 

sensitivity to the presence of other factors in serum. 

Effects of TGFR on gene expression in G8 eells rl'able 6) 

Treatment of G8 myoblasts with TGFB caused elevation of 

expression of c-jun (2.75-fold), junD (increased from 0), and 

actin (increased from 0) (numerical data l'rom Tahle 4), in ail 

three samples, as weil as an increase 111 c -fo sand ('-neu 

expression in two out of three samples. 
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Studic\ by Li ct al., (1990) on the effect of TGFB (5 ng/mI) 

on diffcrentiated BC3 Hl smooth muscle cells, described the 

induction of Ji.ln 11 and c-jun mRNA. TGF13 treatment of 

differcntiated cell~ caused an abrupt 2ü-fold increase of jun B, 

and a Jess illllllcdiatc 2.5-fold incrcase in c -jun mRNA. It is 

important tu note that Li and our experiments involve different 

muscle cell types (smooth vs skeletal), developmental stages 

(differcntiatcd vs proliferating), and treatment times (2 hours vs 

4 days). However, in both cases, Jun species were induced, 

thcreforc, a brier aSlde on the characteristic$ of the AP-l 

transcription factor is in order. 

JUil-Fos heterodilllers, or Jun-Jun homodimers form the AP-

transcription factor, which binds to a responsi ve enhancer 

scuquence erRE) and regulates expression of AP-l-responsive 

gencs. ('-Jllll, IllllB and 1 Il nD have similar dimerization and DNA

bindillg capabilities, but differ in thcir activating regions (de 

Groot et al., 1(91). The three jUil specles are differentially 

rcguJated, have diffcrent biological activities, and dimerizt;; in 

various comhinations with thcmselves and Fos to create a variety 

of AP-I dimcrs (Castelazzi et al., 1991). These characteristics allow 

for grcat diversity of transcriptional regulation of AP-l

responslvc gencs. 

Quiescent lïbroblasts stimulated to re-enter the cell cycle 

dcmonstrate rapid and transient activation of c-jun and junB. 
junD is only slightly activated by serum growth factors and IS 

expresscd al a higher levcl in quiescent 3T3 fibroblasts than in 

prolifcrating fibroblasts (Ryder et al., 1989). Thus, junD seems to 

be rcgulatcd differently than l'-juil and Jun8. In co-transfection 

cxpcriments, expresston with c-fos allowed c-j un and j unD 
grcatcr transactivator acti vit y , with j U IlD showi ng a greater 

coopcrativity (17 -fold increased activation activity) compared to 

(-juil (only 4-fold). Since high levels of junB and junD expression 

arc detectcd in non-proliferative tissues such as the brain, both 

factors must activate other target genes in addition to those 
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associated with proliferation (Hirai et al.. 19H9). Particular targl't 

genes for each jun species have not yct Oeen identifled. howl'ver. 

it is known that dimers containing C-JUIl and JunD adlvall' gellcs 

with single TREs in thclr cnhancer/promoter rcgion. whlle dlllll't~ 

containing JunB repress single. but acttvatc gcncs \VIth Il1Ulllpk 

TREs (de Groot et al.. 1(91). 

We detected incrcased expression of ('-.fun and IIIII/) in Ihrl'c 

out of three samples. and c-Jos in two out of thtce ... amples 01 

TOFB-treated 08 cells. Genes containing single TREs III IhclI 

en han c ers s hou 1 d b e .1 c t i vat e d , w 1111 e JUil B -sen ~ IIi v c g e n C s 

controlled by multiple TREs should rcmain unaffcl'Ied in tllesr 

cells. Slight proliferatIon was induccd, thcrcfore ('-/ li 1/ may hl' 

activatin~ sorne of ilS targets involvcd in proliferation. 

Elevated total actin and ('-nCIl expression was al ... o dctectcd 

an sorne TGFB treated 08 cclls. Zentclla and Massagul' (1992) 

noted expression of muscle speclfïc proteins. but only following 

arrest of proliferation. In TOFl.)-trcatcd U8 Cl~lIs. proliferation IS 

slightly boosted, yet we detect elevatcd exprcs ... ion of actin. Il'' 

presence in the proliferating G~ cclls IS not undcrslood. 

c-neu encodes a 185 kDa g!ycoprolcin rclaled to the 

epiderrnal growth factor receptor (EGFR), and is part of Ihe (' ,.hlJ 

family of receplor tyrosine kinases. Ncu oncogene activatIOn I~ 

achieved by either a single point mutation, or gcnc ampllfïcallOri 

or over-expression of the c-neu product (McKcn.l.lc, S . ./., 1(91). 

The c-Neu tyrosine kinase may be involved in the ~Ignalling 

pathways activaled by TGFB blllding to ilS rcceptor. 

Effect of TGFfi on gcnc expression 111 (i7 cells (Tahle 6) 

A screen of gene expression of TGFB-trcatcd (17 ccll~ 

showed that only the myJ5 muscle rcgulatory factor (MRI:) wa~ 

appreciably affected, ilS expression decrca~ing 2.5-fold, although 

still detectable (numerical data from Table 3). Of other MRF~, 
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myoD was found to be unaltered, and in RT -PCR assays, Sheida 

Bonyadi in our laboratory demonstrated that myf6 was 

undetectable in both untreated, and TOFB-treated 08 cells. 

Somites, and axial and forelimb muscles in the fetal mouse 

show myf5 expression until approximately day 13 of gestation, 

wh en expression falls to undetectable levels (Ou et al., 1991). 

Conversely, MyoD expression is not detectable in these tissues 

until approximately day Il and continues to be expressed into 

adulthood (Sassoon et al., 1989), therefore myl5 and myoD are 

inversely expressed in the se tissues. The myf5 :myoD mRNA ratio 

bccomes reduced upon treatment of G8 cells with TOFB, 

mimicking the end-gestation situation. The treated cells are 

maturing. but are not yet ready to exit the proliferative fetal 

programme which requires a further decrease of m y f 5 
expression to undetectable levels. 

The expression of E G R - J is increased and that of c - ne u 
decreased in two out of three experimental samples. Decrease of 

expression of the tyrosine kinase c -ne u may indicate that the 

signalling pathway in which it functions is not necessary in TGFB

treated G7 cells. E G R - l, also known as z if2 68, TI S -8, K rox24, 

llur77. and NGFI-A, is involved in transcriptional regulation. ft is 

also known to be a serum-inducible, early growth response gene 

with similar kinetics to c-Ios (Christy and Nathans, 1989). Target 

genes of EGR -1 other than cardiac MHC in rats (Gupta et al, 1991), 

have not been identified, but it is probable that some of its target 

genes are involved in the proliferative response due to EGR- J s 

inducibility by growth factors. G7 cells treated with TGFB 

experience a slight boost in proliferation, a phenomenon which 

may involve E G R -1 -targeted, proliferation-associated genes . 
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Effect of TGFR on gene expression in C2CI2 cells 
(Table 6) 

C2CI2 cells treated with TGFB reacted similarly to G7 ,tnd 

G8 cells. A slight prolongation leading to postponement of 

myotube formation was observed. Oison et al.. (1986) also 

describe differentiation inhibition by TGFB, but not by prolonging 

proliferation. Oison et al. speculated that TGFB directly inhibited 

the differentiation programme of C2 skeletal myoblasts. In G7. 

G8, and C2C 12 cells, differentiation seems to be postponcd by 

continued proliferation, suggesting that TGFB affects 

differentiation both directly and indirectly. 

Changes in gene expression in TGFB-treated C2C 12 cells 

included verbA, which increased 30-fold, calculated l'rom the 

average taken from 3 samples (numerical data from Table 5). 

verbA expression of TGFB-treated cells showed great variability. 

from 1.03 to 9.44 within three samples. The calculated 30-fold 

increase is probably an overstatement, although TGFB induced v

e rbA expression was significantly (if not very precisely) 

increased above untreated C2C12 controls (values range from () to 

0.55). v-erbA is a thyroid hormone receptor analog with tyrosine 

kinase activity. ft may be involved in ccII signalling pathW4tys 

responding to TGFB treatment. Other genes which showed 

increased expression in two out of three samples include p53, ('

neu, hsp 27, and glut4. p53 and hsp 27 are involved in growth 

and damage control, glut4 is a muscle-specifie glucose 

transporter, and c-neu, a tyrosine kinase. These four genes may 

be involved ln management of the cells reaction to the inducer. 

Summary of effects of TG FR 

TGFB caused slight proliferation enhancement in ail thrce 

myoblast lines without evidence of differentiation. TGFIl 

treatment caused expression of a muscle-specifie gene and 

transcription factors in G8 cells, and expression of genes involved 
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10 growth and damage control in C2C12 myoblasts. Transcription 
in 07 cells was the least affected by TOFB. 

5.2.2: Effects of DMSO on G7, G8, and C2C12 cells 
(Table 7) 

Treatment of pluripotent P19 embryonal careinoma eells with 
DMSO caused differentiation towards a striated phenotype 
(McBurney et aL, 1982). In our study, DMSO inhibited growth and 
differentiation of ù7, 08, and C2C12 myoblasts. DMSO is Iipid 
soluble and does not depend on receptors to enter a ccII. 

Effects of DMSO on gene expression in G8 cells (Table 7) 

Upon screening the mRNA present in DMSO-treated G8 cells, 

it was found that total actin and junD levels were increased from 

undetectable in ail samples (numerieal data in Table 4) 

As actin (a muscle-specific gene) and j unD transcription 

increased together in DMSO-treated cells, il wou Id be interesting 
to know which musc:e genes, if any, are activated by the AP-l 

transcription factor. The enhaneer/promoter regions of the 

following genes has been analyzed; BMHC (Shimizu et aL, 1992), 
human cardiac actin (Sartorelli et al., 1992), myosin Iight chain 2 

(Qasba et al.,1992), muscle creatinine kinase (Johnson et aL, 
1989), cardiac troponin T (Mar et aL, 1988), Atrial Natriuretic 

Factor (Seidman et aL, 1988), and skeletal actin (Lee et aL, 1991), 

but no TRE sequences were detected. The increase in aetin 

expression following DMSO treatment of G8 cells is probably not 
directly related to the concomitant increase in expression of junD. 

Muscle-specifie gene expression usually follows proliferation 

arrest in the pathway towards myotube formation. Aetin 
expression may be increased to indicate the step following 

proliferation arrest has begun. The ceUs were harvested four 

days following treatment, perhaps too prematurely to observe 
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myotube formation in DMSO-treated G8 cells. Untrcllted G8 cclls 

were observed to fuse (although minimally) at 6 days. 

Expression of c-myc and c-fos were also elcvated 111 two out 

of three samples. These gencs are usually elcvllted during 

response to growth stimulus and have also been implicatcd in 

apoptosis (Buttyan et al., 1988). The cell death programme can be 

initiated by glucocorticoid, irradiation, and withdrawal of growth 

factors, and can be prevented by RNA and protein synthesis 

inhibitors. It has been proposed that gene transcript~on and 

translation are required in this phenomenon (Colotta et aL. 1992). 

'rnerefore, it is interesting to note the expression of gencs 

involved in apoptosis in DMSO-inhibited G8 cells. 

Effect of DMSO on gene expression of G7 cells (Table 7) 

DMSO treatment of G7 myoblasts resulted in a increased 

expression of skeletal actin and EGR-l, and decreased expression 

of c ·neu in two out of three samples. As gene expression was 

ne'/er altered in ail three samples together, DMSO does not have 

consistant effects in the G7 myoblast experiments. 

The Increase 111 skeletal actin expression was specifie. as 

only the 3' untranslated region of the gene was used in the assay. 

Detection of skeletal actin-specific expression indicates possible 

differentiation towards a muscle phenotype. As DMSO inhibitcd 

proliferation, skeletal actin may be the vanguard of musclc

specifie genes expressed prior to and during myotube formation. 

The c-neu tyrosine kinase and EG R -1 transcription factor may he 

involved in signalling pathways and transcription of genes in 

response to DMSO treatment. EGR-I has been associated with ccII 

proliferation, therefore its expression here may indicate ils 

involvement as an activator of other targets uninvolved in cell 

growth. 
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Effeet of DMSO on gene expression in C2C12 eeUs 
(Table 7) 

1 nteres ti ngly, stri king t"'anscri ptional changes were 

detected in C2C12 cells upon DMSO treatment, although no great 

effect on cellular morphology was observed. Screening of the 

transcriptional state of DMSO-treated C2C12 cells revealed an 
increase in expression of p53 (24-fold), Ki-ras (22-fold), c - ne u 
(19-fold), and hsp 27 (11.5-fold) in ail samples (numerical data 

from Table 5). p53 induction may be correlated with the 

inhibition of proliferation seen upon DMSO treatment of the 
C2C12 cells. Although the morphological change was much less 

marked upon OMSO treatment than upon RA treatment, increase 

in p53 expression was much greater (24-fold after DMSO 

treatment compared to 4.6-fold after RA treatment). Hsp 27 may 

have been increased due to the environmental challenge 

provided by exposure to DMSO. The tyrosine kinase activity of c

neu may be required in cellular signalling during response to 

DMSO treatment. 
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The mammalian family of ras genes consists of 3 proto

oncogenes; Ha-ras, Ki-ras, and Nras. ras genes code for 21 - 24 

kOa proteins which are associated with the inner cell membrane 

by the post-translational addition of palmitic acid. ras proto

oncogenes share considerable homology to G-proteins, and are 

thought to participate in cellular signal transduction pathways. 

(Barbacid, M, 1987). Microinjection of oncogenic Ki-Ras into rat 

embryo fibroblasts caused transient c-[os expression (Gauthier

Rouviere et al., 1990). c-[os expression was specifically inhibited 
by co-injection of serum response element (SRE) sequences 

known to be present in the Jos promoter. SRE co-injection also 

inhibited ON A synthesis, indicating that ras-induced proliferation 

acts through SRE-regulated genes. Anti-calcium phospholipid

dependant protein kinase (PK C) antibody or a PK C inhibitor as 

co-injectant with Ki-Ras, also caused prevention of c-fos induction 

and DNA synthesis. Thus, the ras signalling pathway leading to c-
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fos induction and DNA synthesis involves PK C and serum 

responsive factor activity. 

Increased Ki-ras expression upon DMSO treatl1l~nt of C2Ct 2 

cells may signify the involvement of a cell signalling pathway in 

response to DMSO. Elevated c-fos expression was not detected. 

however. a transient increase would have been missed. as the 

cells were harvested 4 days afler treatment, long after such a 

response would have subsided. 

Expression of junD was elevated III two out of three DMSO

treated C2C12 sample~, suggesting that activation of genes with 

single TRE-containing promoters may occur. As DMSO inhibits the 

proliferation of C2C12 cells, it is interesting to note the expression 

of the quiescence-associated j unD in preference to the growth

associated c-jun and junB. 

Summary of effects of ,...pl\1S0 

DMSO inhibited growth and differentiation of ail thrce 

myoblast tines. G8 cells demons trated expression of musclc

specifie genes and transcription factors when treated with TGFB. 

This suggests that exposure to TGFB and DMSO may activate 

similar pathways, although DMSO is lipid soluble and TGFB 

functions through a receptor. Cellular mechanisms shared by 

TGFB and DMSO must diverge at sorne point, as the rcsponse to 

the two inducers is quite different. Of the ducc cell lines, G7 eells, 

as with TGFB, again show the least transcriptional reactivity. G7 

cells show gene expression changes of skeletal actin, ('-l'leu and 

E G R -1 in only two out of three treated samples, the rest of the 

genes analyzed showing similar expression to untreated 07 cells. 

C2C12 demonstrated activation of growth and damage control 

genes as well as components of signalling pathways . 
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5.2.3: Effecls of RA on G7, G8 and C2C12 myoblasts 
(Table 8) 

Retinoic acid (RA) is a vitamin A derivative which exhibits 

major effects on biological processes such as differentiation and 
embryonic development. RA manifests its activity through nuc1eic 
retinoic acid rec~ptors; RAR-a, RAR-p, RAR-y, and RXR which 

function as ligand-inducible transcriptional enhancer factors 

(Tai mage and Lackey, 1992). Halevy et al., (1993), studied the 

effects of RA on mouse adult C2 myoblasts, the parental tine of 

the C2C12 subclone. Addition of 10-8 M RA to C2 myoblasts 
decreased DNA synthesis and induced differentiation after 48 

hours of RA exposure. Myogenin mRNA and MCK activity were 

elevated in the RA-treated C2 ce1ls compared to control s, and 

these increases correlated with myotube formation. Ali three 

characteristics were c1early detectable at 48 hours. 

1 0 -7 M RA did not greatly affect cell growth or 

differentiation of fetally derived G7 of 08 cells. However, adult

derived C2C12 cells were induced to form myotubes within 48 

hours. Induced C2C12 myotubes contained more nuc1ei and were 

larger than untreated C2C12 myotubes. 

Effects of RA on gene expression in G8 cells (Table 8) 

10-7 M RA did not effect the growth of fetally-derived 07 
cells. Inereased expression of total actin. as well as e -mye was 

detcctcd (numerical data in Table 4). Inereased aetin expression 

probably reflceted the uninterrupl~d course of events in RA

treated 08 cells following 4 days in culture. Mitogens and serum 

~tre depleted. and the cells are nearing eonfluency, both normal 

signaIs for proliferation arrest, and muscle-specifie gene 

expression. Untreated control cells, however, did not demonstrate 

an illcrease in actin expression following four days of culture. 
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A 2.2-fold increase in expression of l'-my( was detectcd in 

RA-treated G8 cells. Despite many studies associating the short

Iived nuclear phospho-protein c-mye to transcription factor-likc 

activities, its direct mechanism of action remains to he elllciuatcd. 

Studies of other nuclear regulatory proteins have rcvcalcd 

structural homologies with e-mye such as the "leucine zipper". 

helix-loop-helix, and basic region motifs which suggcst 

dinlerization and sequence specific DNA binding capahilities. 1 ri 

vitro studies with c-mye fragments have demonstratcd specific 

binding to a palindromic recognition site called the "E hox" 

(Prendergast et al., 1991). The leucine zipper region of c-Myc. mlu 

ils palindromic recognition site suggest dimerization to similar or 

identical proteins. 

In mice, a protein termed "Myn" was found 10 intcract with 

Mye, and shared the same DNA recognition sile (Prendergasl cl al, 

1991). In humans, c-Myc dimerizes with a homologous protcin 

called "Max" and these heterodimers bind the E hox motif 

(Blackwood and Eisenman, 1991). As with the jun family, largel 

genes of c-Myc/Max have not been identified. c-Myc 

transcription is inducible by growth factors, yet its unknown 

targets make it diificult to associate c-myc with activation of only 

proliferation-related genes. Also, c-Myc and Max have different 

transcriptional activation activities. Over-expression of e - mye 

activates, whereas over-expression of max represses E box

associated transcription of a reporter gene (Kretzner et aL, 1992). 

Therefor~ the ratio of Myc to Max in a cell is important ln 

determining whether target promoters are acti vated or 

repressed. 

RA treatment of 08 cells resulted in an Increase of c -mye 

expression, perhaps increasing the normal Myc:Max ratio whcn 

compared to untreated cells. Activation of genes regulatcd by E 

box sequences will be favored in RA-treated 08 cells if m a x 

expression is not altered. Max expression, however, was not 

analyzed in this study. 
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Two out of three RA-treated samples showed increased 
expres:;ion of BMHC, TOFa and p53. As 08 cells are not greatly 

influenced by RA, and the progression towards confluency may 

neeessi ta te the expression of p 53 and its growth control 

functions. As 08 myoblasts approaeh confluency and fusion, the 
expression of a muscle-specifie gene like MHC is expected. TOFa 

was originally isolated from transformed eells, and has great 

homology to epidermal growth factor (Lyons and MÙ3es, 1990). 
hs expression may be associated with cell to eell signalling in 

preparation for, and during fusion. 

Effects of RA on gene expression in G7 cells (Table 8) 

Sereening mRNA isolated from RA-treated 07 cells revealed 

a decrease in expression of e-mye and c-jun. These genes are 

usually associated with eells entering the proliferative stage of 

the ccII cycle. Their deereased expression in RA-treated 07 cells 

may rencct the slight inhibition of proliferation that these cells 

experienee. A study of proto-oncogene expression during 

myoblast fusion by Leibovitch et al., (1986) also described a 

decrease in e-mye expression, although c-jun was nol included in 

their study. Deereased c-mye expression will deerease the normal 

c-Myc/Max ratio causing repression of E box controlled genes (if 

max expression is not altered). 

Decrcased e-jull expression will alter the balance of Jun 

species within RA-treated 07 cells sueh lhat more dimers 

containing JunD and JunB are present. A relative increase in 

~\ctivation of multiple-TRE, JunB-sensitive genes may occur. A 

study by Nicholson et al., 1990), demonstrated that RA and ilS 

associated nuclear receptor RAR, repressed transcriptional 

activity of the stromelysin gene, and an artificial construct, each 

containing TREs in their promoters. Evidence of direct physical 

interaction wi th the TRE or components of the AP-l complex (c

Fos, c-Jun), however, was not found. As physical interaction is 
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Iacking. it is possible that RA-RAR inhibits the expression of AP- t 

dimer components, thus removing TRE activators. This theory is 

consistent with the RA-mediated decrease in C-;ltll e x pre s sion 

detected in G 7 eells. 

myf5 expression was decreased in two out of thrce samptes 

of RA-treated G7 cells. An RT -PCR assay did not dctcct expression 

of another muscle regulatory factor, myl6, in either G7 controls. 

or RA-treated G7 cells. Decrease of myf5 expression may rcflcct 

the transformed nature of these cells. however RA usually aets to 

re-differentiate transformed cells (Hong et aL, 19(0). The 

decrease in myf5 expression detected in RA-treatcd G7 cclls is 

not understood. 

Effeet of RA on gene expression in C2C 12 ecUs ('l'able le) 

Radical myotube induction, similar to reports of RA 

treatment of C2 cells by Halevy et al., (1993), wcre obscrvcd in 

RA-treated C2C 12 cells. This is consistent, as the C2 cells used in 

HaIevy's experiments are the parent cells of the C2C 12 subclone 

used in our studies. The mRNA screening procedure did not 

register striking changes in muscle-specifie gene expression 

except a 6-fold decrease in actin expression. This is surprising, as 

normal myoblast fusion is usually accompanied by increascd 

muscle-specifie gene expression (Buckingham et al., 1986, 

Caravatti et al., 1982, Devlin and Emerson, 1(78). It is possihle 

that the screening process is not sensitive enough to register 

these changes. Another possibility, and a more probahle one IS 

that the variability of the control values made it difficult to 

determine the validity of values generated by RA-treated cells. 

The screening procedure did however, detect increases ln 

the expression of p53 (4.6-fold), hsp 27, (3-fold) and verhA (6.3-

foId) (numerical data from Table 5). An increased expression of 

the anti-proliferative factor p53 can be correlated with the 

abrupt arrest of proliferation of the RA-treated C2C 12 cells in 
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order for premature fusion to occur. Hsp 27 belongs to a larger 

family of "stress proteins". These proteins are induced in various 

combinations to respond to environmental challenges and 

developmental transitions (Hickey et al., 1986). Exposure to a 

differentiatior. agent such as RA could be termed an 

environmental challenge, or accelerated myoblast fusion into 

myotubes, a developmental transition. Therefore, it IS not 

surprising that hsp 27 is induced by RA-treatment of C2C12 cells. 

v-erbA is an oncogene of the avian erythroblastosis vIrus. 

If was found to have a cellular counterpart, c-erbA, an altered 

version of the thyroid hormone receptor (Damm et al., 1989). In 

man y tissues, thyroid hormone stimulates maturation, causing 

differentiation of some tissues, and apoptosis of other!l, removing 

fetal characteristics ln order to develop adult counterparts 

(Gilbert, S., cd, 1988). Maturation into myotubcs may inv01ve the 

expression of the thyroid hormone receptor, or its analog; verbA. 

RA is known to incrcase the activity or expression of elements of 

classical signal transduction pathways, such as protein kinase C 

(Plet at al., 1982), protein kinase A (Kraft and Anderson, 1983), 
and platelet-derived growth factor a. -receptor (Wang et al., 

1990). RA may rcgulate the thyroid hormone receptor (v-erbA) 

in a similar manner by increasing the expressio~ of v - e rbA, a 

thyroid hormone receptor analog. 

Summary of cffects of RA 

RA prematurely induced myotube formation in the aduIt 

C2CI2 myoblast population, but not in the fetally derived 07 and 

08 myoblasts. Expression of transcription factors was inhibited in 

RA-treated G7 cells. G7 cells are transformed, and RA has been 

shown to reduce tumor formation by promotion of a more 

differentiated state. A decrease in expression of transcription 

f~lctors associated with proliferation may be an RA-induced step 

toward diminishing the transformed phenotype, although the 

effect was not visible in their morphology. 08 cells showed 
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increased transcription of growth control and muscle-specifie 

genes, and C2C 12 cells demonstrated induction of damage control 

and signalling genes. 

Only in the case of RA treatment did the adult skdetal 

muscle-derived C2C 12 cells differ in morphological/develop

mental response to the embryonically dcrivcd 07 and GR cclls. 

Screening the mRNA of ail cell types indieatcd transcriptional 

differences not reflected in their morphology. This suggests that 

fetal and adult-derived myoblasts may follow separatc paths 

toward myotube formation. 

5.2.4 Future Experiments 

It would be interesting to analyze a time course of Ci7. GR. 

and C2C12 myoblasts harvested at l, 2, 3, and 4 days following 

inducer treatment, perhaps revealing an interplay hetwcell 

signalling, transcriptional, and structural gene expression . 

Observation of inducer treatment on differcntiated myolubcs of 

these cell lines may prove instructive, as TOFf3-trcatment of 

differentiated muscle cells (Li et al., 1990) rcsulted in alteration 

of junB expression. 

5.2.5 Conclusions 

In general, 07 myoblasts rcsponded to ail threc induccr by 

decreasing transcription, suggesting that ail ttncc induccrs 

modify the G7 transformed phenotype. G8 rcsponded to induccrs 

by upregulating expression of transcription factors such as c-my(', 

c-fos an d c-jun, while C2C 12 myoblasts tendcd to increasc 

components of signal reception and transduction palhways such 

as Ki-ras, c-neu and verbA. These observations indicatc that 

although G7 and 08 myoblasts physically respond similarly to the 

inducers, their patterns of transcription do not mimic cach other. 

C2C12 cells, which respond strikingly ta RA, has a transcriptional 

pattern which is dissimilar ta the two fetal-derived ccII lines. 
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Thu~, the three myoblasts lines respond to the vanous inducers 

with unique trancriptional patterns. 

5.3: Limitations of the screening system 

The slot blot technique is a general screening procedure, 

designcd only to give an idea as to whether a difference exists in 

gene expression between control and experimental systems (ie; 

normal vs transgenic hearts or untreated vs treated cells). A 

rough l]uantitation was obtained by standardizing gene 

expression to the positi ve control (GAPDH) on each membrane 

and expressing values as fold increases or decreases from values 

generated by untreatcd or unaffected cells or tissues. More 

precise quanti tation is not possible with this method, however, il 
gives a general idea of whether the expression of a gene IS 

altcred in the experimental system compared to the control. 

This screening indicates which genes should be analyzed In 

more detail with more fastidious methods. For example, screening 

of the transgenic hearts indicate that further analysis of EOR-l, c

jUll, jUIlD, hsp 70, hsp 90, Ki-ras and PCNA may be interesting. 

Thcsc genes ail seem to experience a radical change in expression 

when comparcd to normal hearts. Further analysis should be 

carried out by northern blots or reverse transcription followed by 

polymerase chain reaction (RT -PCR) with gene-specifie primers to 

confirm results obtained by the primary screening. Of the two 

procedures, northcrn blots are more reliable JO terms of 

quantitation of the message, whereas RT-PCR is a more sensitive 

method of message dctection. 

If the untreated control 

not possible to make direct 

values. For example, 

demonstrated uniformly 

0.063) compared to the 

three 

low 

mean 

values vary to a great degree, it is 

conclusions about the experimental 

samples of RA-treated 07 cells 

values of c-fos expression (0 --> 
of 3 samples of untreated G7 cells 
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(0.32). However. the large variation of (-los expressIOn in Ihe 
untreated samples (0 --> 0.76) will not allow the conclusion Ihal 
c-fos levels are decreased in RA-trealed 07 cclls. ln ail cases, only 

mean experimental values which fall outside Ihe range of control 

values from the screening were considcrcd 10 be significant. 

Variability within sets of samplcs may be overcol11c by 

simply increasing the number of samplcs scrccncd l'rom a 

particular population. or by scrutinizing the technique wilh the 
intention of locating and minirnizing possible sites of variation. 

To mlnlmlze variabllity III the original total RNA 

preparation, cells shoulcl be prepared meticulously. Manipulations 

such as feeding, counling. and chemical trcalment pcrformed 

quickly and if possible alway~ by the saille per-;on and at the 

sa me lime of the day. This was perfolilled Hl the best 01 OUI 

ability. Five micrograms of tOlal RNA was used ln the ICVCI sc 

transcription. It is possible that 5 ug i-; not a Icprcscntative 

sample of ail mRNA species expressecl in a cciI. Northern allaly~is 

requires between 5 to 20 ug of total RNA (Au~ubel ct al. 1 <)(J2) 

for adequate detection. Amount~ of RNA in these experimenb l'ail 

within, if at the low end, of this spectrum. Figure 3 demonstratcd 

that 5 ug of RNA was enough to generate sufficicntly long first 

stranded cDNA. 

The reverse transcription reaction IS prohahly the Illost 

variant step during probe generation. The oligo-dT primer hinds 

within the poly-A tail an unknown distance l'rom the actual 3' 

coding region. Primers bound far away l'rom the codlllg region 

risk having the reverse transcriptase fall off before reachlIIg the 

appropriate reglOn. This problem can be curtaded hy u~ing 

anchored primers. These primcrs contain a ~tlctch of Il 

thymidine residues followecl by one of twu other nuclcotides. In 

this way, reverse transcription will alway~ be initlatcd at the 

immediate 3' end of the mRNA tran~cript. Rever~c transcriptase 

is also error-prone and sensitive to reaction c()ndition~, and thus 
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IS a very likely candidate for generating variability within the 

experiment. Random priming and hybridization manipulations 

are Ilot Iikely to generate great variability. Thus, variation within 
the protocol may cause the wide range of expression that was 

observed in almost ail sets of samples. It is therefore important 
that the mean of the combined experimental samples falls outside 

the range of the control values in order to recognize a significant 

result. Genes detected by this method to have differential 

expression should be followed up by more fastidious methods of 

confirmation and quantitation such as RT-PCR and Northern 

analysis. 

85 



• 

• 

• 

BIBLIOGRAPHY 

Abate, C., Curran, T., (1990), Encounters with Fos and lun on the 

road to AP-I, Sernin. Cancer Biol., vol l, pp 19 - 26. 

Akhurst, R. J., Fitzpatrick, D. R., Gatherer, D., Lehnert, S. A., Millan, 

F. A., (1990), Transforming growth factor-as in mammalian 

embryogenesis, Prog. Growth factor Res., vol 2, pp 153 - 168. 

AI Mustapha, A-E., Bonyadi, S., Chalifour, L. E., (1993), DifferentiaI 

induction of myogenesis in established fetal and adult 

skeletal cell Iines, (submitted). 

Armelin, H. A., Armelin, M. C. S., Kelly, K., Stewart, T., Leder, P., 

Cochran, B. H., Stiles, C., (1984), Functional role for c-myc in 

mitogenic response to platelet-derived growth factor, 

Nature, vol 310, pp 655 - 660 . 

Ausubel, F. M., Berent, R., Kingston, R. E., Moore, D. D., Seidman, J. 
G., Smith, J. A., Struhl, K, (eds) (1992), Current Protocols in 

Molecular Biolo2Y, Greene Publishing Associates, New York. 

Bains, W., Ponte, P., Blau H., Kedes, L., (1984), Cardiac actin is the 

major actin gene product in skeletal muscle cell differen

tiation in vitro, Mol Cell Biol, vol 4 pp 1449 - 1453. 

Barbacid, M., (1987), ras Genes, Ann. Rev. Biochem., vol 56, pp 779 -

827. 

Bargmann, C. 1., Hung, M-C., Weinberg, R. A., (1986), Multiple 

independant activations by a point mutation altering the 

transmembrane domain of p 185, Ce Il, vol 45, pp 649 - 657. 

Bautch, V.L., Toda, S., Hassell, J.A., Hanahan, D., (1987), Endothelial 

cell tu mors develop in transgenic mice carrying polyoma 

virus middle T oncogene, Ce Il, vol 51, pp 529 - 38. 



• 

• 

• 

Beinz, M., and Pelham, H. R. B., (1987), Mechanisms of heat-shock 
gene activation in higher eukaryotes, Adv. Genet., vol 24, pp 
31 - 38. 

Blaekwood, E. M., Eisenman, R. N., (1991), Max: A helix-lioop-helix 
zipper protein that forms a sequence-specifie DNA-binding 
complex with Mye, Science, vol 251, pp 1211 - 1217. 

Blau, H. M., Pavlath, G. K., Hardeman, E. L., Chiu, C-P., Silberstein, 
L., Webster, S. G., Miller, S. L., Webster, C., (1985), Plasticity 
of the differentiated state, Science, vol 230, pp 758 - 766. 

Brockes, J. P., (1989), Retinoids, homeobox genes and limb 
morphogenesis, Neuron, vol 2, pp 1285 - 1294. 

Buckingham, M., Alonso, S., Barton, P., Cohen, A., Daubas, P., 
Garner, 1., Robert, B., Weydert, A., (1986), Aetin and myosin 
gene families: Their expression during the formation and 
maturation of striated muscle, Am. J. Med. Genet., vol 25, pp 
623 - 634. 

Burck, K. B., Liu, E. T., Larrick, 1. W., (eds), (1988), Oneol:enes, 
Springer-Verlag, New York. pp 168 - 169. 

Buttyan, R., Zakeri, Z., Lockshin, R., Wolgemuth, D., (1988), Cascade 
induction of c-fos, c-myc, and heat shoek 70K transcripts 
during regression of the rat ventral prostate gland, Mol. 
Endocrin., vol 2, pp 650 - 657. 

Caravatti, M., Minty, A., Robert, B., Montarras, D., Weydert, A., 
Cohen, A., Daubas, P., Buckingham, M., (1982), Regulation of 
muscle gene expression: The accumulation of messenger 
RNAs coding for muscle-specifie proteins during myo

genesis in a mou se cell line, J. Mol. Biol., vol 160, pp 59 - 76. 



• 

• 

• 

Carpecchi, M., (1989), Altering the genome by homologous recom

bination, Science, vol 244, pp1288 - 1292. 

Castellazzi, M., Spyrou, G., La Vista, N., Dangy, J-P .• Piu, F., Yaniv, 

M' 9 Brun, G., (l99!), Overexpression of c-jun, jun8, or junD 

affects cell growth dlfferently, Proc. Natl. Acad. Sei. U.S.A., 
vol 88, pp 8890 - 8894. 

Chalifour, L.E., (1991), Recent aspects of transgene technology, 

Current Opinion in Therapeutic Patents, pp 1821-41. 

Chalifour, L.E., Gomes, M.L., Wang, N-S., Mes-Masson, A-M., 

Polyomavirus large T antigen expression in heart of lrans

genic mice causes cardiomyopathy, (1990), Oncogene, vol 5 pp 

1719 -1726. 

Chirgwin9 J. M., Przybukla, A. E., MacDonald, R. 1., and Rutter, W. J., 

(1979), Isolation of biologically active ribonucIeic acid from 

SOUTces rich in ribonucleases, B iochemistry, vol 13, pp 2633 

- 2637. 

Chiu, R., Angel, P., Karin, M., (1989), JunB differs in ilS biological 

properties from and is a negative regulator of c-jun, Cell, 

vol 59, pp 979 - 986. 

Christian, C. N., Nelson, P. G., (1977), Synapse Formation bclween two 

clonai cell Hnes, Science, vol 196, pp 995 - 998. 

Christy, B., Nathans, D., (1989), Functional serum response clements 

upstream of the growth factor-inducible gene zif268, Mol. Cell 
Biol., vol 9, pp 4889 - 4895. 

Claycomb, W. C., Palazzo, M. C., (1980), Culture of terminally 

differentiated adult cardiac muscle ceUs: A light and scanning 

lectron microscope sludy, Dev. Biol, vol 80, pp 466 - 482 . 



• 

• 

• 

Colotta, F." Polentarutti, N., Sironi, M., Mantovani, A., (1992), 
Expression and involvement of c-fos and c-jun protoonco
genes in programmed cell death induced by growth factor 
deprivation in lymphoid cell lines, J. Biol. Chem., vol 267, pp 

18278 - 18283. 

Courtneige, S. A., Smith, A. E., (1983), Polyoma virus transforming 
protein associates with the product of the c-src cellular gene, 
Nature, vol 303, pp 435 - 439. 

Cummins, P., (1982), Transitions in human atrial and ventricular 
myosin Iight-chain isoenzymes in response to cardiac
press ure-overload-induced hypertrophy, Biochem. J., vol 
205, 195 - 204. 

Damm, K., Thompson, C. C., Evans, R. M., (1989), Protein encoded 
by v-erbA functions as a thyroid hormone receptor antag
onist, Nature, vol 339, pp 593 - 597 . 

Darnell, Lodish, Baltimore, (eds), (1990), Molecular Cell Biolo~y, 

2nd edition, Scientific American Books ltd., chapter 22. 

Dawe, C. J,. Freund. R .• Mandel. G .• Ballmer-Hofer. K., Talmage, D. A., 
Benjamin, T. L.. (1987), Variations in polyoma virus genotype 
in relation to tumor induction in mice, Am. J. Pathol., vol 127, 
pp 243 - 261. 

de Groot, R. P., Karperien, M., Pals, C., Kruijer, W., (1991), Charac
terization of the mouse jun D promoter - high basal level 
activity due to an octamer motif, EMBO J., vol 9, pp 2523 - 2532. 

De la Bastie, D .• Maolic, J. M., Bercovici, J., Bouveret, P., Schwartz, 
K.. Swynghedauw. B .• (1987), Messenger RNA control and 

complexity in normal and overloaded hearts, Eur. J. Clin. 
Invest., vol 17, pp 194 - 201. 

De Luca. L G .• (1991). Retinoids and their receptors in differentiation, 
embryogenesis and neoplasia, F ASEB J., vol 5, pp 2924 - 2933. 



• 

• 

• 

Delcayre, C., Samuel, J. L., Marotte, F., Best-Belpomme, M., Mercadier, 

J. J., Rappaport, L., (1988). Synthesis of stress proteins in rat 

,-:ardiac myocytes 2 - 4 days after imposition of hemodynamic 

overload, J. Clin. Invest., vol 82, pp 460 - 468. 

Devlin, R.B., Emerson, C.P., (1978), Coordinate regulation of contractile 

protein synthesis during myoblast differentiation, Cell, vol 13. 
pp 599 - 611. 

Dussaule, J. C., Michel, J. B., Auzan C., Schwartz, K., Corvol, P., Menard, 

J., (1986), Effect of anti-hypertensive treatment on the left 

ventricular isomyosin profile in one-clip, two kidney hyper

tensive rats, Pharmaeol. Exp. Ther., vol 236, pp 512 - 518. 

Eddy, B. E., (1982), Polyomavirus in: The Mouse in Biomedical 

Research, vol II, Foster, H L., Small, J. D., Fox, J. D., (eds), 

Academie Press, New York, U .S.A., pp 293 - 311. 

Eghbali, M., Tomek, R., Woods, C., Bhambi, B., (1991). Cardiac 

fibroblasts are predisposed to convert into myocyte 

phenotype: Specific effect of transforming growth factor B. 

Proe. Natl. Aead. Sei. U.S.A., vol 88, pp 795 - 799. 

Eppenberger-Eberhardt, M, Flamme. 1., Kurer, V .• Eppenberger, H., 
(1990), Reexpression of a-smooth muscle actin isoform in 

cultured adult rat cardiomyocytes, Dev. Biol., vol 139, pp 269 

- 278. 

Ewton, D. Z., Spizz, G., Oison, E. N., Florini, J.R., (1988), Decrease in 

transforming growth factor-B binding and action during 

differentiation in muscle cells, J. Biol. Chem., vol 263, pp 4029 
- 4032. 

Freund, R., Mandel, G., Carmichael, G G., Barncastle, J. P., Dawe, C. 

J., Benjamin, T. L., (1987), Polyomavirus tumor induction in 



• 

• 

• 

mlce: influences of viral coding and non-coding sequences 

on tumor profiles, J. Virol., vol 61, pp 2232 - 2239. 

Gauthier-Rouviere, C., Fernandez, A., Lamb, N. J. C., (1990), ras

induced c-fos expression and proliferation involving rat 

fibroblasts involves C-kinase activation and the serum 

rcsponse element pathway, EMBO J., vol 9, pp 171 - 180. 

Gilbert, S., (ed), Developmental BioloCY, 2nd Ed., Sinauer Assoc. 

Inc.. Massachusettes, (1988). 

Glaichenhaus, N., Mougneau, E., Connan, G., RassouJzadegan, M., 

Cuzin, F., (1985), Cooperation between multiple oncogenes 

in rodent embryo fibroblasts: An experimental model of 

tumor progression, Adv. Cancer Res., vol 45, pp 291 - 305. 

Gorza, L., Pauletto, P., Pessina, A., Sartore, S., Schiaffino, S., (1981), 

Isomyosin distribution in normal and pressure-overloaded 

rat vefltricular myocardium, Circ. Res., vol 49 pp 1003 - 1009. 

Greene, N.K., Gammage, M.D., Franklyn, J.A., Haegerty, A.M., 

Sheppard, M.C., (1993), Regulation of B Myosin Heavy Chain, 

c-mye, and c-[o.\ proto-oncogenes in thyroid hormone-induced 

hypertrophy of the rat myocardium,Clin. Sei., vol 84, pp 61-67. 

Griep, A.E., Kuwabara, T., Lee, EJ., Westphal, H., (1989), Perterbed 

DeveJopment of the Mouse Lens by poJyoma virus large T 

does not lead to Tumor Formation, Genes and Dtvel., vol 3 

pp 1075 -1085. 

Gross, L., (1970), The parotid tumor (polyoma) virus in: Oncol:enic 

Viruses, 2nd ed., Pergammon Press, Oxford, pp 651 - 750. 

Gupta, M P., Gupta, M., Zak, R., Sukhatme, V. P., (1991), EGR-1, a 

serum-inducible zinc finger protein, regulates transcription 



• 

• 

• 

of the rat cardiac myosin heavy chain, J. Biol Chem .• vol 266, 
pp 12813 - 12816. 

Gustafson, T. A., Markham, B. E., Morkin, E., (1986), Effects of thyroid 

hormone on alpha-actin and myosin heavy chain gene 

expression in cardiac and skeletal muscles of the rat: Measure

ment of mRNA content using synthetic oligonucleotide probes. 

Circ. Res., vol 59, pp 194 - 201. 

Guy, C.T., Cardiff, R.D., Muller, W.J., (1992), Induction of Mammary 

Tumors by expression of Polyomavirus Middle T Oncogene: 

A Transgenic Model for Metastatic Disease, Mol. CeU Biol., 
vol 12, pp 954 - 61. 

Halevy, O., Lerman, O., (1993), Retinoic acid induces adult muscle 
cell differentiation mediated by the retinoic acid receptor
n, J. Cell Physiol., vol 154, pp 566 - 572. 

Heagerty, A. M., Green, N. K., MacIver, D. H., Franklyn, J. A., 

Gammage, M. D., (1989), Inositol phosphate production and 

protooncogene expression in the left ventricle after the 

induction of coarctation in the rat, Br. Heart. J., Vol 61, P 440. 

Hickey, E., Brandon, S. E., Potter, R., Stein, G., Stein J., Weber, L., 

(1986), Sequence and organization of genes encoding the 

human 27 kDa heat shock protein, Nue. Adds. Res .• vol 14, 

pp127 - 4145. 

Hirai, S-I., Ryseck, R-P., Mechta, F., Bravo, R., Yaniv, M., (1989) 

Characterization of junD: A new member of the jun proto

oncogene family, EMBO J., vol 8, pp 1433 - 1439. 

Hirzel, H. O., Tuchschmid, C. R., Schneider, J., Krayenbuehl, H. P., 
Schaub, M. C., (1985), Relationship between myosin isozyme 

compostition, hemodynamics and myocardial structure in 

various forms of human cardiac hypertrophy, Circ. Res., vol 

57, pp 729 - 740. 



• 

• 

• 

Hogan, B., Constantini, F., Lacy, E., Manipulatin& the mouse embryo -
A laboratory manual, Cold Spring Harbor Press, N.Y., (1986). 

Hong, W. K., Lippman, S. M., Itri, L. M., Karp, D. D., Lee, J. S., Byers, 
R. M., Schantz, S. P., Kramer, A. M., Lotan, R., Peters, L. J., et 
aL, (1990), Prevention of second primary tu mors with iso

tretinoin in squamous-cell carcinoma of the head and neck, 
New Eng. J. Med., vol 323, pp 795 - 801. 

(zumo, S., Lompre, A.-M., Matsuoka, R., Koren, G., Schwartz, K., 
Nadel-Ginal'd, B., & Mahdavi, V., (1987), Myosin heavy chain 

messenger RNA and protein isoform transition during cardiac 
hypertrophy. Interaction between hemodynamic and thyroid 
hormone-induced signais, J. Clin. lnvest., vol 79, pp 970- 977. 

(zumo, S., Nadal-Ginard, B., Mahdavi. V., (1988), Proto-oncogene 
induction and reprogramming of cardiac gene expression 

induced by pressure overload, Proc. Natl. Acad. Sei. USA, vol 
85, pp 339 - 343. 

Jacnisch, R., (1988), Transgenic Animais, Science, vol 240, p 1468. 

Johnson, J. E., Wold, B., Hauschka, S. D., (1989), Muscle creatinine 

kinase sequence clements regulating skeletal and cardiac 

muscle expression in transgenic mice, Mol Cell Biol., vol 9, 
pp 3393 - 3399. 

Kingston, R. E., Baldwin, A. S., Sharp, P. A., (1984), Regulation of 

heat shock protein 70 gene expression by c-myc, Nature, 
vol 321, pp 380 - 282. 

Komuro, I., Kurabayashi, M., Takaku, F, Yazaki, Y., (1988), 

Expression of cellular oncogenes in the myocardium during 

the developmental stage and pressure-overloaded 
hypertrophy in the rat heart, Circ. Res., vol 62, pp 1075 -
1079 . 



• 

• 

• 

Kraft, A. S., Anderson, W. B., (1983), Characterization of cytosolic 

calcium-activated phospholipid-dependent protein kinase 
activity in embryonal carcinoma cells, J. Biol. Citent .• vol 258, 
pp 9178 - 9183. 

Kretzner, L., Blackwood, E. M., Eisenman, R.N .• (1992), Myc and Max 

proteins possess distinct transcriptional activities. Nawre, vol 

359, pp 426 - 429. 

Kumar, C., Saidapet, C., Delaney, P., Mendola, C., Siddiqui, M. A. Q .• 
(1988), Expression of ventricular-type myosin Iight chain 

messenger RNA in spontaneously hypertensive rats, Circ. 
Res., vol 62, pp 1093 - 1097. 

Lafyatis, R., Lechleider, R., Roberts, A. B., Sporn, M B., (1991), 
Secretion and transcriptional factor regulation of transforming 

growth factor-83 during myogenesis, Mol. Cell Biol., vol Il. pp 

3795 - 3803 . 

Lee, T-C, Cow, K-L, Fang, P., Schwartz, R., (1991), Activation of 
skeletal a-actin gene transcription: The cooperative formation 

of serum response factor-binding complexes over positive cis

acting promo ter serum response element displaces a negative

acting nuclear factor enriched in replicating myoblasts and 

non-myogenic cells, Mol. Cell Biol, vol Il, pp 5090 - 5100. 

Leibovitch, M.P., Leibovitch, S.A., Hillion, J., Guillier, M., Schmitz, A., 

Harel. J., (1987), Possible role of c-fos, c-N-ras, and c-mos 

proto-oncogenes in muscular development, Exp, Cell Res., 

vol 170, pp 80-92. 

Leibovitch, S.A., Leibovitch M.P., Guillier, M., Hillion, J., Harel, 1.. 
(1986), DifferentiaI expression of protooncogenes related to 

transformation and cancer progression in rat myoblasts, 

Cancer Res., vol 46, pp 4097 - 4103 . 



• 

• 

• 

Li, L., Hu, J. S., Olsen, E. N., (1990), Different members of the jun 
proto-oncogene family exhibit distinct patterns of expression 

in response to type 8 transforming growth factor, J. Biol. Chem., 
vol 265, pp 1556 - 1562. 

Lompre, A M., Nadal-Ginard, B., Mahdavi, V., (1984), Expression of 
the cardiac ventricular a- and 8-myosin heavy chain genes is 

developmentally and hormonally regulated, J. Biol. Chem., vol 

259, pp 6437 - 6446. 

Lompre, A. M., Mercadier, J-J., Schwartz, K., (1991) Changes in Gene 

Expression during cardiac growth, lnt. Rev. Cyt., vol 124, p137 

- 186. 

Lompre, A. M., Schwartz, K., D'A:bis, A., Lacombe, G., Thiem, N. V., 

Swyngedauw, B., (1979), Myosin isoenzyme redistribution 

in chronic heart overload, Nature, vol 282, pp 105 - 107 . 

Long, C. S., Kariya, K., Karns, K., Simpson, P. C., (1990), Trophic factors 

for cardiac myocytes, J. Hypertension, vol 8, pp S219 - S224. 

Lotan, R., (1980), Effects of vitamin A and its analogs (retinoids) on 

normal and neoplastic cells, Biochim. Biophys. Acta, vol 605, pp 

33 - 91. 

Lyons, R. M., Moses, H. L., (1990), Transforming growth factors and 

the regulation of cell proliferation, Eur. J. Biochem., vo1l87, pp 

467 - 473. 

Mahdavi, V., Chambers, A., Nadal-Ginard, B., (1984), Cardiac a and 

8-myosin heavy chain genes are organized in tandem, Proc. 
Natl. Acad. Sei. U.S.A., vol 81, pp 2626 - 2630. 

Malhotra, A., Karell, M., and Scheuer, J., (1985) Multiple cardiac con

tractile protein abnormalities in myopathie syrian hamsters, J. 

Mol. CeU Cardial., vol 17, pp 95 - 107 . 



• 

• 

• 

Mar, J. H., Antin, P. B., Cooper, T. A., Ordahl, C. P., (1988), Analysis 

of the upstream regions governing expression of the chicken 

cardiac troponin T gene in embryonic cardiac and skelctal 

muscles, J. Cell Biol., vol 107. pp 573 - 585. 

Martin, A. F., Robinson, D. C., Dowell, R. T., (1985), Isomyosin and 

thyroid hormone levels in pressure-overloaded weanling and 

adult rat hearts, Am. J. Physiol., vol 248, H305 - H310. 

Massague, J., (1990), The transforming growth factor family, 

Annu. Rev. Cell. Biol., vol 6, pp 597 - 641. 

Mathews, L.S., Norstedt, G., Palmiter, R. D., (1986), Regulation of 

insulin-like growth factor-I gene by growth hormone, Proc. 

Natl. Aead. Sei., U. S. A., vol 83, pp 9343 - 9347. 

Mayer,Y., Czosneck, H., Zeelon, P. E., Yaffe, D., Nudel, U., (1984), Exp

ression of the genes coding for the skeletal muscle and cardiac 

actins in the heart, Nue. Acids. Res., vol 12, pp 1087 - 2000. 

McBurney, M. W., Jones-Villeneuve, E. M. V., Edwards, M. K. S., 

Anderson, P. J., (1982), Control of muscle and neuronal 

differentiation in a cuJtured embryonal carcinoma ccII linc, 

Nature, vol 299, pp 165 - 167. 

McKenzie, S. J., (1991), Diagnostic utility of oncogenes and their 

products in human cancer, Biochim. Biophys. Acta., vol 1072, 

pp 193 - 214. 

Meek, D. W., Street, A. J., (1992), Nuclear protein phosphorylalion 
and growth control, Bioehem. J., vol 287, pp 1 - ) 5. 

Mercadier, J. J., Lompre, A. M., Wisnewsky, C., Samual J. L., Bcrcovici, 

J., Swyngedauw, B., Schwartz, K., (1981), Myosin isoenzyme 

changes in several models of rat cardiac hypertrophy, Circ. 

Res., vol 49, pp 525 - 532 . 



• 

• 

• 

Mercadier, J. J., Samuel, J. L., Michel, J. B., Zongazo, M. A., De la 

Bastie, D., Lompre, A. M., Wisnewsky, C., Rappaport, L., Le':y, 

B., Schwartz, K., (1989), Atrial natriuretic factor gene exp

ression in rat ventricle during experimental hypertension, Am. 

J. Physiol., vol 257, pp H979 - H987. 

Merriman, R., Bertman, J., (1979), Reversible inhibition by retinoids 

of 3-methylcholanthrene-induced neoplasia transformation in 

C3H/lOT1/2 clone 8 cells, Cancer Res, vol 39, pp 1661 - 1666. 

Miner, J.H., Miller, J. B., Wold, B. J., (1992), Skeletal muscle pheno

types initiated by ectopie MyoD in transgenic mouse heart, 

Developme nt, vol 114, pp 853 - 860. 

Montenarh, M., (1992), Biochemical properties of the growth sup
pressor/anti-oncogene p53, Oncogene, vol 7, pp 1673 -1680. 

Mulvagh, S. L., Michael, L. H., Perryman, M B., Roberts 9 R., Schneider, 

M. D., (1987), A haemodynamic load in vivo induces cardiac 

expression of the cellular oncogene c-myc, Biochem. B iophys. 

Res. Commun., vol 147, pp 627 - 636. 

Naber, S.P., Tsutsumit Y., Yin, S., Zolnay, SA., Mobtaker, H., Marks, 

P. J., McKenzie, S. J., DeLellis, R. A.t Wolfe, H. J., (1990), 

Strategies for the analysis of oncogene overexpression, A.J. 

C. P., vol 94, pp 125 - 136. 

Nadal-Ginard, B., and Mahdavi, V., (1989), Molecular basis of 

cardiac perfomance, J. Clin. Invest., vol 84, pp 1693 - 1700. 

Nagai, R., Pritzl, N., Low, R. B., Stirewalt, W. S., Zak, R., Alpert, N. R., 

Litten, R. Z., (1987), Myosin isoenzyme synthesis and mRNA 

levels on pressure-overloaded rabbit hearts, Circ. Res., vol 

60, pp 692 - 699. 



• 

• 

• 

Negoro, N., Inariba, H., Inoue, T., Kanamaya, Y .• Takeda, T., Expression 

of c-myc proto-oncogene in hearts and cultured smooth muscle 

ceUs of spontaneously hypertensive rats, 1. Hypertens .. vol 6. 

pp S128 - 30. 

Nicholson, R.C., Mader, S., Nagpal, S., Leid, M., Rochette-Egly, c., 
Chambon, P., (1990), Negative regulation of the rat stromclysin 

gene promoter by Tetinoic acid is mediated by an AP-l 

binding site, EMBO J., vol 9, pp 4443 - 4454. 

Oison, E. N., Sternberg, E., Hu, J. S., SpL'z, G., Wilcox, C., (1986), 
Regulation of myogenic differen~iation by type G transforming 
growth factor, J. Cell Biol., vol 103, pp 1799 -1805. 

Ott, M-O., Bober, E., Lyons, G., Arnold H., Buckingham, M., (1991), 

Early expression of the myogenic regulatory gene "myfS" ln 

precursor cells of skeletal muscle in the mouse cmbryo, 

Development, vol 111, pp 1097 - 1107 . 

Penny, D. G., Dunbar, 1. C., Baylerian, M. S., (1985), Cardiorncgaly 

and haemodynamics in rats with a transplantable growth 

hormone·secreting tumor, Cardiovasc Res, vol 19, pp 270 -

277. 

Plel, A., Evain D., Anderson, W. D., (1982), Effeet of rctinoie acid 

treatment of F9 embryonal fibroblast eareinoma eclls on the 

activity and distribution of eyclic AMP-dcpcndent protcin 

kinase, 1. Biol. Chem., vol 257, pp 889 - 893. 

Prendergasl, G. C., Lawe, D., Ziff, E. B., (1991), Association of Myn, the 

mUTine homolog of Max., with c-Myc stimulates mcthylation

sensitive DNA binding and Ras cotransformation, Cell, vol 65, pp 

395 - 407 . 



• 

• 

• 

Priee, K. M., Linier, W. A., Cnmmins, P., (1980), Human a tri al and 

ventrieular Iight-chain subunits in the adult and during 

development, Biochem. J., vol 191, pp 571 - 580. 

Pursel, V. G., Pinkert, C. A., Miller K. F., Boit, J., Campbell, R. G., 

Palmiter, R. D., Brinster, R. L., Hammer, R, E., (1989), Genetic 

engineering of livestock, Science, vol 244, p 1281. 

Qasba, P., Lin, E., Zhou, M. D., Kumar, A., Siddiqui, M. A. Q., (1992), 

A single transcription factor binds to two divergent sequence 

elements with a common function in cardiac myosin Iight 

chain-2 promoter, Mol. Cell 8iol., vol 12, ppll07 - 1116. 

Rassoulzadegan, M., Cowie, A., Carr, A, Glaichenhaus, N., Kamen, R., 

Cuzin, F., (1982), The roles of individual polyoma virus early 

proteins in oncogenic transformation, Nature, vol 300, pp 713 -

718. 

Rassoulzadegan, M., Nahashfur, Z., Cowie, A., Carr, A., Grisoni, M .• 

Kamen, R., Cuzin, F.,(l983), Expression of the large T protein 

of polyoma virus promotes the establishment in culture of 

"normal" rodent fibroblasts cell Iines, Proc. Natl. Acad. Sei. 
U.S.A., vol 80, pp 4354 - 4358 

Ray, A., Aumont, M.C., Aussedat, J., Bercovici, J., Rossi, A., 

Swynghedauw, B., (1987), Protein and 28S ribosomal RNA 

fractional turnover rates in the rat heart after abdominal 

aortic stenosis, Cardiovasc. Res., vol 21, pp 587 - 592. 

Rochford. R .• Campbell, B. A., VilIareaI, L. P., (1990), Genetic analysis 

of the enhancer requirements for polyomavirus DNA rep

lication in mice, J. Virol., vol 64, pp 476 - 485. 

Rupp, H., (1981), The adaptive changes in the isoenzyme pattern 

of myosin from hypertrophied rat myocardium as the result 

of pressure overload and physical training, Bas. Res. Cardiol., 
vol 76. pp 79 - 88. 



• 

• 

• 

Ryder, K., Lanahan, A .• Perez-Albueme, E .• Nathans, D., (1989), Jun-D: 

A third member of the Jun gene family, Proc. Natl. Acad. Sei. 
U.S.A., vol 86, pp 1500 - 1503. 

Sabry, M. A., Dhoot, G. K., (1989), Identification and pattern of exp
ression of a developmental isoform of troponin 1 in chic ken 
and rat cardiac muscle. J. Muscle Res. Celle Motil., vol 10 pp 85 
- 91. 

Saggin, L., Ausoni, S., Gorza, L., Sartore, S., Schiaffino, S., (1988), 
Troponin T switching in the developing rat heart, J. Biol. Chem., 
vol 263 pp 18488 - 18492. 

Sartorelli, V., Hong, N. A., Bishopric, N. H., Kedes, L .• (1992). 
Myocardial activation of the human a-actin promoter by 
helix-Ioop-helix proteins. Proc. Natl. Acad. Sei. U. S. A .• vol 
89, pp 4047 - 4051 . 

Sassoon, D. A., Wright. W., Lin, W., Lassar. V., Weintraub, A. B., 
Buckingham. M., (1989), Expression of two myogenic 
regulatory factors. myogenin and myoD. during mouse 
embryogenesis. Nature, vol 341. pp 303 - 307. 

Sassoon, D. A .• (1993), Myogenic regulatory factors: Dissecting their 
role and regulation during vertebrate embryogenesis, Dev. 

Biol., vol 156, pp Il - 23. 

Scheuer, J., Malhotra, A., Hirsch C., Capasso, J., Schaible, T. F., (1982), 
Physiologie cardiac hypertrophy corrects contractile protein 
abnormalities associated with pathological hypertrophy in rats, 
J. Clin. Invest. vol 70, pp 1300 - 1305. 

Schiaffino, S., Samuel, J. L., Sassoon, D., Lompre, A. M., Garner, 1., 
Marotte, F., Buckingham, M., Rappaport, L., Schwartz, K., (1989b), 
Nonsynchronous accumulation of a-skeletal actin and B-mysoin 

heavy chain mRNAs during early stages of pressure-overload-



• 

• 

• 

induced cardiac hypertrophy demonstrated by in situ 
hybridization, Circ. Res., vol 64, pp 937 - 948. 

Schunkert, H., lahn, L., Izumo, S., Apstein C., Lovell, B.H.,(1991) 
Localization ëlnd regulation of c-fos and c-jun protooncogene 
induction by systolic wall stress in normal and hypertrophied 
rat hearts, Proc. Natl. Acad. Sei. U.S.A., vol 88 pp11480 -
11484. 

Seidman, C. E., Wong, D. W., larcho, J. A., Bloch, K. D., Seidman, J.G., 
(1988), Cis-acting sequences that modulate atrial natriuretic 
factor gene expression, Proc. Natl. Acad. Sei. U. S. A., vol 85, 
pp 4104 - 4108. 

Shimizu, N., Dizon, E., Zak, R., (1992), Both muscle-specifie and 
ubiquitous nuclear factors are required for muscle-specifie 
expressIOn of the myosin heavy-chain B gene in cultured 
ceUs, Mol. ceU Biol., vol 12, pp 619 - 630 . 

Sinha, A. ~1., Friedman, D. 1., Nigro, 1. M., lakovcic, S., Rabinowitz, 
M., Umeda, P. K., (1984), Expression of rabbit ventricular Œ-

myosin heavy chain messenger RNA sequences in atrial 
muscle, 1. Biol. Chem., vol 259, pp 6674 - 6680. 

Slamon, D J., Godolphin, W., lones, L. A., Holt, J. A., Wong, S. G., Keith, 
D. E., Levin, W. 1., Stuart, S. G., Udove, J., UlIrich, A., Press, M.F., 
(1989), Studies of the HER-2/neu protooncogene in human 
breast and ovarian cancer, Science, vol 244, pp 707 - 712. 

Sporn M B., Roberts, A B., (1992), TransfoJ'ming growth factor B: 
progress and new challenges, J. Cell Biol., vol 119, pp 1017 -
1021. 

Springhorn et aL, (1992) Transcriptional regulation in cardiac 
muscle, J. Biol. Chem., vol 267, ppI4360-14365 . 



• 

, • 
1 

• 

Sukhatme, V.P., Cao, X. M., Chang, L. C., Tsai-Morris. C. H., Stamen
kovitch, D .• Ferreira, P. C .• Cohen. D. R., Edwards, S. A., Shows, T. 
B., Curran, T., et al., (1988) A zinc finger-encoding gene co
regulated with c-fos during growth and differentiation and 
after cellular depolarization, C ell, vol 53, pp 37 - 43. 

Talmage. D. A., Lackey, R. S., (1992), Retinoic acid receptor (l 

suppresses polyomavirus transformation and c-fos expression 
in rat fibroblasts, Oncogene, vol 7, pp 1837 - 1845. 

Thompson, N. C., Bazoberry, F., Speir, E. H., Casscells, W., Ferran s, V. 1., 
Flanders, K. C., Kondaiah, P., Geiser A. G., Sporn, M. B., (1988), 
Growth Factors, vol 1 pp 91 - 99. 

Tooze et al. (1981), ONA Tumor Viruses, Cold Spring Harbour 
Laboratory: New York. 

Turner, J.O., Rotwein, P., Novakofski, J., Bechtel, P., (1988), 
Introduction of rnRNA encoding Insulin-like Growth FactŒ ~ J 
and II during growth hormone-stimulated muscle hyper
trophy, Am. J. Physiol., pp E5t3 - E517. 

Umeda, P., Darling, D. S., Kennedy, J. M., Jakovcic, S., Zak, R., (1987), 
Control of myosin heavy chain expression in cardiac 
hypertrophy, Am. J. Cardiol., vol 59, pp 49A-55A . . 

Van Brut, J., (1988), Molecular farming; transgenic animais as 
bioreactors, BiolTechnology, vol 6, P 1149. 

Van Eard, J., Takahashi, K., (1975), The amino acid sequence of 
bovine cardiac troponin-C. Comparison to rabbit skeletal 
troponin-C, Biochem. Biophys. Res Commun., vol 64, pp 122 

-127 . 



1 -

• 

• 

• 

V iIIareal , F. J., Dillman, W. H., (1992), Cardiac hypertrophy-induced 
changes in messenger RNA levels for TGF-beta l, fibronectin, 
and collagen, Am. J. Physiol., vol 262, pp H1861 - H1866. 

Wang, C., Kelly, J., Bowen-Pope, D. F., Stiles, C., (1990), Retinoic acid 
promotes transcription of the platelet-derived growth factor 
a-receptor gene, Mol. Ce Il. Biol., vol 10, pp 6781 - 6784. 

Weintraub et al (1991), The myoD gene family: Nodal point during 
specification of the muscle cell Iineage, Science, vol 251 pp 
761 - 766. 

Whalen, R.G., SeH, S. M., Eriksson, A., Thronell, L. E., (1982), Myosin 
subunit types in skeletal and cardiac tissues and their 
developmental origin, Dev. Biol., vol 91, pp 478 - 484. 

Williams, R.L., Risau, W., Zerwes, H-G., Drexler, H., Aguzzi, A., Wagner, 
E.F., (1989) Endothelioma ceUs expressing the polyoma middle 
T oncogene induce hemangiomas by host cell recruitment, Cell, 
vol 57, pp 1053 - 63. 

Yaffe, D., Saxel, O., (1977) Seriai Passage and differentiation of 
myogenic cells isolated from dystrophie mouse muscle, Nature, 
vol 270, pp 725 - 727. 

Yazaki, Y, Komoro, 1., (1989), J. Mol. CeU. Cardiol. vol 21. pp 29 
(abstract). 

Zentella, A., Massague, J., (1992), Transforming growth factor B 
induces myoblast differentiation in the presence of mitogens, 
Proc. Natl. Acad. Sci. U. S. A., vol 89, pp 5176 - 5180 . 




