
CHROMATM CONDENSATION AND FRAGMENTATION CAUSED 

BY CUG-INITIATED FGF-2 IN CARDIOMYOCYTES 

BY 

GUANGP ING SUN 

A Thesis 

Submitted to the Faculty of Graduate Studies 

in partial fuifiliment of the requirements 

for the degree of 

WSTER OF SCIENCE 

Department of Human Anatomy and Ce11 Sciences 

Facdty of Medicine 

University of Muiitoba 

Winnipeg, Manitoba 



National Library 1*1 of Canada 
Bibliothèque nationale 
du Canada 

Acquisitions and Acquisitions et 
Bibliographie Services services bibliographiques 

395 Wellington Street 395, rue Wellington 
OrtawaON K l A W  ûttawaON K 1 A W  
canada canada 

The author has granted a non- 
exclusive licence allowing the 
National Library of Canada to 
reproduce, loan, distribute or sell 
copies of this thesis in microform, 
paper or electronic formats. 

The author retains ownership of the 
copyright in this thesis. Neither the 
thesis nor substantial extracts fiom it 
may be printed or othenvise 
reproduced without the author's 
permission. 

L'auteur a accordé une licence non 
exclusive permettant à la 
Bibliothèque nationale du Canada de 
reproduire, prêter, distribuer ou 
vendre des copies de cette thèse sous 
la forme de microfichelfilm, de 
reproduction sur papier ou sur format 
électronique. 

L'auteur conserve la propriété du 
droit d'auteur qui protège cette thèse. 
Ni la thèse ni des extraits substantiels 
de celle-ci ne doivent être imprimés 
ou autrement reproduits sans son 
autorisation. 



THE UNIVERSil'Y OF MANITOBA 

FACULTY OF GRADUATE STUDIES 
****+ 

COPYRIGHT PERMISSION PAGE 

Chromatin Condensation and Fragmentation Caused by 

CUGinitiated FGF-2 in Cardiomyocytes 

Guangping Sun 

A Thesis/Practicum submitted to the Facuity of Graduate Studies of The University 

of Manitoba in partial fuifiilment of the requirements of the degree 

of 

Master of Science 

GUANGPING SUN 01999 

Permission has been gnnted to the Librriry of The University of Manitoba to lend or seil 
copies of this thesis/pncticum, to the Nationai Libnry of Canath to microfilm this thesis rnd 
to lend or sell copies of the fiim, and to Disseriations Abstracts 1nternrtion.l to publish an 
abstract of this thesis/pncticum. 

The author reserves other publication and neither this thesis/pncticm nor extensive 
extracts from it may ôe printed or otherwise repraduccd without the ruthor's wcittcn 
permission. 



TABLE OF CONTENTS 

.................................................................................................. TABLE OF CONTENTS 1 

ACKNOWLEDGEMENTS ........................................................................................... III 

ABSTRACT .................................................................................................................. IV 

LIST OF FIGURES ........................................................................................................ VI 

LIST OF ABBREVIATIONS ....................................................................................... VI1 

.............................. INTRODUCTION .........................,..................................................... 1 

1 General Introduction ................................. ..... ............................................................ 1 

2 HMW FGF-2 versus LMW FGF-2 ............................................................................ 2 

2.1 Distribution & Localization ............................................................................... -2 

2 -2 Regdation of Expression ... .. .............................................................................. -4 

2.2.1 At the Transcriptional Level ......................................................................... 4 

2.2 -2 At the Translational Level ............................................................................ 5 

........................ .................................-.............................. 2.3 Biological Activity .. 7 

..................................................................................................... 3 FGF-2 in the Heart 9 

...................................................................................... 4 FGF-2 Signal Transduction 1 1 

5 Apoptosis ............................................................................................................... 12 

5 -4 Apoptosis in the Heart ....................................................................................... 19 

5.5 Chromatin Condensation in Apoptosis ............................................................. 20 

6 Mitotic Chromosome Condensation ..................................................................... 2 1 
1 



7 Hypothesis .......................................... .... ............................................................ 23 

MATERIALS AND METHODS ....................................................................................... 26 

Plasmids ................................................................................................................... 26 

Ce11 Culture ............................................................................................................. 26 

Transient Gene Trans fer ................... ... ................................................................... -27 

Analysis of DNA Fragmentation ............................................................................. 28 

In-Situ-End Labeling for Detection of Apoptotic Myocytes ................................... 29 

Imrnuno fluorescence ................................................................................................ 29 

Phosphorylated Histone H 1 and Histone H3 Staining ..... .... .................................... 31 

Statistical Analysis ................................................................................................... 32 

RESULTS .......................................................................................................................... 34 

1 Effect of HMW FGF-2 on Nuclear Morphology .................................................... -34 

2 Effect of Apoptosis Inhibitors (Bcl-2, caspase inhibitors, and 

LMW FGF-2) on the HMW FGF-2 -Induced NucIear Phenotype .......................... 35 

3 Effect of HMW FGF-2 on DNA Degradation, TUNEL Staining and 

Lamin B Localization .............................................................................................. 36 

4 Effect of HMW FGF-2 overexpression on Histone H l ,  H3 Phosphorylation ......... 37 

DISCUSSION .................................................................................................................... 39 

.............................................................................. 1 Human FGF-2 versus rat FGF-2 39 

2 HMW FGF-2 and Apoptosis .................................................................................... 41 

................................................ ................................... 3 HMW FGF-2 and Mitosis ..... 45 

4 Concluding Remarks ............................................................................................... -46 

REFERENCE ..................................................................................................................... 58 



ACKNOWLEDGEMENTS 

First and foremost, 1 would like to thank my supervisor, Dr. Elissavet. Kardarni, 

for her intelligent guidance, constant encouragement, and unending patience throughout 

this program. Her rigorous scientific enthusiasm and attitude towards research, and her 

good nature of hurnanity have show me how could be an excellent scientist. It was my 

honor to be one of her students. 

My gratitude also goes to my advisory cornmittee memben, Dr. Peter A. Cattini, 

Dr. Judy E. Anderson, and Dr. Maria E. VrontalOs. Their advice and encouragement were 

very valuable to me. 

Special thanks go to Bradley W. Doble, Robert R. Fancirich, Raymond R. Padua, 

and Otto Banergi for their countless technical help in the course of this study and good 

friendship. nianks to rny wlleagues in Dr. Kardami's labonitory for their helps. 

1 would like to thank my parents, my wife Xinping, and my daughter Linyao. 

Without their unconditional love, support, and encouragement, 1 could not successfuIly 

finish my study. 

III 



ABSTRACT 

Fibroblast growth factor-2 (FGF-2) is a multifùnctional mitogenic factor which is 

found in 2 1-25 kDa high molecular weight (HMW), or 16- 18 kDa low molecular weight 

(LMW) foms, resulting tiom translation initiation from unconventional CUG- or 

conventional AUG- start sites, respectively. Previous studies have demonstrated that rat 

HMW- but not LMW-FGF-2, introduced into cardiac myocytes by gene transfer, caused 

a distinct nuclear phenotype, characterized by condensed chromatin and formation of 

several DNA 'clurnps' inside the nucleus. In the present study we investigated first 

whether hurnan HMW FGF-2, sharing 82% hornology with its rat counterpart at the 

CUG-initiated extension, was also capable of eliciting the same phenotype as rat HMW 

FGF-2. Secondly, we investigated whether the mechanism of chromatin condensation and 

separation caused by HMW FGF-2 engaged an apoptosis-like mechanism. Finally, we 

examined whether the HMW FGF-2 induced nuclear phenotype resulted from a mitosis- 

like mechanism. Using cDNAs coding for HMW- or LMW- hurnan FGF-2 and transient 

gene tram fer of neonatat cardiomyocytes we established that the human versions of FGF- 

2 had similar properties to their rat counterparts. Human HMW FGF-2 localized 

predominantly to the nucleus and induced chromatin condensation and separation in over 

20% of overexpressing cells. Hurnan LMW FGF-2 localized to the nucleus and cytosol, 

and was not associated with chromatin alterations. The nuclear phenotype caused by 

HMW FGF-2 does not appear to be related to apoptosis based on the foll~wing findings: 

(a). The nuclei in HMW FGF-2 overexpressing cells were TüNEL negative, and their 

nuclear lamina, assessed by anti-larnin B immunostaining, appeared intact. (b). We did 

not detect a DNA ladder. (c). A number of manipulations that have been shown to 
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prevent apoptosis in several systems, including overexpression of Bcl-2, inhibition of 

ICE-proteases, and overexpression of LMW FGF-2 did not prevent the effect of HMW 

FGF-2. The nuclear phenotype caused by HMW FGF-2 does not appear to be related to 

mitosis: The nuclei in HMW FGF-2 overexpressing myocytes did not stain for the 

phosphorylated f o m s  of histone Hl.  or H3. Phosphorylation of H l ,  H3 is associated with 

chromatin condensation and chromosome separation observed in mitosis. Ln conclusion, 

we have provided evidence that the nuclear phenotype caused by overexpression of 

HMW FGF-2 in cardiac myocytes likely represents a novel rnechanism of nuclear 

disruption. The physiological significance of this observation remains to be established. 
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1 General Introduction 

Basic fibroblast growth factor (bFGF), also called FGF-2, is a member of a large 

family of heparin-binding proteins, which consist of at least 19 strucîuraily related 

polypeptide growth factors (Nishimura et al. 1999). FGF-2 exists in al1 tissues exarnined 

so far and has several different effects in different ce11 and organ systems. It affects ce11 

proliferation, ce11 migration, embryonic development, ce11 differentiation, suwival, tumor 

angiogenesis, and malignant transformation (Bikfalvi et al. 1997; Kardami et al. 1995). 

The FGF-2 gene is located on chromosome 4q26-27 (Emoto et al. 1997). FGF-2 

genes have been cloned fiom human, opossum, bovine, rat, chick, mouse, sheep, 

Xenopus, and newt (Szebenyi and Fallon 1999). 

Human FGF-2 exists in four different molecular weight isoforms that originate 

fiom alternative translation initiation codons within the sarne mRNA mo1ecule. Low 

molecular weight (LMW) FGF-2 (18-kDa) initiates at an intemal methionine (AUG) 

codon, while the three high molecular weight (HMW) foms (22, 22.5, and 24 kDa) 

initiate at three leucine (CUG) codons located C-terminal to the AUG. Therefore, in 

addition to a varying length of N-terminal extension, the three HMW FGF-2 contain the 

complete LMW FGF-2 sequence at their C termini (Florkiewicz and Sommer 1989; Prats 

et al. 1989). Rat and chick FGF-2 also exist in CUG- and AUG-initiated species 

(Szebenyi and Fallon 1999). 

There are three coding exons in FGF-2 (Sutherland et al. 1996; Burdine et al. 

1997). Each of the exons encodes paralle1 B strands, which fold into a distinct structural 



FGF-2 is found both outside and inside of the cells (Mignati et al. 1992). The 

mechanism for release of FGF-2 fiom cells is unclear because FGF-2 does not contain a 

signal sequence (Abraham et al. 1986). FGF-2 can be released fkom cells after ceIl death, 

wounding, or chernical injuxy (McNeil et al. 1989; Muthukrishnan et al. 1991), or 

irradiation (Haimovitz-Friedman et al. 1991). 

However, healthy cells also release FGF-2. FGF-2 neutralizing antibodies inhibit 

the migration of an isolated single ceIl expressing FGF-2 (Mignatti et al. 1991). The 

h g s  that inhibit the classic ER-Golgi secretion patiiway do not inhibit FGF-2 dependent 

ce11 migration (Mignatti et al. 199 1). Therefore a nonclassic release pathway other than 

the classic secretion pathway, ceIl death, or wounding can lead to the export of FGF-2 

(Mignatti et al. 199 1 ). 

Some of the characteristics of the mechanism for FGF-2 secretion are beginning 

to emerge. Florkiewicz and colleagues (Florkiewicz et al. 1998) provided some evidence 

that the export of FGF-2 may involve interaction with the plasma membrane ion pump 

~ a ' ,  K'-ATP~S~. Piotrowicz et al. (Piotrowicz et al. 19Ç7) fiuthemore have shown that 

the 27 kDa heat shock protein increases the rate of secretion of FGF-2 (especially the 

HMW form) fiorn bovine arterial endothel i d  cells. 

2 HMW FGF-2 versus LMW FGF-2 

2.1 Distribution & Localization 

Our laboratory has demonstrated that immature cardiac ventricles accumulate 

predominately the HMW FGF-2 wtiile the 18 kDa form is prevalent in the adult 

myocardiurn (Liu et al. 1993). Furthemore, relative levels of HMW FGF-2 differ 
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between different tissues, k i n g  highest in the adult brain and spleen and lowest in 

striated muscle (Liu et al. 1993). Hypothyroidism increased the relative levels of H M W  

FGF-2 in the heart but not other tissues (Liu et al. 1993). 

Similar findings were subsequently obtained by other investigaton: Studies with 

transgenic mice overexpressing human FGF-2 showed that some tissues preferentially 

accumulate HMW FGF-2, while other tissues have predominantly 18 kDa FGF-2; the 

tissue speci fic expression of FGF-2 iso foms  appears to be translationally regulated 

(Cofin et al. 1995). Several cis-regulatory sequences have k e n  found that contribute to 

the translational wntrol of FGF-2 mRNA (Prats et al. 1992). In particular, an IRES 

(interna1 ribosome entry site) has been found in the FGF-2 mRNA leader (Vagner et al. 

1995). This allows FGF-2 niRNA translation to occur via a new mechanism different 

fiom the classical capdependent scanning mechanism (Kozak 1989). 

HMW isoforms of FGF-2 are localized in the nucleus, whereas 18-kDa FGF-2 is 

found predominantly in the cytosol and nucleus (Quarto et al. 1991; Renko et ai. 1990; 

Bugler et al. 199 1 ; Florkiewicz et al. 199 1 ; Pasumarthi et ai. 1994). 18-kDa FGF-2 can 

also be exported to the cell surface, where it is localized to the basement membrane or 

extracel lular rnatrix in association with matrix heparins and hep- sulfate proteoglycan 

(Moscatelli et al. 1991 ; Miao et al. 1996). Nuclear distribution of 18 kDa FGF-2 was seen 

in some situations, and may occur via diffiision of 18 kDa FGF-2 into the nucleus 

through the nuclear membrane or it may enter afier the nuclear membrane is disruptcd 

during the mitotic cycle (Silver 1%) 1). 

The intracellular distribution of the HMW FGF-2 is determined by the N-terminal 

extensions, not found in 18 kDa FGF-2, which act as nuclear localitation signals. 



Chimerical proteins consisting of the N-terminal domain of HMW FGF-2 joined to 

proteins that norrnally localize in the cytoplasm can be targeted to the nucleus (Quarto et 

al. 199 1 ; Bugler et at. 199 1 ). The nuclear targeting sequence of SV40 T-antigen joined 

to 18 kDa FGF-2 does not allow nuclear accumulation of the fusion protein. This 

indicates that 18 kDa FGF-2 contains an inhibitoxy sequence for nuclear transport, which 

can be overcome by presence of the N-terminal extension (Florkiewicz et al. 199 1 ). 

fosîîranslational methylation of arginine residues may play a cntical role in 

nuclear localization of HMW FGF-2. The arnino-terminal extension of HMW FGF-2 

contains 55 amino acids and has eight potential sites for arginine methylation (Najbauer 

et al. 1993). The translocation of newly synthesized HMW FGF-2 into the nucleus 

appears to require the posttranslationaf methylation, since a methytransferase inhibitor 

markedly reduces the nuclear accumulation of endogenous HMW FGF-2 (Pintucci et al. 

1996). 

2.2 Regulation of Expression 

2.2.1 At the Transcriptional Level 

Both rat and hurnan FGF-2 promoters lack typical TATA or CCAAT box, but 

have GC-rich regions (Shibata et ai. 1991). Transcription factors Spl or early growth 

response factor- 1 (Egr- 1 ) may be involved in the activation of transcription, since binding 

sites for these proteins are contained in the GC-nch region, which is associateci with 

transcription initiation (Pasumarthi et ai. 1997; Biesiada et al. 1996). The expression of 

Egr-1 transcription factor after injury is triggered by release of FGF-2 and dependent on 

paracrine action of FGF-2 (Santiago et al. 1999). FGF-2 can stimulate its own expression 



through an autoregulated transcriptional response that requires the Egr- 1 ; Egr- 1 binds to 

two DNA elements in the FGF-2 promoter and positively regulates its transcript~on 

(Wang et al. 1997). The transcriptional induction of Egr- 1 is mediated through a mitogen- 

activated protein kinase (MAP kinase) related mechanism (Biesiada et al. 1996; 

Schwachtgen et al. 1998; Santiago et al. 1999). 

a-Adrenergic stimulation (norepinephrine, or phenylephrine) increases local 

FGF-2 synthesis at the transcriptonal level in cardiac myocytes, this increase is believed 

to be involved in the response of cardiomyocytes to injury as well as the maintenance of 

the healthy myocardiurn (Detillieux et al. 1999). 

Many factors stimulate the expression of FGF-2, such as glucocorticoids, CAMP 

and forskolin (Meisinger et ai. 1996; Riva et al. 1996; Halaban 1996). P53 may also 

regulate FGF-2 expression When p53 and FGF-2 cDNAs were CO-transfected into 

human glioblastoma and hepatocell ular carcinoma, expression of endogenous FGF-2 was 

increased by mutant type p53; the FGF-2 gene promoter was responsive to p53. Wild- 

type p53 represses FGF-2 gene expression; mutant p53 enhances FGF-2 expression 

(Ueba et al. 1994). 

2-2.2 At the Translational Level 

The expression of the CUG-initiateci fonns of FGF-2 is translationally down 

regulated when ce11 &nsity increases in normal hurnan skin fibroblast cultures (Galy et 

al. 1999). In contrast, the CUG-initiated FGF-2 expression is constitutive in cancerous 

SK-HEP-I cells as well as in human skin fibroblasts tnuisfonned by SV40 large T 

antigen (Galy et al. 1999). The densitydependent regulation of FGF-2 expression in 



normal cells employs a capdependent scanning mechanism, whereas the constitutive 

expression of FGF-2 in transformed cells and cancer cells involve an IRESdependent 

translational regdation mechanism. Initiation at the AUG codon in Iowdensi ty normal 

hurnan skin fibroblast occurs via an intemal ribosome entry mechanism, and there is a 

second IRES in the FGF-2 mRNA which would drive the AUG-initiated form expression 

(Galy et al. 1999). 

in general, the CUG-initiated HMW FGF-2 isoforms predominate in transformed 

ce11 lines; whereas the AUG-initiated 18-kDa fom is more prevalent in normal cells. 

Constitutive expression of the AUG-initiated fonn leads to transformation of adult bovine 

aortic endothelial and NiH 3T3 cells, whereas expression of the CUG-initiated foms Iead 

to imrnortalization of adult bovine aortic endothelial cells and confers a unique phenotype 

to NM 3T3 cells (Couderc et al. 1991; Quarto et al. 1991). The AUG-initiated FGF-2 

expression is approximately related to the mRNA levels in the different ce11 types, but 

there does not seem to be a correlation between FGF-2 mRNA and expression of the 

CUG-initiated FGF-2 (Vagner et al. 1996). 

CUG-initiated FGF-2 can be induced by stress (heat shock treatrnent which can 

abolish the capdependent translation). This effect is time dependent, and wrrelates with 

the change in FGF-2 mRNA levels (Piotrowicz et al. 1997). 

The S'region of FGF-2 mRNA contains the cis-acting elements which are 

necessary for the cell-type specific control of alternative translation initiation, 

presurnably through binding of several ce11 proteins to this leader region. So the CUG- 

initiated foms are translatioaally regulated by trans-acting factors that would be active in 

transformed cells but only activated as a response to stress in normal cells (Vagner et al. 



1996). 

The expression of high molecular weight (HMW)-isoforms (22 and 24-kD 

isoforms) but not 18-kD isoform was selectively increased by cytokines in cultured rat 

astrocytes (Kamiguchi et al. 1996). 

2.3 Biological Activity 

There exist both differences and similarities in the biological activity of CUG- 

versus AUG-initiated FGF-2. Both appear to bind to the plasma membrane recepton with 

similar properties, and to have similar receptor-mediated mitogenic activity (Patry et al. 

1994). On the other han4 when the different foms are expressed in a fibroblast ce11 line, 

3T3 cells, while both are rnitogenic, they have different effects on ce11 migration, or 

integrin expression: LMW, but not HM', FGF-2 stimulates migration and integrin 

expression (Piotrowicz et al. 1999). 

Bikfalvi et al. found that (a). NIH 3T3 cells expressing 18-kDa FGF-2 have high 

motility and surface-associated 18 kDa FGF-2. In contrast, cells expressing HMW FGF-2 

have low motility and vimially no surface-associated FGF-2. (b). FGF-2 receptor 

numbers are decreased in cells expressing 18-kDa FGF-2, but do not change in cells 

expressing HMW FGF-2. (c). Expression of a dominant negative FGF-2 receptor inhibits 

the migration and suppresses the growth in soft agar of cells expressing 18-kDa FGF-2, 

but has no effect on the growth of cells expressing HMW FGF-2. These findings 

demonstrate that the AUG-initiated FGF-2 acts through an autocrine or paracrine 

pathway, while the CUG-initiatcd isoforms of FGF-2 act through an intracrine pathway 

(F3ikfalvi et al. 1995). 



In cardiac myocytes, overexpression of both HMW and LMW FGF-2 increases 

cardiomyocyte number, DNA synthesis, and mitotic index by a receptor-dependent 

mechanism. The overexpression of HMW FGF-2, but not LMW FGF-2, also increased 

bin ucleation and induced DNA clurnping in cardiac myoc ytes b y a receptor-independent 

mechanism, suggesting these effects are through an intracrine pathway (Pasumarthi et al. 

1996). 

LMW FGF-2 has been demonstrated to prevent apoptosis induced by different 

triggen, in several systems, including endothelial cells 0<anan et al. 1997), bladder ceIl 

lines (Miyake et al. 1 W8), glioma cells (Murai et al. 1 W6), lens epithelial cells (Wang et 

al. 1999), L929 cells (Gardner and Johnson 1996), HCl 1 rnammary epithelial cells 

(Merlo et al. 1996) and others. Overall, LMW FGF-2 appears to d e r  protection fiom 

apoptosis in many tissues, as illustrateci in recent review (Rosfjord and Dickson 1999), 

although for most of the earlier studies it is not clear whether protection occurs by 

preventing apoptosis or necrosis. 

Although most of the available evidence points to LMW FGF-2 as preventing 

apoptosis, Yokoyarna et al (Yokoyarna et al. 1997) provided some evidence that it may 

actually trigger the apoptotic process in developing chick retina neural cells in culture. It 

is therefore possible that the ability of LMW FGF-2 to prevent apoptosis is cell-type or 

stage- specific. Funato et al (Funato et al. 1997) also reporteci that LMW FGF-2 enhanced 

apoptosis in myofibroblastic cells, however their data are very preliminary, without a 

quantitative assessrnent of apoptosis, nor a dosedependent examination of the effect; 

furthemore their work centers on the effects of added FGF-2 on serum-deprived cells 

that are already compromised and perhaps sensitized towarcis apoptosis. It is therefore too 



early to decide whether LMW FGF-2-induced apoptosis is a more general phenomenon 

or resticted to some ce11 types or conditions. 

There are no reports associating HMW FGF-2 with apoptosis. 

3 FGF-2 in the Heart 

FGF-2 is present in the nucleus, cytoplasm, ce11 membrane and gap junctions of 

cardiac myocytes (Pasumarthi et al. 1994; Pasumarthi et al. 1996; Kardarni et al. 1 WI),  

and plays a vital role in the proliferation and differentiation of these cells (Kardami et al. 

1995). 

In the postnatal heart, FGF-2 is released on contraction. Electrical or adrenergic 

stimulation increases the hart  rate and force, and therefore increases FGF-2 release 

(Clarke et al. 1995; Kaye et al. 1996). The mechanism of export involves a transient, non- 

lethal disruption of the plasma membrane, a phenomenon that occurs in rnany tissues 

exposed to high levels of mechanical stress (McNeil and Steinhardt 1997). Since FGF-2 

has a negative inotropic effect (Padua et al. 1998), its release may help the heart 

compensate after excessive adrenergic stimulation. It may also trigger the hypertrophie 

paîhway in vivo. 

HMW and LMW FGF-2 species have been identified in the heart. The 18 kDa 

FGF-2 predominates in the adult rat heart, while HMW FGF-2 predominates in neonatal 

rat heart (Liu et al. 1993). In gene transfer studies, KMW FGF-2 isoforms initiated fiom 

CUG codons of rat FGF-2 mRNA, preferentialty localize to the nucleus of embryonic 

chicken cardiac myocytes and neonatal rat cardiac myocytes, whereas the 18 kDa form 

resulting fiom the AUG codon localizes to both the nucleus and the cytoplasm 



(Pasurnarthi et al. 1994; Pasumarthi et al. 1996). Differential localization implies distinct 

function for LMW versus HMW FGF-2. 

Overexpression of both 22R 1 -5 and 18 kDa FGF-2 induced a signifiant increase 

in ce11 nurnber, DNA synthesis and mitotic index in neonatal rat cardiac myocytes 

compared to non-overexpressing cells (Pasumarthi et al. 1996). HMW and LMW FGF-2 

stimulated proliferation to a similar degree, and their effects were inhibited by 

neutraliu'ng antibodies against FGF-2, indicating involvement of an autocrine or 

paracrine pathway. On the other hand, overexpression of 22/21 -5 kDa FGF-2 (but not 

LMW FGF-2) was associated with a significarit increase in binucleation and DNA 

clumping, which was not blocked by the neutralizïng antibodies against FGF-2. These 

data demonstrate the HMW and LMW FGF-2 can have different biological fûnction, and 

the HMW FGF-2 has its effects on binucleation and DNA clumping through an intracrine 

mode (Pasumarthi et al. 1996)- 

FGF-2 is involved in carâiac response to injury. In an isoproterenol-induced 

cardiomyocyte injury model, there was a transient increase in HMW FGF-2 24 houn 

after treatrnent, winciding with intense cellular proliferation and infiltration in the area of 

injury (Padua and Kardami 1993). LMW FGF-2 was a h  increased, and its increases 

correlated with the chronic responsr of the heart to injury. increased levels of FGF-2 

have also been detected in the mdx model of cardiac lesion development (Anderson et al. 

199 l), and in myocardial infarction (Kardami et al. 1993; Padua et al. 1996). Our 

laboratory has some evidence that FGF-2 protects cardiac myocytes fiom HzOz-induced 

apoptosis (Rudami et al. 1993; Padua et al. 1996). 



Autocrine FGF-2 signaling has been reported to contribute to smooth muscle ce11 

migration (Sato et al. 199 1 ). FGF-2 may also play a role in ceIl recognition, adhesion and 

communication. It has been shown that FGF-2 is localized within the intercalated disc 

region of cardiomyoçytes. Immune elecîron microscopy showed FGF-2 localized on the 

cytoplasmic face of gap junctions (Kardami et ai. 199 1). FGF-2 decreases ce11 to ce11 

communication by acting on connexin 43 in neonatal rat cardiac myocytes via the 

phosphorylation of a serine residue on the cytosolic face of gap junctions (Doble et al. 

1996). 

FGF-2 has cardioprotective effects in rat heart ischemia-reperfiision injury. When 

FGF-2 was administered to the ischemic heart by perfusion, it was localized to the 

periphery of cardiomyocytes, and induced a significant recovery of mechanical fiinction 

(Padua et al. 1995). This cardioprotection was mediated by the activation of PKC at the 

sarcolemmal sites (Padua et al. 1998). 

Thyroid hormone may down-regulate accumulation of the high molecular weight 

forms of FGF-2 in the heart, because elevated levels of 2 1.5 to 22 kDa forms of FGF-2 

were detected in hypothyroid compared to euthyroid cardiac ventricles (Liu et al- 1993). 

4 FGF-2 Signal Transduction 

The biological bctions of FGF-2 are mediated by its interaction with a dual 

receptor system consisting of high-afinity tyrosine kinase FGF-receptors (FGFRs) and 

low-affinity heparan sulfate proteoglycans (Jaye et al. 1992; Klagsbrun and Baird 199 1 ). 

The FGFR fmily consists of at least four members (FGFRI, 2, 3, and 4) 

(Basiliw and Moscatelli 1992; Jaye et al. 1992; Jin et al. 1994; Liu et al. 1995). These 
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receptors have conserved features including a cytoplasmic tyrosine kinase domain, a 

transmembrane domain, and an extracellular ligand-binding domain. The interaction of 

FGF-2 with the plasma membrane FGFRs induces autophosphorylation of these 

receptors, then initiates the phosphorylation of tyrosine residues in cytosolic substrates 

(Fantl et al. 1993). 

FGFR-1 is the only high afinity receptor detected so far in the rat hart  (Speir et 

al. 1992; Liu et al. 1995) and plays a vital role in the development of the heart (Wanaka 

et al. 1 99 1 ; Mima et al. 1995). Specifically, work by Mima et al. showed that knockout of 

FGFR-1 h c t i o n  during early avian development results in inhibition of cardiac muscle 

growth and improper looping of the heart (Mima et al. 1995). 

Heparan sulfate proteogiycans (HSPGs) are low-afinity extracellular molecuIes 

involved in FGF-2 activity. There is increasing evidence that binding to low-afinity 

binding sites (HSPGs) on the ce11 surface plays a important role in the binding of FGF-2 

to its high-finity receptor (Oniitz and Leder 1992; Rogham et al. 1994). Nevertherless, 

some studies indicate that HSPGs are not absdutely required for FGF-2-induced 

biological activities, but can enhance these by increasing the binding of FGF-2 to FGFRs 

(Fannon and Nugent 1996). Some evidence indicates that FGF-2 signaling can be through 

the HSPG independent paîhway, and HSPGs may participate in the intenialization of 

FGF-2 (Quarto and Amalric 1994). 

5 Apoptosis 

Apoptosis, or prograrnmed ceIl death (PCD), is an essentiai mechanism involved 

in development, and tissue homeostasis, and eliminates the harmfûi and diseased cells in 

organisms (Steller 1995; Jacobson et al. 1997). On the other hand, dysregulated apoptosis 
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has been implicated in many hurnan diseases such as cancer and neurodegenerative 

diseases (Thompson 1995; Cheng et al. 1998; Cotman and Anderson 1995). 

Apoptosis is a genetically regulated cell suicide program characterized by ce11 

shrinkage, plasma membrane blebbing, chromatin condensation, and genomic DNA 

fragmentation, (Wyllie et al. 1980). Biochemically, apoptotic cells are characterized by 

reduction in the mitochondrial transmembrane potential, intracellular acidification, 

production of reactive oxygen species, externalization of phosphatidylserine residues in 

membrane bilayen, selective proteolysis of a subset of cellular proteins, and degradation 

of DNA into internucleosomal fragments (Cryns and Yuan 1998). 

Apoptotic cells are rapidly eaten by phagocytic cells (macrophages/monoçytes, 

and neighboring cells) before there is any leakage of their contents. Interaction of 

phosphatidytsenne on the apoptotic ce11 surface with phosphatidylserine receptors on the 

phagocytosing cells mnstitutes the major mechanism (Bennett et al. 1995; Fadok et al. 

1992). 

By contrast, another form of ce11 death, called ce11 necrosis, occurs in response to 

acute injury, toxins, ischemia, and is an uncontrolled process. Cells swell and burst, 

spilling their contents over their neighbors and eliciting a damaging infiammatory 

response (RafT 1998). 

There are many observable morphological and biochemical differences between 

apoptosis and necrosis surnmarized in the following list (adapted fiom Apoptosis and 

Ce11 Proli feration. 2d edition. BOEHRINGER MANNHEIM 1998) 

Morphologicrit fertures of apoptosis: 

Membrane blebbling, but no loss of integrity. 



Aggregation of chromatin at the nuclear membrane 

Begins with shrinking of cytoplasm and condensation of nucleus. 

Ends with fragmentation of ce11 into smaller bodies. 

Formation of membrane bound vesicles (apoptotic bodies). 

Mitochondria become leaky due to pore formation involving proteins of the 

Bcl-2 family. 

Morphological features of necrosis: 

Loss of membrane integrity. 

Begins with swelling of cytoplasm and mitochondria. 

Ends with total ce11 lysis. 

Disintegration (swelling) of organelles. 

Biochemical features of apoptosis: 

Tightly regulated process involving activation and enzymatic steps. 

Energy (ATP)-dependent (active process, does not occur at 4°C) 

Non-random mono- and oligonucleosomal length fiagrnentation of DNA 

(ladder pattern f ier  agarose gel electrophoresis). 

Prelytic DNA fragmentation. 

Release of various factors (cytochrome C, NF) into cytoplsism by 

mitochondria. 

Activation of caspase cascade. 

Alteration in membrane asymmetry (Le., translocation of phosphatidylserine 

fiom the cytoplasmic to the extracellular side of the membrane). 



Biochemical feritures of necrosis: 

Loss of regulation of ion homeostasis. 

No energy requirement (passive process, also occurs at 4°C). 

Random digestion of DNA (smear of DNA afier agarose gel electrophoresis). 

Postlytic DNA fragmentation (=late event of death). 

5.1 Caspascs 

Genetic studies of prograrnmed ce11 death (PCD) in Caenorhabdilis elegans (C 

elegans ) have identified three genes, Ced-3, Ced-4, and Ced-9, that are involved in its 

ceIl death. Both Ced-3 and Ced-4 can independentiy induce ce11 death, while Ced-9 

inhibits ceIl death (Hengartner et al. 1992; Yuan and Horvitz 1992; Yuan et al. 1993). In 

mammalian cells, there are counterparts for each of these C elegans ce11 death genes. Bcl- 

2 is homologous to Ced-9, which inhibits apoptosis (Hengartner and Horvitz 2 994). ICE 

(interleukin-lpconverting enzyme), the first identified mammalian member of the 

caspase family of cysteine proteases, is homologous to Cd-3 (Yuan et al. 1993). Apaf-1 

(apoptotic protease-activating factor-l), which can activate caspase-3, is the homologue 

to Ced-4 (Zou et al. 1997). 

Caspases play an essential role in the induction of intemucleosomal DNA 

fragmentation by activating a latent, cytosolic endonuclease. Caspase-activated 

deoxyribonuclease (CAD) is normally located in the cytoplasm in an inactive forrn by 

binding to an inhibitor (ICAD/DFF-45). This inhibitor suppresses the endonuclease 

activity of CAD and conceals its nuclear localization signal. During the induction of 

apoptosis, ICAWDFF-45 is cleaved by caspase-3-like cysteine protease. This results in 
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the activation of CAD, leading CAD to the nucleus and subsequent cleavage of the 

genomic DNA into oligonucleosomal DNA fragmens. this is seen as a typical DNA 

ladder on agarose gels (Enari et al. 1998; Sakahira et al. 1998). 

Another role of caspases in apoptosis is to disassemble cell structure such as the 

nuclear lamina (Takahashi et al. 1996; Orth et al. 1996), a rigid structure that underlies 

the nuclear membrane and is involved in chromatin organization. The lamina consists of 

lamins, which are intermediate filament proteins. During apoptosis, lamins are cleaved at 

a single site by caspases, causing the lamina to wllapse and contributing to chromatin 

condensation (Rao et al. 1996). 

Caspases can cleave the negative regulators of apoptosis, such as the BcI-2 

proteins. It appears that cleavage not only inactivates these proteins, but also produces a 

fragment that promotes apoptosis (Xue and Horvitz 1997; Adams and C o q  1998). 

It is unclear whether caspase proteolysis is responsible for al1 types of apoptotic 

ce11 death, or wbether caspase-independent apoptotic mechanisms exist. For example, one 

study has shown that caspase inhibitors can not prevent apoptosis induced by Bax, a 

member of the Bcl-2 family (Xiang et al. 1996; McCarthy et al. 1997). 

The Bcl-2 family of proteins is another central player in apoptosis. At least 15 

Bcl-2 family members have been identified in marnmalian cells (Adams and Cory 1998). 

Some can prornote celi survival (Bcl-2, Bcl-XL Bcl-W, Mcl-1, and Al), and some can 

promote ceIl death (Bax, Bak, Bcl-XS, Bad, Bid, Bik, Bim, Hrk, and Bok). 



Bcl-2 has been found on the cytoplasmic face of the mitochondrial outer 

membrane, endoplasmic reticulurn (ER), and nuclear envelope. During apoptosis, Bcl-2 

proteins regdate the functions of these compamnents possibly by modimng the flux of 

smali molecules or proteins (Kroemer 1997; Zarnzami et al. 1998; Green and Reed 1998). 

Bcl-2 and Bcl-XL can detemine the subcellular localization of other apoptosis 

regulaton with which they interact. Bcl-2 targets the protein kinase Raf-1 to 

mitochondria and Bcl-XL retains the C elegam death-trigger protein C e M ,  and 

presumably its marnrnalian homologue, Apaf-1, within intracellular membranes, 

therefore preveiiting it fiom entering the nucleus where- it will exert its proapoptotic 

activity (Wu et al. 1997; Chinnaiyan et al. 1997). 

The disruption of the mitochondrial transmembnine potential and the release of 

mitochondrial protease activators are important steps in the apoptotic process. Activation 

of caspases and Bcl-2 family memben enhance mitochondrial permeability transition 

(PT) by opening the mitochondrial permeability transition pore. increased mitochondrial 

permeability transition changes the mitochondrial transmembrane potential, release 

mitochondnal intemembrane proteins into the cytosol of cells undergoing apoptosis 

(Kroemer 1997). 

Bcl-2 can inhibit the activity of caspase 3, and therefore inhibiting the cleavage of 

caspase-3 substrate, such as poly (ADP-ribose) polymerase (PARP), subsequent prevents 

the onset of apoptosis. On the other hanci, Bcl-2 family mernbers, such as Bcl-2 and Bcl- 

XL, two death antagonists, can be cleaved by caspases (Clem et al. 1998; Grandgirard et 

al. 1998), Bcl-2 by a caspase-3-like protease and %cl-XL by a caspase-1-like family 

member. Bcl-2 protein cleavage by caspases gewrates fragments which have totally 



different proprties cornpared to their full-length counterparts; they prornote ce11 death 

rather than inhibit ce11 death (Xue and Horvitz 1997; Adams and Cory 1998). 

Bcl-2 farnily members, such as Bcl-2 and Bax, are expressed in cardiomyocytes 

during ischernia (Misao et al. 1996; Sharov et al. 1996). 

The relative amounts or equilibrium between these death antagonists (Bcl-2, Bcl- 

XL Bcl-W, Mcl-1 , A l )  and death agonists (Bax, Bak, Bcl-XS, Bad, Bid, Bik, Bim, Hrk, 

Bok) determines the susceptibility of celfs to an apoptotic signal. This ratio is detennined 

by cornpetitive dimerkation between sefective pairs of antagonists and agonis&. 

Members of the BcL2 farnily interact with each other to form a dynarnic equilibrium 

between homo-hetorodimers, thus detemiining whether a ce11 is undergoing apoptosis or 

not (Kroemer 199 7). 

5.3 Lamin-B 

The lamins are intemediate filament proteins that constitute the lamina, a 

component of the nuclear envelope that serves to organize the chromath. Lamins A, B 

and C are thee major wmponent. of the lamina (McKeon 1991). Larnin B is expressed 

early in development and in vimially al1 somatic ce11 types (Nigg 1992). Larnin B has an 

a-helical rod domain to enable assembty into filaments, a nuclear localization sequence 

to direct filaments to the nucleus, and a carboxy-terminal CAAX box isoprenylation 

sequence for nuclear membrane targeting (McKeon 199 1 ). 

At the onset of mitosis, lamins are disassembled, a process mediated by 

hyperphosphorylation by p34"dS2 kinase at specific sites flanking the a-helical r d  dornain 

(Peter et al. 1990). After mitosis, nuclear reassembly requires lamin polymeridon, 



indicating lamins play an important role in nuclear organization (Heald and McKeon 

i 990; Nigg 1992). 

During apoptosis, larnin disassembl y i s induced through cleavage b y interleukin- 1 

beta-converting enzyme (ICE) proteases (Earnshaw 1995; Lazebnik et al. 1995). Larnin 

proteolysis during apoptosis has been reportai for several ce11 types. Etoposide-induced 

apoptosis in human acute myelogenous leukemia cells (HL-60 cells) is accompanied by 

extensive lamin B degradation (Kaufmann 1989). Lamin degradation is also observed in 

apoptosis induced by s e m  stawation of Ras transformed primary rat embryo cells, 

where lamin B is degraded into a 46-kDa fiagrnent (Oberharnmer et al. 1994). Larnin 

proteolysis facilitates the activity of the nucleases responsible for the DNA fiagrnentation 

that is characteristic of apoptosis. Nuclear breakdown may be required to render the 

nucleases accessible to proteases or other agents that bnng about their activation (Rao et 

21. 1996). 

5.4 Apoptosis in the Heart 

Since the cardiac myocyte of the adult kart has lost its ability for a timely and 

effective regenerative respcnse after injury (Kardarni et al 1993), myocyte loss results in 

replacement of fiuictional muscle by scar tissue, and eventual deterioration of cardiac 

performance. It is now becoming increasingly clear that myocyte death occurs by both 

necrosis and apoptosis. Since the apoptotic process is regulated one can envisage the 

possibility of preventing its development and thus decreasing the extent of cardiac 

damage. A cntical role for the apoptotic process has been proposed for many 

cardiovascuIar diseases, including dilated or ischemic cardiomyopathy, myocardial 



infarction, myocardial failure, myocarditis, arrhythrnias, congeni ta1 atrioventricular block 

(Haunstetter and Izumo 1998). 

Extensive research is currently taking place in an attempt to define the triggen 

and mechanism of cardiomyocyte apoptosis. At this point, cardiac apoptosis seems to 

follow pathways similar to those descnbed in other ceIl types: cardiac myocyte apoptosis 

can be induced by many stimuli, including hypoxia (Tanaka et al. 1994), myocardial 

infarction (Kajstura et al. 1996), mechmical stretch (Cheng et al. 1995), ~turosporine 

(Yue et al. 1998), tmor  necrosis factor a (Krown et al. 1996), aortic constriction (Teiger 

et al. 1996), increased angiotensin II (Kajstura et'al. 1997), atrïal natriuretic peptide 

(AM) (Wu et al. 1997), and TNF-alpha (Torre-Amione et al. 1995). 

The death receptor Fas is unregulated and may mediate apoptosis in 

cardiomyocytes during ischemia (Yue et al. 1998). Hypoxia is also proposed to induce 

apoptosis via a p53-dependent rnechanism (Long et al. 1997), while Bcl-2 protects adult 

myocytes fiom apoptosis (Kirshenbaurn and de Moissac 1997). Some evidence for 

potential therapeutic interventions targeting the mechanism of apoptosis was provided by 

Yaoita et al (1998) who demonstrated that wpase inhibitors led to a reduction in infarct 

size afler myocardial infarction. 

5.5 Chromatin Condensation in Apoptosis 

Apoptotic chromosome condensation is not dnven by the histone phosphorylation 

mechanism that is used for mitotic chromosome condensation. During the early stages of 

apoptosis, euchromatin is hypersensitive to nuclease degradation due to the pre-existing 

levels of acetylated histone H3 and H4. Nomally, these acetylated histones are located at 



the transcription competent region of chromatin. Degradation of the nuclease-sensitive 

acetylated chromatin at the earty stage of apoptosis is accompanied by the degradation of 

lamins and reorganization of an intranuclear protein matrix. These events cause the 

collapse of the nucleus. Aggregation of heterochromatin produces the appearance of 

apoptotic chromatin condensation. Later, this aggregated heterochromatin is cleaved by 

nucleases, and causes the oligonucleosomal DNA hgmentation, whkh is believed to be 

the hailmark of apoptosis (Hendzel et al. 1998). 

6 Mitotic Chromosome Condensation 

Mitotic chromosome condensation is one of the ce11 division processes. In this 

process, the relaxed chromatin of interphase is condensed to allow the correct segregation 

of sister chromatids into two genetically identical cells. Mitotic chromosome 

condensation is believed to have two fundons (Koshland and Strunnikov 1996). One is 

to help resolve chromatin tangles between sister chromatids; these tangles occur during 

DNA replication (Weaver et al. 1985). The second function is to package the interphase 

re1axed chromosomes into wmpacted mitotic chromosomes. The interphase 

chromosomes are longer than the length of the dividing ceIl, so packaging interphase 

chromosomes would help to avoid the cleavage of chromosome during cytokinesis, 

therefore maintaining the integrity of genetic information during mitosis (Koshland and 

Stmikov 1996; Hirano 1995). However, the molecular rnechanism of mitotic 

chromosome condensation is poorly understood (Wei et al. 1999) 

Three classes of proteins are believed to be involved in mitotic chromosome 

condensation (Koshland and Strunnikov 1996). One class is histone proteins, the second 



class is topoisornerase II, and the third class is SMC (structural maintenance of 

chromosomes) proteins. 

Histone proteins are associated with DNA to form chromatin. The four core 

histones (WA, H2B, H3 and H4) and DNA form nucleosomes, the basic unit of 

chromatin, and compact the DNA (Luger et al. 1997). Linker histone Hl binds to the 

nucIeosornrs and further compacts the chromatin (Vignali and Workrnan 1998). Early 

experiments indicated that the phosphorylation of histone H i  plays an important role in 

mitotic chromosome condensation (Bradbury 1992). However, other experiments have 

dernonstrated that the phosphorylation of histone H l  is not required for mitotic 

chromosome condensation (Guo et al. 1995; Ohsurni et al. 1993), thus the function of 

histone HI in mitotic chromosome condensation remains to be detennined, More recent 

studies now suggest that histone H3 phosphorylation plays a important role in rnitotic 

chromosome condensation (Van Hooser et al. 1998; Hendzel et al. 1997; Wei et al. 

1999). 

Topoisomerase II is an enzyme that can cataiyze the creation of a transient 

double-strand breaks in the DNA, which allows the passage of one DNA strand through 

another (Hsieh and Brutlag 1980), Topoisomerase II is therefore a key player for the 

s t n r c t d  changes during activation for the proper condensation of mitotic chromasorne 

(Earnshaw et al. 1985). 

Structural maintenance of chromosomes (SMC) proteins are the newest proteins 

found to be involved in rnitotic chromosome condensation. Mutation of SMC proteins 

caused defects in mitotic chromosome condensation in yeast (Saka et al. 1994; 



Stninnikov et al. 1995). immunodepletion of SMC proteins inhibited chromosome 

condensation in Xenopus egg extracts (Hirano and Mitchison 1994). 

Significance of Mitosis for cardioc myocytes: As mentioned earlier, after birth 

cardiac myocytes appear to become inhibited in their ability for proliferation and thus for 

regeneration. ïhe  abiiity for ce11 division however may not have been lost irrevenibly, as 

indicated by work fiom Anversa's laboratory (Kajstura et al. 1996). Mitotic condensation 

of chromosomes is an essential feature of ceIl division, and therefore understanding its 

regulation in the context of the cardiomyocyte may lead to a means of facilitating 

progression through the ce11 cycle, and thus regeneration. At this point, however, ~ e r e  is 

no information about control of chromosome condensation in cardiac myocytes. 

7 Hypothesis 

Previous studies in our labratory had indicated that overexpression of rat HMW 

FGF-2, but not LMW FGF-2, in rat and chicken myocytes caused a distinct nuclear 

phenotype of condensed chromatin, separated in severai 'clurnps' (Pasunarthi et al. 1994; 

Pasumarthi et al. 1996), via an intracrine pathway. Distinct effixts on chromatin are of 

great interest in that they may be part of any of several cellular mechanisms, includi~g 

apoptosis, mitosis and gene expression. Although a numkr of other laboratories have 

presented evidence for differential effects of the HMW versus the LMW FGF-2 on cells 

(Vagner et al. 1996; Piotrowicz et al. 1997; Couderc et al. 1991; Quarto et al. 1991; 

Karniguchi et al. 1996; Galy et al. 1999), there has been no previous report on specitic 

effects on chromatin. There were several important differences however between the 



synem used in our previous studies (Pasumarthi et al. 1994; Pasumarthi et al. 1996) and 

those used by other investigators: 

(1): Data by Pasumarthi et al (1994; 1996) were obtained using rat FGF-2, while 

al1 other studies by other investigators used human FGF-2. 

(2): Previous studies have used transformed ce11 lines (such as SK-Hep-1, HeLa, 

COS-7, MCF-7 cells (Vagner et ai. 1996; Florkiewicz et al. 1991), or NIH 3T3 cells 

(Bikfalvi et al. 1995), in wntrast to the primary cultures of cardiac myocytes used by 

Pasumarthi et al ( 1994; 1996). 

(3), Previous studies have used ce11 lines stably overexpressing the FGFs, 

therefore other investigators have selected for suriking, fast proliferating cells; 

Pasumarthi et al (1 994; 1996) have used transient gene transfer. 

In this work, we have thus first addrcssed the hypothesis that human FGF-2, 

sharing 82% homology with rat FGF-2 at the CUG-extensio~ will elicit the same effects 

as its rat counterparts on the nuclei of cardiac myocytes. This would indicate whether the 

previous observations were species-specific or reflected general properties of FGF-2. 

in addition, and since chromatin condensation arid nuclear hgmentation are 

features of apoptosis or mitosis, we have examined the hypothesis that the HMW FGF-2 

induced nuclear phenotype is following an apoptosis-like, or a rnitosis-like mechanism. 

To address the above hypothesis, we have used primary cultures of rat 

cardiomyocytes and transient gene transfer with cDNAs expressing humna HMW or 

LMW FGF-2. Due to the largely qualitative nature of our studies, we have made 



extensive use of immunofluorescence and localization of apoptosis andlor mitosis 

'markers'. 



MATERIALS AND METHODS 

1 Plasmids 

The hurnan FGF-2 cDNAs were generous gifb of Dr. RZ Florkiewicz (CIBLEX 

Corporation, San Diego, California). Hurnan FGF-2 cDNAs were cloned downstrearn of 

cytomegalovirus promoter in the pcDNA 3.0 expression vector. The cDNAs coding for 

three HMW FGF-2 isoforms (pcDNA3 -363) and al1 FGF-2 isoforms (pcDNA3- 14) were 

subcloned into the Eco R1 site, respectively; the cDNA codes the 18 kDa isofonn 

(pcDNA3-18) was subcloned into the Xho 1 site. In those three human FGF-2 expression 

vecton, pcDNA3-14 encodes al1 FGF-2 isoforms, pcDNA3-363 encodes the three HMW 

FGF-2 isoforms, and pcDNA3-18 encodes the 18 kDa isoforrn. pcDNA3-363 and 

pcDNA3-18 were used in our experiments. Bcl-2 cDNA is a generous gifi of Dr. Lome 

Kirshenbaum (University of Manitoba). 

2 Cell Culture 

Neonatal rat cardiac myocyte cultures were prepared as described previously 

(Doble et al. 1996). Briefly, the hearts were isolated fkom 1-day-old Sprague-Dawley rats 

and were minced in Ham's F-10 medium; the cells were dissociated in a water-jacked 

spinner flask (37°C) using a combination of ûypsin (GIBCO BRL. Burlington, ON, 

Canada) and DNase 1 (Sigma-Aldrich, Oakville, ON, Canada). Cardiac myocytes were 

purified on a discontinuous Percoll gradient. The cardiac myocytes were suspended in 

Ham's F-10 medium containing 10% fetal bovine senim (FBS), 10% horse senun (HS), 

and antibiotic ( 1,000 U/ml penici 1 lin, 1 mg/ml streptomycin). Cardiomyoc ytes were 



counted with a hemocytometer and plated on collagen-coated plates at a density of 

0 . 5 ~ 1 0 ~  cells per 35-mm culture dish. Al1 cdtureware was purchased from Corning 

(Fisher Scientific, Nepean, ON, Canada). Culture medium was fiom GIBCO BRL. 

3 Transient Gene Transfer 

Cardiac myocytes were transfected using the calcium phosphate-DNA 

precipitation method as previously described (Pasumarthi et al. 1996) with modification 

(Xu et al. 1992). Bnefly, neonatal rat cardiac myocytes were plated on collagen-coated 

plates at a density of 0 . 5 ~  106 per 35 mm culture dish. The cells were transfected 24 h 

after plating. The ce11 density was at 5040% confluence. Two to three hours prior tu the 

transfection, Ham's F-10 medium was removed, the cells were rinsed twice with warm 

(37" C) ca2+ and ~ & f i e e  phosphate-buffered saline (CMF-PBS), and switched to 

DMEM medium containing 10% FBS, antibiotic (1,000 U/ml penicillin, 1 mglml 

streptomycin). For each 35 mm dish transfection, 5 pg of plasmid DNA was used to 

rnake up 175 pI calcium/DNA mixture with 20pl of SM CaCl2 and nuclease-free water in 

a stenlized 1.5 ml microcentrifûge tube. 175 pl o f  2xHEPES-buffered saline (280mM 

NaCI, 50 mM HEPES PH7.1, and 1.5 m M  Na2HPO4) was placed in a separate sterile 1.5 

ml microcentrifuge tube, and 175 pl of DNNCalcium solution were added dropwise to 

the 2xHBS while bubbling the 2xHBS with a Pasteur pipette. The calcium phosphate- 

DNA precipitates were allowed to fonn at room temperature for 1 min, and then 350 pl 

of mixed solution was added dropwise to a 35-mm culture dish. Cells were incubated 

with the precipitates for 24 h in a humidified incubator (37°C. 5% CO2), washed three 

times with CMF-PBS to remove remaining precipitates, and maintaineci in DMEM 
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medium containing 10% FBS, antibiotic (1,000 U/ml p e d l l i n ,  1 mdml streptomycin) 

for a tùrther 48 h in a humidifieci incubator (37"C, 5% CO2) before processing. 

The CO-transfections of human HMW FGF-2 and Bcl-2, human HMW FGF-2 and 

LMW FGF-2 were done following the same procedure. 5 pg of each plasmid DNA was 

used for the co-transfection. 

4 Analysis of DNA Fragmentation 

Genomic DNA was isolated and detected as describeci previously (Yue et al. 

1998). Myocytes from four 35 mm dishes were washed 2 times with cold PBS, then 

scraped off the culture dishes and move to a 1.5 ml microfùge tube, and centrifùged at 

360g for 5 min at 4" C .  The ce11 pellet was then resuspended in 200~1 of lysis buffer (100 

rnM NaCl, 10 rnM Tris-HC1, pH 8.0, 25 mM EDTA, 0.5% SDS, and 0.2 mgml 

proteinase K) and incubated at 55°C for 3 hours. Afier that, the lysate was M e r  

incubated with RNase A (10 jqg/ml) for 1 hour at 37°C. DNA was extracteci by 

phenoVchlorofonn/isoamyl alwhoI extraction. DNA was loaded ont0 a 1 -5% agarose gel 

containing 0.5 pg/ml ethidiurn bromide. DNA fragments were Msualized under W light. 

Cultured rat neonatal wdiac myocytes were treated with 0.5 pM or 1.0 pM of 

staurosporine for 24 hour to induce apoptosis, as a positive control (Yue et al. 1998). 

Staurosporine-induced cardiac rnyocyte apoptosis involves activation of caspases, mainly 

caspase-3 (Yue et al. 1998). 



5 In-Situ-End Labeling for Detection of Apoptotic Myocytes 

In situ detection of apoptotic cells was performed by using an In Situ Ce11 Death 

Detection Kit (Fluorescein). (Boehringer Mannheim Biochemicals) following the 

manufacturer's instruction. Briefly, cardiac myocyte cultures were rinsed three times with 

PBS 48 h after transfection, fixed with 4% parafonnaldehyde in PBS for 30 min at room 

temperature, then riiised again with PBS, pemeabilized on ice with O. 1 % Triton X-100 in 

0.1% sodium citrate for 2 min, rinsed thoroughly with PBS, and then incubated with the 

T U l E L  reaction mixture for 60 min at 37" C. To detect the overexpression of FGF-2, 

coverslips were incubated first with guinea pig anti-FGF-2 antibodies (20 pg/ml) in 1% 

BSA in PBS ovemight at 4' C. The FGF-2 was visualized with guinea pig Texas red 

antibodies (150, Jackson Immunoreasearch Laboratories, Inc. USA) diIuted in 1 % BSA 

in PBS. Cellular DNA was stained with 0.0125% Hoechst dye 33342 for 1 min (Kardami 

and Fandrich 1989). Coverslips were then mounted on slides using ProLong antifade 

mounting medium (Molecular Probes, Eugene, Oregon), ceIIs were viewed and 

photographed with a Nikon Diaphot epifluorescence microscope equipped with 

appropriate filters. 

6 Immunofluorescence 

Rabbit anti-FGF-2 antibodies (Kardami et al. 1991) and guinea pig anti-FGF-2 

antibodies (characterized in the Kardami laboratory, unpublished) used in present study 

can recognize al1 forms of FGF-2. Monoclonal antibody against striated muscle myosin 

(MF-20 hybridoma) was obtained fiom the Development Studies Hybridoma Bank 

maintained by the Department of Phannacology and Molecular Sciences, Johns Hopkins 
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University School of Medicine, Baltimorr, MD, and the Department of Biological 

Sciences, University of Iowa, Iowa City, IA, under contract No 1-HD-6-2915 from the 

NICHD. Polyconal rabbit antibodies to lamin-B were purchased fiom Santa Cruz 

Biotechnology, Inc. (Santa Cruz, CA). Goat polyconal antibodies to Bcl-2 were 

purchased fiom Calbiochem-Novabishem (San Diego, CA) 

Cardiac myocytes grown on collagencoated covenlips were fixed and 

permeabilized as described previously (Doble et al. 1996) 48 h after transfection, the -11s 

were fixed with 1% paraformaldehyde in PBS for 15 min at 4°C. permeabilized with 

0.1% (voVvo1) Triton X-100 in PBS for 15 min at 4"C, and rinsed thoroughly with PBS. 

The cells were then processed for irnmunostaining. 

Double immunofluorescence labeling for FGF-2 and myosin was done as follows: 

coverslips were incubated with polyconal rabbit FGF-2 antibody at 1:2000 dilution and 

monoclonal MF-20 antibody at 1 : 100 dilution in 1% (WN) bovine serum albumin in 

PBS overnight at 4OC. This was followed by rinsing , and then incubation with 

biotinylated anti-rabbit irnrnunoglobulins (1:20, Arnersham, Arlington Heights, IL) for 1 

h at room temperature. Mer M e r  rinsing. coverslips were incubated with fluorescein- 

conjugated streptavidin (1:20, Arnersham, Arlington Heights, IL) and Texas red 

conjugated anti-mouse IgG (1:20, Amersham. Arlington Heights, IL) for 1 h at room 

temperature. Cellular DNA was stained with 0.0125% Hoechst dye 33342 (Calbiochem- 

Novabiochem, San Diego, CA) in PBS for 1 min as described before (Kardami and 

Fancirich 1989). Coverslips were then mounted on slides using ProLong antifade 

mounting medium (Molecular Probes, Eugene, Oregon) and viewed and photographed 

with a Nikon Diaphot epifluorescence microscope equipped with appropnate filten. 



Double immunofluorescence labeling for Lamin B and FGF-2 in human HMW 

FGF-2 transfected cardiac myocytes was done as follows: coverslips were incubated with 

goat polyclonal Larnin B antibody (Santa Cruz, CA) at a 1:100 dilution and rabbit 

polyclonal FGF-2 antiserum at 1:2000 dilution in 1% BSA in PBS overnight at 4"C, then 

with biotinylated anti-rabbit irnmunoglobulins (1:20, Amersham,) for 1 h at room 

temperature, followed by incubation witb fluorescein conjugated to streptavidin (1:20, 

Arnersham) and Texas red conj ugated anti-goat IgG ( 1 50, Jackson Immunoreasearch 

Laboratones, Inc. USA) for 1 h at room temperature. Nuclear staining, coverslips 

mounting and visualizatïon were carried out as described above. 

Double irnmunofluorescence labeling for Bcl-2 and FGF-2 in hurnan HMW FGF- 

2 and Bcl-2 CO-transfected cardiac myocytes was done as follows: coverslips were 

incubated with polyclonal rabbit anti-Bcl-2 antibody (Calbiochem-Novabiochem, San 

Diego, CA) at 1: 100 dilution and guinea pig anti-FGF-2 IgG (20 pg/ml) in 1% (W/V) 

BSA in PBS ovemight at 4°C. Samples were then incubated with biotinylated anti-rabbit 

immunoglobulins (1 :20, Arnersham) for 1 h at room temperature, followed by incubation 

with fluorescein conjugated streptavidin (1:20, Amersham) and Texas red conjugated 

anti-guinea pig IgG (1 50,  Jackson hmunoreasearch Laboratories, Inc. USA) for 1 h at 

room temperature. Nuclear staining, covenlips mounting and visualization were carried 

out as described above. 

7 Phosphorylated Histone H l  and Histone H3 Staining 

Indirect immunofluorescence for histone H 1 and H3 were carried out as described 

previously (Lu et al. 1994). Rabbit antisera to phosphorylated histone H l  or H3 were 

31 



generously suppliai by Dr. J R. Davie (University of Manitoba, Canada). Cardiac 

myocytes were fixed with 2% formaldehyde in PBS for 15 min at room temperature 48 h 

after transfection, permeabilized with anhydrous methanol for 15 min at room 

temperature, rinsed twice with 10% FBS in PBS, following by m e r  washes with PBS 

two times. Simultaneous labeling for FGF-î and phosphorylated histone Hl or histone 

H3 was carried out by incubation with guinea pig anti-FGF-2 IgG (20pg/ml, 

charocterized in the Kardami laboratory, unpublished) and anti-phosphorylated histone 

Hl  semm (1:300 dilution) or anti-phosphorylated histone H3 s e m  (1:300 dilution) in 

1% BSA in PBS ovecnight at 4°C. Then coverslips were incubated with biotinylated anti- 

rabbit immunoglobulins (Ig, 1 :20, Amersharn, Arlington Heights, IL) for 1 h at room 

temperature, followed by incubation with Texas red conjugated anti-guinea pig IgG 

(1 50, Jackson Imrnunoreasearch Laboratones, Inc. USA) and fluorescein conjugated to 

streptavidin (1:20, Amersham) for 1 h at room temperature. Cellular DNA was stained 

with 0.0 125% Hoechst dye 33342 (Calbiochem-Behring, San Diego, CA) in PBS for 1 

min as described before (Kardami and Fandrich 1989). Coverslips were mounted on 

slides using ProLong antifade mounting medium (Mollecuiar Probes, Eugene, Oregon) 

and viewed and pbotographed with a Nikon Diaphot epifluorescence microscope 

equipped with appropriate filters 

8 Statistical Analysis 

A paired Student's t-test was used for the statistical analysis of the data. Square 

coverslips (22x22 mm) were divided into 16 equal triangles. One field was observed per 

triangle: a total of 800 cells were scored per coverslip, and three wverslips were included 



per experiment (n=3). Each experiment was repeated 3 times. In the cornparison of 

average percentage of DNA dumping between two values, a difference was considered 

statistically significant when the P value was <O.OS. 



RESULTS 

1 Effect of HMW FGF-2 on Nuclear Morphology 

A diagram of the different plasmids coding for human FGF-2 used for our studies 

is shown in Fig 1. The cDNAs coding for human HMW and LMW FGF-2, driven by the 

CMV promoter, were introduced into rat cardiac myocytes by transient gene transfer, 

using a modified calcium phosphate method that resulted in 10-20% transfection 

eficiency. Transfection efficiency were determined by CMVp.D-gai transfection of 

neonatal rat cardiac myocytes. According to the B-gal staining, 10-20% (15*4, n=6) of 

cells in cultures were transfected with CMVp-ha1 compared with cultures transfected 

with the vector plasmid, where no staining was observeci. Similar Ievels of transfection 

eficiency were obtained by counting the percentage of overexpressing FGF-2 cardiac 

myocytes in cultures with immunofluorescence microscope. Expression of products of 

the introduced genes within individual cells was evaluated by immunofluorescence 

staining for FGF-2, using two different preparations of anti-FGF-2 antibodies, one 

prepared in rabbit (serum 52, characterized Mly by Kardarni et al. 199 1 ), and the other in 

guinea pig (characterized in the Kardarni laboratory , unpublished). Both antibody 

preparations recognize al1 forms of FGF-2. They were used at high enough dilutions to 

achieve negligible staining of endogenous FGF-2 while clearly detecting overexpressing 

cells. 

As indicated by intense fluorescence staining, HMW FGF-2 was localized to the 

nuclei of al1 overexpressing cells (Figs 2, 3, 8, 9, 10). In addition a proportion (20%) of 

cells showed staining near the nucleus, possibly the endoplasmie reticulum (Fig.2). LMW 



FGF-2 was also localized to the nucleus, but also to the cytoplasm of overexpressing cells 

(Fig.2). 

AI1 cultures were counterstained for DNA to localize nuclei. As was seen before 

with the rat HMW FGF-2 (Pasurnarthi et al. 1994; Pasurnarthi et al. 1996), a substantial 

proportion of rnyocytes overexpressing human HMW FGF-2 displayed a distinct nuclear 

phenotype: the chromatin appeared condensed (as indicated by the brighter Hoechst 

staining intensity) in separate irregular fragments ("clumps") of different sizes. A typical 

image is shown in Fig 2B. This nuclear morphology was very rarely (a.596) seen in 

myocytes overexpressing LMW FGF-2, and was ncit discemible in myocytes transfected 

with vector. 

A very small proportion (4%) of HMW FGF-2 overexpressing myocytes 

displayed multinucleation (Fig.3). This has also been observed previously for rat HMW 

FGF-2 (fasumarthi et al. 1996). This phenotype was never observed in cultures 

transfected with LMW FGF-2 or with vector. 

2 Effect of Apoptosis Inhibitors (Bc1-2, caspase inhibitors, 

and LMW FGF-2) on the HMW FGF-2 -1nduced Nuclear 

Phenotype. 

Myocytes were simultaneously transfected with the cDNAs for Bcl-2, an anti- 

apoptotic protein, and HMW FGF-2. Expression of the wnesponding proteins was 

assessed by double immunofluorescence studies. Anti-Bcl-2 antibodies produced 

negligible staining in myocyte cultures transfected with vector alone (data not shown); 



presumably levels of endogenous Bcl-2 are below the sensitivity limit of the antibodies 

used. Anti-Bcl-2-positive rnyocytes were however detected in cultures transfected with 

the cDNA coding for Bcl-2. As show in Fig.4, anti-Bcl-2 staining was detectable in the 

perinuclear region of the cells. We examineci the nuclear morphology of myocytes 

overexpressing both Bcl-2 (green) and HMW FGF-2 (red). As shown in Fig.4, C and F, 

overexpression of Bcl-2 did not prevent chromatin clumping induced by HMW FGF-2. A 

quantitative assessrnent of these data is shown in Fig.5: the percentage of 'clumped' 

nuclei remained d e c t e d  by Bcl-2. Myocytes overexpressing Bcl-2 but not HMW 

FGF-2 ilid not display the 'clumped phenotype (data not shown). 

Myocytes were treated with the broad spectrum caspase inhibitor 2-VAD-fink 

(100 PM), or the caspase-3-specific inhibitor Z-DEVD-fmk (100 PM), for 30 min pnor to 

gene transfer of the HMW FGF-2 cDNA, throughout the gene transfer period, and for 48 

h afier gene transfer. The percentage of 'clumped' nuclei in inhibitor-treated myoçytes 

(overexpressing HMW FGF-2) remained identical to ?hat from the untreated myocytes 

(overexpressing HMW FGF-2, Fig.5). 

Myocytes were transfected simultaneously with HMW and LMW FGF-2. The 

percentage of 'clumped' nuclei remained unchanged between cultures overexpressing 

HMW FGF-2 alone or both HMW and LMW FGF-2. Myocytes overexpressing LMW 

FGF-2 alone had very low incidence of nuclear clumping, (Fig.5). 

3 Effect of HMW FGF-2 on DNA Degradation, TUNEL 

Staining and Lamin B Localization 

Genomic DNA was isolated fiom myocytes transfected with vector, KMW FGF- 

36 



2, and myocytes treated with staurosponne to induce apoptosis, and anafyzed by agarose 

gel elec trophoresis. Results are shown in Fi g.6. Staurosporine induced the classic pattem 

of apoptotic ladder. It was not possible to detect a laddering pattern in the DNA from 

HMW FGF-2-treated myocytes. 

Triple fluorescence labeling for FGF-2, TUNEL, and nuclear DNA was used to 

investigate whether the HMW FGF-2-induced nuclear clumps were positive for TLMEL. 

The majority (>80%) of myocytes overexpressing HMW FGF-2 and displaying the 

'clumped' phenotype were negative staining for TUNEL (Fig.7). A low percentage (4 %) 

of overexpressing myocytes did stain positive for TUNEL (Fig.7), this percentage was -' 

similar to the baseline level of TUNEL-positive nuclei present in control or vector- 

transfected cultures. 

Cardiac myocytes overexpressing HMW FGF-2 were simultaneously stained for 

FGF-2 and lamin B, a nuclear cytoskeleton component that wnûibutes to the integrity of 

the nuclear envelope (McKwn 199 1; Nigg 1992). Loss of lamin staining around the 

nucleus indicates dismption of the nuclear membxane, a phenornenon seen in apoptosis as 

well as mitosis. Typical findings are shown in Fig.8. Perinuclear anti-laminB staining 

was clearly retained in myocytes overexpressing HMW FGF-2 and displaying the 

'clurnped' chromatin phenotype. 

4 Effect of HMW FGF-2 overexpression on Histone Hl ,  H3 

Phospho ylation. 

Phosphorylation of histones H l  and H3 has been shown to wmlate strongiy with 

the mitotic nuclear phenotype condensation (Bradbury 1992; Chadee et al. 1995; Van 
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Hooser et al. 1998; Hendzel et al. 1997; Wei et al. 1999). Double irnmunofluorescence 

labeling of cardiac myocytes overexpressing HMW FGF-2 with antibodies specific for 

the phosphorylated forms of Hl and H3 (rabbit polyclonal, anti-P-Hl, anti-P-H3), and for 

FGF-2 (guinea pig polyclonal), was used to examine the state of histone phosphoq4ation 

in myocytes overexpressing HMW FGF-2 and displaying the 'clurnped' nuclear 

phenotype. 

Typical results obtained for the phosphorylation of histone Hl  are show in Fig.9: 

At the concentration use4 the anti-P-Hl antibody produced a generalized cytosolic 

staining, strong staining of mitotic chromosomes (Fig.9A) and strong staining of some 

nuclei (Fig.9D). None of the nuclei in cells overexpressing HMW FGF-2 stained strongly 

with the anti-P-Hl, in any of the fields observed (10 different fields per coverslip, three 

coverslips). The intensity of the anti-P-Hl nuclear staining appeared sirnilar beîween 

myocytes overexpressing HMW FGF-2 and non-overexpressing, non-mitotic myocytes. 

S imilar results were obtained using the anti-P-H3 antibodies. These antibodies 

also produced intense staining of obviously mitotic chromosomes and of some nuclei 

(Fig. 1 OA). None of the nuclei in cells overexpressing HMW FGF-2 stained strongly with 

the anti-P-H3, in any of the fields observed (10 different fields per coverslip, three 

coversl i ps). The intensity of the anti-P-H3 nuciear staining was similar between myocytes 

overexpressing HMW FGF-2 and non-overexpressing, non-mitotic myocytes. 



1 Human FGF-2 versus rat FGF-2 

ALthough the 'short', AUG-initiateâ, 18 kDa FGF-2 is highly (98%) homologous 

between the human and rat species (Shimasaki et al. 1988), and there are no differences 

in the receptor-rnediated biological activity between the two species, there are some 

differences between the N-terminal extension resuiting fiom CUG-translation. The N- 

terminal extensions of hurnan FGF-2 are wmprised of 41, 46 and 55 amino acids, 

compared to 26 and 34 amino acids of the rat HMW FGF-2 (Shimasaki et al. 1988; 

Brigstock et al. 1990). When the N-terminal sequences are aligned for maximal 

homology, 82% of the rat amino acid sequence is identical to the hurnan sequence 

(Brigstock et al. 1990); fùrthennore, the human HMW FGF-2 has 2 copies of the 

sequence GGRG (linked to nuclear targeting and retention) while the rat has one. Before 

embarking on studies aimed at understanding the mechanism by which HMW FGF-2 

induced the wndensed chromatin phenotype, it was important to address the first of the 

points listed above, i.e. to examine whether human H M '  FGF-2 had similar effects as its 

rat counterpart on wdiac myocytes. 

We obtained the human FGF-2 cDNA: driven by the CMV promoter and 

modified it so that it wouid code exclusively for the CUG-initiated (HMW FGF-2) or 

AUG-initiated (LMW FGF-2) species of FGF-2 (Florkiewicz and Sommer 1989). These 

constnicts have been s h o w  to produce 23-25 kDa and 18 kDa FGF-2, respectively (Fig 

1). Effective expression in our system was ascertained qualitatively, by 

immunolocalization (Fig 2). As we have demonstrated previously (Pasuniarthi et al. 

1994; Pasuniarthi et al. 1996), overexpressing myocytes s&in very brightIy for FGF-2 
39 



and can be clearly difierentiated frorn non-overexpressing cells; bright staining of 5-10% 

of myocytes represents signifiant increases in total HMW or LMW FGF-2 protein 

quantitated by western blotting (Pasumarthi et al. 1994; Pasumarthi et al. 1996). 

Overexpression of the human HMW (but not LMW) FGF-2 in cardiomyocytes produced 

chrornatin cl umping and hagrnentation in a manner rnorphologicall y indistinguishable to 

that caused by the rat HMW FGF-2. Subcellular localization of the HMW and LMW 

FGF-2 also indicated a qualitatively similar pattern of localization as for the rat isoforms: 

The HMW FGF-2 was found predominantiy in the nucleus, while LMW FGF-2 was 

localized in the nucleus and the cytosol of cardiomyocytes. As seen previously for rat 

FGF-2, usually 20.30% of HMW FGF-2 overexpressing myocytes presented the 

'clurnped' phenotype (Fig S), although in some experiments the percentage was as high as 

50%. One can speculate that the exten? of manifestation of the phenotype is a hc t ion  of 

the level of expression that may Vary between experirnents, but also of the growth and 

metabolic state of the individual c d .  It is also possible that there exist heterogeneous 

populations of cardiac myocytes in ow primary cultures. Further experiments are needed 

to address these issues. 

A small nurnber of myocytes overexpressing hurnan HMW FGF-2 displayed 

multinucleation. Mdtinucleated cardiac myocytes are reported to represent 5% of 

ventricular myocytes in the adult rat har t  (Kellerman et al. 1992) and there are sirnilar 

examples in the human hart (Shozawa et al. 1990). HMW FGF-2 overexpressing 

myocytes were observed containing 3-6 apparently fbll size nuclei; al1 or none of these 

nuclei had the 'clurnped' phenotype. Multinucleation can result from caryokinesis without 

cytokinesis, followed perhaps by another cycle of caryokinesis by some of the nuclei. 



Arnitotic division may also create the phenotype of multinucleation. At this point we 

have no information about the cause of multinucleation in our system; our observations 

cm be taken as additional evidence that the human FGF-2 has the sarne properties as its 

rat counterpart (Pasumarthi et al. 1996). One can speculate that the distinct properties of 

HMW FGF-2 in the nucleus likely contribute towards multinucleation. 

2 HMW FGF-2 and Apoptosis 

Having establis hed that human HMW FGF-2 caused a distinct nuclear phenotype 

in cardiomyocytes, we proceeded to investigate the potential mechanism for the observed 

effect. We thus investigated whether HMW FGF-2 triggered an apoptosis-like process, 

since the nuclear phenotype it produced at the level of epi-fluorescence microscopy was 

morphologically similar to that observed in nuclei undergoing apoptosis. Specifically, 

chromatin stained brighter with the fluorescent dye Hoechst 33342, indicating 

condensation, and appeared in distinct segments, or 'clurnps', inside the nucleus. 

A widel y accepted inâicator of apoptosis is the presence of a ladder-like pattern of 

DNA degradation in agarose gels (Wyllie et al. 1980; Arends et al. 1990). However this 

method has the disadvantage of relatively low sensitivity: DNA degradation is detectable 

by this method only when a high proportion of apoptotic cells is present (Rotello et al. 

1989; Desmouliere et al. 1995). Analysis of DNA fiom H M W  FGF-2 overexpressing 

cultures failed to detect a DNA ladder, while clearly detecting the ladder pattern in the 

DNA fiom staurosporine-treated myocytes, used as positive wntrol. It would appear 

therefore that the chromatin segmentation that observed in HMW FGF-2 overexpressing 

myucytes did not reflect apoptotic DNA cleavage. However, as mentioned above, the 
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sensitivity of detection may have been too low. Cardiac myocytes in primary cultures are 

dificult to transfect, and most published sîudies that have used non adenovirally- 

mediated gene transfer have reported 1-10% transfection efficiency. Our laboratory has 

improved this to 10- 20% by following a modified calcium-phosphate-mediated 

procedure (Xu et al. 1992), and this has facilitated the present work. Nevertheless, it rnay 

still have not been sufficient to detect the DNA Iadder characteristic of apoptosis. Vev 

rare exceptions have been described where morphological features of apoptosis are not 

accompanied by oligonucleosomal DNA cleavage (Cohen et al. 1992). It is therefore 

theoretically possible that the HMW FGF-2 phenotype rnay be apoptosis without 

oligonucleosomal DNA cleavage. 

Since studies based on biochernical quantitative analysis may not be sensitive 

enough, we have used a variety of qualitative, morphological criteria to detect the 

existence of an apoptosis-like process. These included TUNEL staining, detection of 

perinuclear lamin B, and use of antiapoptotic manipulations. 

Individual apoptotic cells can be detected by in situ enzymatic labeling of 

apoptosis-indu& DNA strand breaks. DNA polyrnerase and terminal deoxynucleotidyl 

transferase (TdT) are used for the incorporation of labeled nucleotides (dUTP) to DNA 

strand breaks in situ (Gawïeli et al. 1992). TUNEL (TdT-mediated dUTP nick end 

label ing) detection was there fore used in our system. Although cardiom yocyte nuclei 

rendered apoptotic by staurosporine stained positive for TüNEL (unpublished 

observations), 'clurnped' nuclei in HMW FGF-2 overexpressing cells did not stain for 

TUNEL, indicating the absence of sirand breaks and therefore of an apoptosis-like DNA 

fragmentation. 



The larnins are intermediate filament proteins present in the nucleus, where they 

are the main structural component of the nuclear lamina. The nuclear lamina serves to 

organize the chromatin (McKeon 1991). Larnin B is one member of the lamin fàmily 

expressed in virtually al1 cells (Nigg 1992). During apoptosis, lamins are cleaved by ICE 

proteases, a phenornenon observed in several ceIl types: anti-larnin immunostaining 

disappean fiom the periphery of the apoptotic nuclei (Kaufmann 1989; Oberhammer et 

ai. 1994; Eamshaw 1995). It is beheved that a fiinction of lamin proteolysis is to facilitate 

activation of nudeases responsible for DNA fiagmentahon in apoptosis. We thus used 

simultaneous immunostaining for lamin B and FGF-2, as well as Hoechst nuclear stain, 

to examine whether the nuclear lamina was disrupted in H M '  FGF-2 overexpressing 

myocytes that had the klumped' nuclear phenotype (Fig.8). Al1 myocytes presenting the 

'cl urnped' phenotype had an apparent1 y intact anti-lamin B pennuclear staining, a finding 

consistent with a non-apoptotic mechanism of nuclear condensation. 

A nurnber of manipulations have k e n  shown to prevent development of the 

apoptosis in many different systems. ICE proteases are widely considered as central to 

the apoptotic process (Enari et al. 1998; Nicholson et ai. 1995; Tewari et al. 1995; Kuida 

et al. 1995). inhibition of caspase-3 has been show to prevent apoptosis in 

cardiomyocytes (Yue et al. 1998; Malhotra and Brosius 1999). We used a 'general' ICE- 

inhi bitor 2-VAD-fink, and a speci fic caspase-3 inhibitor 2-DEVD-fmk, at concentrations 

shown to be effective on cardiomyocytes by other investigators (Malhotra and Brosius 

1999). These treatments were unable to prevent the appearance of the 'clumped' nuclear 

phenotype in HMW FGF-2 overexpressing cells, sugpsting that the phenotype did not 

require caspase activation, and thus it did not represent caspasedependent apoptosis. 



Pilot studies (unpublished observations) were also done to examine whether HMW FGF- 

2 overexpression was accompanied by activation of wpase-3, assesseci by the 

appearance of the 'active' 17 kDa fragment. We were unable to detect the 17 kDa caspase 

fiagment by western blotting with specific antibodies, a finding indicative of absence of 

caspase-3 activation, and of caspase-3-dependent apoptosis. 

Bcl-2, a 26-kDa protein distributed to mitochondrial membranes, encioplasmic 

reticdurn and the nuclear envelope (Reed 1994) is also considered to prevent apoptosis 

by many stimuli (Tsujimoto 1989; Alnemri et al. 1992; Kluck et al. 1997). We thus used 

overexpression of Bcl-2, achiwed by transient gene transfer, to demonstrate that the 

segmented 'clumped' nuclear phenotype induced by HMW FGF-2 was not prevented by 

the simultaneous overexpression of Bcl-2. It should be noted that in cultures transfected 

with both Bcl-2 and HMW FQF-2, most of the cells overexpressing HMW FGF-2 were 

also found to overexpress Bcl-2 (by dual immunoiabeling), although cells over- 

expressing either FGF-2 or Bcl-2 (but not both) were also seen. Overall, the inability of 

Bcl-2 expression to prevent the 'clumped' phenotype is consistent with the notion that the 

mechanism is not related to Bcl-2 preventable apoptosis. Altematively, Bcl-2 levels may 

have been insufficient for apoptosis prevention. Future experiments will employ 

adenovirally-driven Bcl-2 gene transfer to address this issue. 

Finally, as reviewed in the introduction, LMW FGF-2, acting via plasma 

membrane receptors, is reported to protect many cells, including cardiac myocytes. We 

therefore overexpressed LMW FGF-2 as well as HMW FGF-2, to examine whether there 

was prevention of the 'clurnped phenotype. We have previously demonstrated that 

overexpression of L M W  FGF-2 in cardiac myocytes by transient gene transfer results in 



receptor-mediated effects on the cells caused by the release of the growth factor into the 

medium (Pasumarthi et al. 1996). Overexpression of LMW FGF-2 (or addition of 

exogenous FGF-2 at 50 ng/ml, unpublished data) did not affect the HMW FGF-2 induced 

phenotype, indicating absence of LMW FGF-2-preventable apoptosis. 

Taken individually, the above cnteria do not constitute absolute 'markers' of 

apoptosis. It is possible to have non-Bcl-2-dependent, even non-caspasedependent 

apoptosis, and LMW FGF-2 may be effective in preventing apoptosis under certain 

conditions only; one can even hypthesize that our method may not have been sensitive 

enough to detect changes in lamin B in association with the nuclear membrane. Lack of 

TUNEL staining, however, clearly indicates absence of DNA strand breaks, and thus 

argues more convincingly that the condensed and segmented chromatin phenotype in 

KMW FGF-2 expressing myocytes does not result from any known apoptotic 

mechanism. 

3 HMW FGF-2 and Mitosis 

FGF-2 is a potent mitogen. Overexpression of growth factors in normal cells 

tends to result in loss of growth wntrol and the appearance of various degrees of 

transformation. NM 3T3 cells overexpressing HMW FGF-2 exhibit a transformed 

phenotype in vitro (Arese et al. 1999). We have shown that HMW FGF-2 stimulated 

cardi omyoc yte proli feration via an autocrine/paracrine, receptor-mediated mec hanism, 

and that its effects on the nuclear phenotype were independent of the proliferative effect 

(Pasurnarthi et al. 1996). It is therefore possible that the observed nuclear phenotype is 

related to mi totic stimulation and mitotic chromatin condensation; the distinct c hromatin 

45 



clumps seen in overexpressing cells may thus have represmted deformed chromosomes. 

After all, HMW FGF-2 is a very basic protein, and nuclear overload with a basic protein 

may be expected to have chargedependent, in addition to specific, effects on the nuclear 

contents. To start addressing this, we followed a strategy previously used by other 

investigators to identiQ mitotic chromatin, namely staining with antibodies against 

markers such as phosphorylated-Hl or phosphorylated-H3, associated with mitotic 

condensation (Bradbury 1992; Chadee et al. 1995; Van Hwser et al. 1998; Hendtel et al. 

1997; Wei et ai. 1999). Phosphorylation of H3 is now considered to play an essential role 

in mitotic chromosome condensation (Van Hwser et al. 1998; Wei et al. 1999). Our data 

showed that neither Hl nor H3 were phosphorylated in HMW FGF-2 overexpressing 

cells, therefore the chromatin phenotype observed was not caused by some form of 

mitotic condensation. 

4 Concluding Remarks 

In conclusion, we have provided evidence indicating that the chromatin 'cl urnping' 

and sepmition caused by HMW FGF-2 is not related to the characterized foms of 

apoptosis, and it is not related to mitosis, but it represents a novel nuclear disruption 

phenotype. Although the basic charge of HMW FGF-2 may contribute to the observed 

chromatin phenotype, it is likely not the only factor responsible for the phenotype of 

clumping. Localization of LMW FGF-2 to the nucleus does not have the sarne clumping 

effects, even though LMW FGF-2 is d s o  a very basic protein. It is probable that the N- 

terminal extension of HMW FGF-2 plays an important role in bringing about the 



observed chromatin alterations by direct interaction with chromatin. This is cunently 

studied in our labratory, but it is beyond the scope of this thesis. 

Several important questions remain to be addressed. 1s the phenotype observed 

particular to cardiac myocytes or is it encountered in al1 cells? Preliminary evidence 

would suggest that the phenotype of nuclear clumping is not encountered in transfected 

ce11 lines, or primary tibroblasts. Cardiac myocytes are not highly proliferative cells, and 

they are destined to become apparently terminally differentiated Their response to HMW 

FGF-2 may be related to their proliferative properties and their possible resistance to 

transformation. 1s the phenotype dosedependent, andior ce11 and stage dependent? Levels 

of accumulation of HMW FGF-2 may be important in the manifestation of the 'clumped' 

phenotype. Transient transfection results in a fraction of cells having variable levels of 

HMW FGF-2; prelirninary studies in our Iaboratory have show that HMW FGF-2 

displays a dosedependent ability to promote chromatin condensation. What is the 

physiological relevance of ow findings? At this point and since levels of HMW FGF-2 

are regulated by hormones and stress, it is tempting to specuiate that its distinct properties 

towards chromatin may contribute to distinct changes in gene expression associated with 

the above conditions. 



Figure 1 

PLASMIDS USED 

C U G C U G  C U G -   STOP 24.2, 23.1. 22.5 

Schematic representation of the original (wild-type) human FGF-2 cDNA and each 

mutant driven from it. The wild-type human FGF-2 cDNA was subcloned into the EcoRl site in 

pcDNA3 vector, produce pcDNA3- 1 4 plasmid construct (upper). The ATG in wi Id-type FGF-2 

cDNA was changed to GCT resulted in the synthesis of only three HMW FGF-2, this mutant was 

also subcloned into the EcoRl site in pcDNA3 vector and produce pçDNA3-363 plasmid 

constmct (middle). An oligonucleotide inserted at a unique Apa 1 site (frame shifi) resulted in 

the synthesis of only 18 kDa FGF-2; this mutant was subcloned into Xho 1 site in pcDNA3 

vector and termed as pcDNA3-18 (bottom). pcDNA3-363 and pcDNA3-18, which produce 

human HMW FGF-2 and LMW FGF-2, respectively , were used in our studies. This schematic 

figure was adopted from Florkiewicz RZ et al. Basic fibroblast growth factor gene expression. 

In: the fibroblast growth factor family. Edited by Baird A & Klagsbrun M. Ann. N.Y. Acad. Sci. 

638: 109-126. 





Figure 2 

Human CUG-initiated HMW FGF-2, but not AUG-initiated LMW 

FGF-2, causes chromaiin condensation and fragmentation in neonatal 

rat cardiac myocytes in culture. 

A & B: Mvocvtes transfected with KMW FGF-2. Double-fluorescence labeling 

for (A), FGF-2 (fiuorescein), and (B) nuciear DNA (Hoechst 33342). Arrows indicate 

nuclei in overexpressing cells. Chromatin condensation and fragmentation is evident in 

the transfected cells. Bar=20 Pm. 

C & D: Mvoc~tes transfected with LMW FGF-2. Double-fluorescence labeling 

for (C), FGF-2 (rhodamin), and (D) nuclear DNA (Hoechst 33342). Arrows indiate 

overexpressing cells. Chromatin condensation and fragmentation is not seen in the 

transfected cells. Bar=50 Pm. 



Figure 3 

Overexpression of CUG-initiated FGF-2 is associated with 

multinucleation in rat cardiomyocytes. 

A & B: Mvocvtes transfected with HMW FGF-2. Double-fluorescence labeling 

for (A), FGF-2 (fluorescein), and (B) nuclear DNA (Hoechst 33342). Arrows indicate 

presence of SX nuclei in overexpressing cell. B-50 Pm. 





Figure 4 

Bel-2 does not prevent the effects of HMW FGF-2 on chromatin 

A. B. C & D. E. F: Triple-fluorescence labeling for (A, D), FGF-2 (rhodamin), (B, 

E), Bcl-2 (fluorescein) and (C, F) nuclear DNA (Hoechst 33342). Arrows point to nuciei 

of cells overexpressing HMW FGF-2 and Bcl-2. Bar=20 Pm- 

Cardiac myocytes have been transfected sindtaneously with HMW FGF-2 and 

Bcl-2. Nuclear condensation and hgmentation caused by FGF-2 can be observai in the 

presence of overexpression of Bcl-2. 
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Figure 5 

Apoptosis inhibitors (Caspase inhibitors, BcC2, and LMW FGF-2) do 

not prevent the effects of HMW FGF-2 on chromatin. 

The percentage of cardiac myocyte DNA clumping refers to the nurnber of HMW 

FGF-2 overexpressing cells with 'clumped' nuclei over the total number of HMW FGF-2 

overexpressing cells. In the case of overexpression of both Bcl-2 and HMW FGF-2, we 

scored the number of myocytes overexpressing both Bcl-2 and HMW FGF-2 and 

presenting the 'clumped' phenotype, over the total number of myocytes overexpressing 

Bcl-2 and HMW FGF-2. Data were analyzed for statistical significance by a Student's t 

test; Error bar is SEM (n=3, P<0.05). Asterisk indicates the statistically significant 

difference from the HMW FGF-2 overexpressing cells. 





Figure 6 

Overexpression of HMW FGF-2 is not associated with an apoptotic 

pattern of DNA cleavage. 

Electrophoretic analysis of  genomic DNA fiom control, vector-transfected cells, 

HMW FGF-2-transfected cells, and staurosporine-treated cells (positive controi for 

a poptotic phenotype), as indicated. 

DNA fiom HMW FGF-2 transfected cultures (10% transfection efficiency) shows 

no evidence o f  apoptotic DNA. However, the relatively low tnuisfection eficiency may 

be masking the presence of apoptotic pattern. 
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Figure 7 

TUNEL staining and HMW FGF-2 induced nuclear phenotype 

A, B. C & D. E. F: Triple-fluorescence labeling for (A, D), TUNEL, (B, E), FGF- 

2, and (C, F) nuclear DNA (Hoechst 33342). Bar=SO Pm. 

The majority (>80%) of myocytes overexpressing KMW FGF-2 and displaying 

condensed and fragmented chromatin stained negative for TUNEL (see A, B, C), 

suggesting that chromatin condensation caused by HMW FGF-2 does not requirehduce 

an apoptosis-li ke mechanism. Anows show ce11 overexpressing HMW FGF-2 and 

displaying condensed and fragmentai chromatin had negative TUNEL staining. 

BUT: A small percentage of myocytes overexpressing HMW FGF-2 and 

displaying condensed and fiagmented chromatin stained for TUNEL (see D, E, F). It 1s 

suggested that this represent a non-HMW FGF-2-induced phenornenon since a similar 

degree of apoptosis is seen even in non-transfected cells. Arrows show cell 

overexpressing HMW FGF-2 and displaying wndensed and hgmented chrornatin had 

positive TUNEL staining. 
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Figure 8 

The nuclear lamina remains intact in cardiomyocytes overexpressing 

HM7rV FGF-2. 

A. B & C: Triple-fluorescence labeling for, (A), Lamin-B, (B), FGF-2, (C), 

nuclear DNA. Bar=20 Pm. 

Apoptosis is associated with disruption of the nuclear lamina and degradation of 

lamins. The nuclear fragmentation however induced by HMW FGF-2 ço-exists with an 

apparently intact nuclear lamina, as indicated by the nuclear anti-lamin B staining 

(arrow). Arrows show myocytes overexpressing HMW FGF-2 and displaying DNA 

clumping still had the intact nuclear lamina. 
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Figure 9 

Histone H l  is  not phosphorylated in the nuclei of myocytes 

overexpressing HMW FGF-2 

A. B. C & D. E. F: Triple-fluorescence Iabeling for (A, D), phosphorylated 

histone H l ,  (B, E), FGF-2, and (C, F) nuclear DNA (Hoechst 33342). B w 5 0  p m  (A 

through C) and 20 pm (D through F). 

Phosphorylation of H 1 is associated with chromatin condensation required for 

mitosis. Antibodies to phosphorylated histone Hl  therefore stain strongly nuclei that are 

about to enter, or are actively undergoing rnitosis (indicated by arrowhead). These 

antibodies do not stain nuclei undergoing HMW FGF-2 induced chromatin condensation 

(indicated by arrow). The chromatin phenotype induced by HMW FGF-2 is not related to 

the onset of mitosis. 
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Figure IO 

Histone H3 is not phosphorylated in the nuclei of myrqtes 

overexpressing RMW FGF-2 

A. B. C: Triple-fluorescence labeling for (A) phosphorylated histone W, (B), 

FGF-2, and (C) nuclear DNA (Hoechst 33342). Bar50 Pm. 

Phosphorylation of H3 is associated with chromatin condensation required for 

mi tosis. Anti bodies to phosphory l ated histone H3 there fore stain strongly nuclei that are 

about to enter, or are actively undergoing rnitosis (these nuclei are indicated by the 

arrowhead). These antibodies do not stain nuclei undergoing HMW FGF-2 induced 

chromatin condensation (indicated by the arrow). The chromatin phenotype induced by 

HMW FGF-2 is not related to the onset of mitosis. 
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