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Abstract 

Fibroblast growth factor-2 (FGF-2) is a potent ubiquitous, multifunctionai peptide growth 

factor, whose effects in cardiovascular ceiïs include stimulation of DNA synthesis and 

cell proliferation, angiogenesis, negative inotropy, hypotension, and cardioprotection. 

Regdation of FGF-2 production and activiw is controlled at al1 levels, ranging fkom 

transcription to modulation of ligand-receptor interactions between FGF-2 and its 

currently known hi& nffinity receptor in the heart (FGFRI). The myocardium releases 

FGF-2 with every contraction through transient disruptions in the sarcolemma of carâiac 

myocytes. Such release of FGF-2 can be increased with adrenergic stimulation. This led 

to the hypothesis that de novo synthesis of FGF-2 may accompany an induced increase in 

its release, specifically by adrenergic regdation at the transcriptional level. Other 

pathways may also exist which Iuik FGF-2 release to its synthesis. The 5'-flankùig region 

of the rat FGF-2 gene has been cloneci in our laboratory. Like its human homologue, the 

rat FGF-2 promoter has no TATA box and instead contains G/C-rich regions typical of a 

housekeeping gene. In Chapter 3, RNA blotting and transient transfection (of a hybrid 

luciferase gene directed by 1,058 bp of rat FGF-2 5'-flanking DNA) in cultured neonatal 

rat cardiac myocytes were used to show that FGF-2 gene expression was increased by 

norepinephrine (NE) after 6 h, specificaiiy and primarily through ai-adrenergic receptors. 

Deletion analysis of the 1,058 bp of rat FGF-2 5'-flanking DNA showed that an increase 

in FGF-2 transcription using phenylephrine (FE, an ai-specific agonist) for 48 h could be 

elicited with ody 3 13 bp of upstream sequence. This deletion excluded an NG-rich 

region containing a tandem repeat of an 8 bp element (5'-AGGGAGGG-3') which is 

sirnilar to a phenylephrine-responsive element in the rat ANF promoter- The PE response 



of the rat FGF-2 5'-flanking region also o c c d  independently of myocyte contraction 

or ca2+ entry via L-type ca2+ channels. In two Iines of transgenic mice into which the 

FGF-2/lucifefase hybrid gene had been introduced, intraperitoned injection of PE 

increased luciferase after 6 h. In Chapter 4, the fimctional significance of the A/G-iich 

region of the FGF-2 promoter was assessed. A 37-bp oligonucleotide mcompassing the 

tandem repeat of the 8 bp elernent was inserted upstream of a heterologous virai promoter 

and found to confer an enhancer efféct on transcription in neonatal rat cardiac myocytes, 

as well as in human and rat glioma ce11 lines. Gel mobility shift assays using the 37 bp 

oligonucleotide and nuclear protein isolated Eiom neonatal rat hearts showed the 

formation of four speci fic complexes representing DNAIpro tein interactions of varying 

affinities. The same four complexes were seen with nuclear protein isolated fiom cultureci 

neonatal rat cardiac myocytes, but these complexes did not change with stimuiation with 

NE for 6 h pnor to the isolation of nuclear protein. In Chapter 5, a working mode1 of 

Langendorff perfusion of murine hearts for the sîudy of the relationship between FGF-2 

release and synthesis, particularly in the context of ischemia-reperfusion injury, is 

introduced. In conclusion, these studies demonstrated that 1,058 bp of rat FGF-2 5'- 

flanking DNA was sufficient to invoke a positive response in cardiac myocytes to 

catecholamine stimulation specifically through ai-adrenergic receptors, and that this 

response occurred in vitro, independently of myocyte contraction and ca2+ influx, as well 

as in vivo in the adult heart. Although the A/G-rich region was shown not to play a role in 

this response, this region does cany enhancer activity and does bind nuclear protein with 

high &ty and specificity. The relationship between adrenergic stimulation and a role 

for FGF-2 in respondhg to physiologicai stress is discussed. 
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Chapter 1. Introduction 

1.1. FGF-2 and the F~robtast Grouth Factor Family 

Basic fibroblast growth factor (bFGF or FGF-2) is a prototype member of a multi-gens 

family consisting of 18 characterized members to date (Szebenyi and Failon, 1999; 

Miyake et al., 1998; Hoshikawa et al., 1998; Ohbayashi et al., 1998). diverse family 

of peptide growth factors pIays multiple roles in cell replication, angiogenesis, ceU 

slwival, apoptosis, adhesion, motility, and differentiation, and well as mediating 

complex biological events such as tumorigenesis, morphogenesis, and blood vesse1 

remodeling (reviewed in Szebenyi and Fallon, 1999). These effects are mediated by a 

family of high f i t y  FGF recepton (FGFRl-4). All FGFRs are tyrosine kinases, each 

with a single membrane-spanning domain, which bind the different FGFs with varying 

affinities (Omitz et al., 1996). Each of the four FGFR genes gives nse to multiple 

isoforms by alternative splicing. Most isofoms are ceil-surface proteins with a single 

membrane spanning domain, but some are secreted. 

FGF-2 was originaiiy purifiai nom brain and pihiitary as a 16-18 kDa monomenc 

peptide (Gospodarowicz et al., 1984). Multiple molecular weight iso foms exist, arising 

fiom altemate translation initiation sites on the same mRNA, to produce 18 kDa low 

molecular weight &MW) or 2 1-25 kDa high molecular weight FGF-2 isoforms 

(see sections 1.2 and 1.3.2). FGF-2 orthologs (human, bovine, ovine, and rat) share a 89- 

95% identity in amino acid sequence for 18 kDa FGF-2 (Basilico and Moscatelli, 1992). 

Three exons each encode an anti-parallel B-sheet, and the three sheets are arranged in a 



trigond pyramidal structure, with no disuifide bonds (Ericksson et al., 1991; Zhu X. et 

al., 1991). The HMW isofoms differ nom LMW FGF-2 by an N-terminal extension of 

varying length, depending on species and the CUG start codon used. The N-terminal 

extension contains several glycine (G1y)-arginine (Arg) repeats. The k g  residues in these 

repeats are highly methylated (Bikf'alvi et al., 1997; references therein). Although it is 

known that the N-terminal extension contains a nuclear localization signal (Quarto et al., 

1991). the role of methylation in nuciear transport is not known. HMW FGF-2 is 

locaiized to the nucleus and L M '  FGF-2 to the cytoplasm in most ce11 types. The 

functional differences among the isoforms and their localization will be discussed. 

1.2. BioiogicaI Roles for FGF-2 in the Curdiovu~~~Iur System 

FGF-2 has many effects on many tissues throughout embryonic development and into 

adulthood (reviewed in Bikfavi et al., 1997). In the cardiovascular system, FGF-2 and 

FGF receptor signaling also play multiple and related roles. During early cardiac 

development, FGF-2 dong with activin-A mimics and may mediate the effect of the 

anterior endodenn on mesodemal precardiac cells (Sugi and Lough, t 995). Later, FGF-2 

also mediates the transformation of epithelial ceIIs to mesenchyme during the formation 

of the cardiac cushions (Markwald et al., 1996), a process involving a loss of cell-cell 

interactions and increased migratory potentiai. Signahg through FGFRl is required for 

cardiac myocyte proliferation during embryonic development (Mima et al., 1995). The 

ability of FGF-2 to promote ceIl migration and affect differentiation is also evident in its 

effects on the development of other organs, iacluding siceletal muscle (Gerber et al., 

1997; Hannon et al., 1996)- FGF-2 also promotes celi survival during organogenesis, 



demonstrateci in many tissues nich as neurons (Grothe and Wewetzer, 1996), endothelid 

cells (Miao et al., 1997), and vascular smooth muscle cells (Fox and Shanley, 1996). 

The effects of FGF-2 on DNA synthesis and cell proLiferaton are also evident in most, if 

not all, cardiovascular celi types. FGF-2 is a potent angiogea, stimulatuig the 

proiiferation of both endothelid and smooth muscle cells. Anti-sense inhibition of FGF-2 

in murine embryos disrupted vascdar development (Leconte et al., 1998), 2nd 

overexpression of human FGF-2 in transgenic mice led to increased DNA synthesis in 

isolated vascuiar smooth muscle ceUs (Davis et al., 1997). This efféct is associated with 

its role in vascular remodeling and lumen narrowing in response to altered blood flow or 

vascular injury (Bryant et ai., 1999). This angiogenic as well as atherosclerotic potential 

leads to a ying-and-yang mode1 for therapeutic use: an ischemic area could be reperfûsed 

with the addition of FGF-2 to promote angiogenesis (Laûltous et al., 1995; Ueno et al., 

1 997), while inhibiton of FGF-2 activity could be used to treat restenosis (Yuwaka et al., 

1998), or hunorigenesis (Maret et al., 1995). In addition to this growth and remodeling 

effect, FGF-2 appears to a e e t  vascular function. It has vasodilatory (Cuevas et al., 1991) 

and negative inotropic (Padua et ai., 1998) properties, and transgenic mice deficient in 

FGF-2 had impaireci vascular smooth muscle contractility and were hypotensive (Zhou et 

al., 1998). 

FGF-2 has also been show to have multiple effects in cardiac myocyta. These effects 

can be divided according to two signal transduction pathways initiated by bïnding of 

FGF-2 to FGFRl, followed by receptor dirnerization and autophosphorylaîion (Kardami 



et al., 1999). First, FGF-2 stimulates cardiac myocyte proliferation in both chicken and 

rat (Karàami, 1990; Pasumarthi et al., 1994; Pasumarthi et al., 1996). This effect is 

mediated by the RadRahïtogen-activated protein kinase cascade, resuIting in changes 

in the ce11 nucleus (Kardami et al., 1999). Anothex signalhg pathway mediated by FGF-2 

through FGFRI, is the activation of phospholipases P and yl, leading eventually to 

translocation and activation of protein kinase C isofonns, (Kardami et ai., 1999). This 

a c t i v i ~  of FGFRl induces the serine phosphorylation of cornexin 43, a component of 

cardiomyocyte gap junctions (Doble et al., 1996) This phosphorylation, which was 

tyrosine-phosphorylation dependenf was associated with decreased gap junction 

permeability, resulting in decreased metabolic coupling between neighbouring myocytes, 

and may be important in the proliferative response (Kardami and Doble, 1998). 

Another effect of FGF-2 that is mediated by protein kinase C is cardioprotection. ln  

cultured neonatai rat cardiac myocytes, exogenous FGF-2 reduced the damage caused by 

hydrogen peroxide, measured by lactate dehydrogenase release (Kardami et ai., 1993). In 

isolated perfused rat hearts, exogenous addition of FGF-2 resulted in improved fiiactional 

(contractile) recovery following global ischemia-reperfusion injury (Padua et ai., 1995), 

an effect mediated by the novei protein kinase C isoforms 6 and E (Padua et al., 1998). 

Using a transient coronary ligation protocol, addition of FGF-2 also improved hctional 

recovery foLiowing ischemia-reperfiision injuiy in vivo in the rat (Cuevas et al., 1997). 

Improved myocardial function with FGF-2 treatment was also observed in a porcine 

mode1 of chronic myocardial ischemia (Harada et ai., 1994). Whether or not 

cardioprotection could be achieved through endogenous production of FGF-2 is currently 



under study. However, there is evidence that FGF-2 expression is upregulated dtiring 

ischemic injury in rat b* (Finkelstein et ai., 1988; Lin et ai., 1 997) and retiaal tissue 

(Miyashiro et al., 1998). A h ,  in the rat heart, FGF-2 accumulates at focal regions of 

isoproterenol-induced injmy (Padua et al., 1993). FGF-2 is well established in other 

tissues as an injury response molecule, being localized to areas of wouading in the skùi 

O(urita et al., 1992) and ulcers of the digestive tract ( F o h a n  et al., 1991). Knockout 

rnice lacking any endogenous FGF-2 showed deficiencies in wound healing (Ortega et 

al., 1998). The healiag effect of FGF-2 has been associated with its angiogenic potential. 

In the heart, FGF-2 also promotes angiogenesis in models of chronic myacardial 

ischemia (Harada et al., 1 994; Lazarous et al., 1 995; Yanagisawa-Miwa, 1992). However, 

the cardioprotective nature of FGF-2 does not seem to be entirely dependent on its ability 

to revascularize an area, since FGF-2 lends direct protection to the cardiac myocyte in 

culture (Kardami et al., 1993) and in isolated h e m  during ischemia and reperfiision 

through a PKC-mediated pathway (Padua et al., 1998). 

As mentioned above, FGF-2 exists in high and low molecular weight isofoms as a result 

of alternative translation start sites on the same RNA. The functional significance of the 

various isoforms is not well understood. It is generally accepted that LMW FGF-2 is 

preferentially exported h m  the ce11 or localized to the cytoplasm, and HMW FGF-2 is 

directed to the nucleus. This difference in subcellular localization implies a difference in 

function. In embryonic chicken cardiac myocytes, both high and low molecular weight 

species increases DNA synthesis, proliferaîion and protein synthesis, but oniy HMW 

FGF-2 seemed to have an effect on chromatin in the nucleus (Pasurnarthi et al., 1994). In 



the rat heart, there is a swïtch in the predorninant isoform from HMW during 

development to LMW in the addt (Liu et al., 1993). in neonatal rat cardiomyocytes, the 

mitotic index increased with overexpression of either LMW or HMW isoforms; however, 

only HMW isoform overexpression was associated with an inmase in myocyte 

binucleation (Pasurnarthi et ai., 1996). The localization of HMW vs. LMW isofonns in 

other cell types is more polarized and Less overlapping (Bikfalvi et ai., 1995)- In CHO 

cetls, the different isoforms are associated with différent intracellular protein complexa 

(Patry et al., 1997). It is not known whether the same is true for cardiac cells. 

1.3. Post~nscrIpt io~~ai  Regulation of FGF-2 

The regulation of FGF-2 is extremely cornplex, involving infïuence at al1 levels (Figure 

1): transcription, mRNA processing (splicing, polyadenylation, mRNA stabiiity), 

translation, post-translational modifications, intraceilular traffïcking, secretiodexport, 

bioavailability. and Ligand-receptor interactions. FGF-2 transcription will be dealt with in 

more detail in the next section, wbile the remaining levels will be d i s cwed  here in brief. 



Figure 1. 

Control of FGF-2 production and activity is exerted at multiple levels. 

The synthesis and availability of FGF-2 is tightly regulated at aii levels, and is desmiecl 

in sections 1.3 and 1.4 of the text- The levels discussed include: 

1. Transcription 

2. RNA processing: splicing, poiyadeny Iation 

3. Antisense RNA: mRNA stability and translational control 

4. Translation 

5. Post-translational modifications: ribosylation, phosphorylation 

6. Intracellular trafficking (nuclear Localizàtion) 

7. Release/Export to extracellular space 

8. Sequestration in the extracellular matrix 

9. Ligand-Receptor interactions 



Plasma 



13.1. Diversity ia mRNA Structure 

The FGF-2 gene, like most other members of the FGF f d y ,  is divided into thtee exons 

which are spliced together during mRNA processing- The full length human FGF-2 

mRNA is 6,774 nt Ion& and 90% of it is composed of untranslateci regions (Arnaud et al., 

1999). Transcripts of 7.0,3.7,3.5,2.8,2.2 and 1.8 kb have been reported for human 

FGF-2 (Murphy et al., 1988), and sizes of 6.OY3.7,2S, 1.8,1.6 1-4 and 1-0 kb have been 

reported nom rat (Powell and Klagsbm, 1991). The variation in transcnpt size arises 

£kom the use of alternative polyadenylation sites within the very large 3 *-untranslated 

region (Basilico and Moscatelli, 1992). in the chicken, alternative splicing of exon 1 has 

been reportai (Boja et al., 1993), giving rise to AltFGF-2, containhg a completely 

different N-tenninal domain. AltFGF-2 is expressed in highly specific regions during 

embryonic development and appears to function in neural tube development (Borja et al., 

1996). Such alternative splicing has not been reported for other species. 

An antisense FGF-2 mRNA has been reported in Xenopus (Kirnehan and Kirschner, 

1989) chicken (Savage and Fallon, 1995), human (Murphy and Knee, 1994) and rat 

(Knee et al., 1997). These transcripts are thought to be involved in the regulation of FGF- 

2 mRNA stability, either through enzyrnatic modification of double-stranded RNA 

molecules, or through other pst-transcriptional mechanisms including inhibition of 

transcript processing, transport, or translation (Knee et al., 1997; Knee and Murphy, 

1997). FGF-2 mRNA stability may also be regulated through variation in the 3 '- 

untranslated region of the various transcripts (el-Husseini et al., 1992; Knee and Murphy, 

1997), which gives rise to the multiple transcript lengths descnbed above. 



1.3.2. Alternative Translation of the FGF-2 mRNA. 

The high and Iow molecular weight isoforms of FGF-2 arise h m  translation intiation 

from multiple start codons on the same mRNk LMW (18 kDa) FGF-2 coding begins at a 

canonical AUG (methionine) start codon, while HMW Wfoms (20-25 kDA, depending 

on species) originate h m  two or more upstrearn CUG (leucine) unconventional start 

codons. Translation of the human FGF-2 mRNA occurs h m  one AUG codon or three 

CUG codons through an intemal ribosome entry site Wagner et al., 1995). Several cis- 

acting regdatory elements were identified in the 5 '-untranslated region of this mRNA, 

which could potentially act through tram-acting factors which recognize secondary or 

tertiary nucleic acid structures (Prats et al., 1992). More recently, a larger, 34-kDa HMW 

iso fotm was identified in HeLa cells which is synthesized fkom an even more distd CUG 

codon on the same mRNk, this time in a cap-dependent manner (Arnaud et al., 1999). 

Translational control of the human FGF-2 gene is thus very complex, and preferential 

translation fiom certain start codons couid reflect diffierences in isofonn fùnction. A rat 

homologue to the 34-kDa human FGF-2 has not yet been identified. Indeed, the N- 

tenninal extensions in rat HMW FGF-2 are shorter than in human, and there is a stop 

codon just upstream h m  the two CUG start codons (Pasunarthi et al.. 1997; see also 

Discussion). 

13.3. Post-Translational ModiZicationq Traflïcking and Release 

FGF-2, dong with several other members of the FGF family, lacb a classical signal 

sequence and is not processed for secretion by an EWGolgi-dependent mechanism 

(Mignatti et al., 1992). However, the FGF-2 protein is a substrate for post-translational 

ADP-ribosylation at arginine residues (BoulIe et al., 1995). and is phosphorylated in two 



locations (Ser-72 and Thr-120) by protein kinase C and protein kinase A, respectively 

(Basilico and Moscateili, 1992). The functiond signincance of either ADP-ribosylation 

or phosphorylation is not known. 

The N-terminal extensions of HMW FGF-2 isofonns contain highly methylated Arg-Gly 

repeats known to drive nuclear localization (Basilico and Moscatelli, 1992). The 

mechanism of traficking is not well understood, though high and low molecular weight 

forms of FGF-2 are associated with distinct intracellular protein complexes (Patry et al., 

1997). Although the dogma exists that LMW FGF-2 is cytoplasmic and HMW FGF-2 is 

nucIear, this compartmentalization is more defined in some tissues than in others, and 18- 

kDa FGF-2 has been observeci in the nuclei of some cells, inciuding cardiac myocytes 

(Pasunarthi et al., 1994; Pasumarthi et al., 1996). 

Generally, HMW FGF-2 is considered to be entirely intraceliular (although p a r a c ~ e  

effects, sensitive to neutraiking antibodies, have been reported [Pasumarthi et al., 1996]), 

while LMW FGF-2 may be intracelMar or exported to the extracellular ma&- Because 

it lacks an identifiable secretory signal, the mechanism by which 18 kDa FGF-2 is 

released Corn intraceiiular stores has been a subject of considerable interest. Quantitative 

export fiom COS-1 cells appears to occur via a unique cellular pathway in an energy- 

dependent manner, separate fiom Golgi-mediated processing (Florkiewicz et al., 1995). 

This novel mode of export was blocked with ouabain and other cardenolides (Florkiewicz 

et al., 1998). implicating a role for the ~ a + ,  lC+-~TPase. Although co- 

immunoprecipitation gave evidence for interaction between the catalytic subunit of the 



ATPase and FGF-2 (Florkiewin et al., 1 998)' experiments using the yeast two-hybrid 

system indicate that the interaction may be indirect, possibly involving a novel protein 

complex (Oh and Lee, 1998). 

In the heart, FGF-2 is released tbrough dismption of the plasma membrane in endotheliai 

cells (Ku and D 'bore ,  1995), vascular srnooth muscle cells (Cheng et ai., 1997), and 

cardlac myocytes (Kaye et ai., I996). Non-lethal plasma membrane dismption is a 

common occurrence in tissues that are subjected to mechanical stretch, such as skeletal 

muscle, gut epithelium, the vasculature, and the myocardium (McNeil and Steinhardt, 

1997). Cardiac myocytes in culture and in isolated perfused rat heart preparations are 

subjected to this non-lethal wounding under normal mechanicd load (Kaye et al., 1996; 

Clarke et al, 1995). During such membrane disruptions, FGF-2 (as well as FGF-1) is 

released fkom the cell, and then can signai back through its receptor (FGFRI) in an 

autocrine manner. An increased level of mechanical activity, achieved either through 

pacing of celis (Kaye et al., 1996) or B-adrenergic stimulation of the isolated myocardim 

(Clarke et al., 1995) results in increased reIease of FGF-2. The "wound hormone" 

hypothesis, then, stipulates that factors released in such a graded manner would mediate 

cellular events related both to nomial homeostasis and to the adaptation to increased 

work (McNeil and Steinhardt, 1997). It is also noteworthy that release of FGF-2 and 

other angiogenic factors was demonstrated in a canine mode1 of coronary artery occlusion 

(Weihrauch et al., 1998). FGF-2 was detected in the myocardial interstitial fluid in a 

time-dependent manner (1 2- 14 days foIiowing the initiation of occlusion). The delay 

preceding the release of FGF-2 indicates that this release may be via a mechanism other 



than plasma membrane disniption as described above. It is possible, therefore, that the 

energydependent export pathway described for COS4 cells (Florkiewicz et a., 1995) 

aIso occurs in the myocatdium. 

1.3.4. Bioavaiïability and Ligand-Receptor Interaction: HSPGs 

The final level at which FGF-2 activity may be regulated involves mechanisms by which 

the signaling capacity of an FGF-2 molecule is activated or subdued. FGF-2 released mto 

the extracellular matrk is heid in place by heparan sulfate proteoglycans (HSPG). 

Proteogiycans are macromolecules consisting of a protein core to which are covalently 

attached polysaccharide chains known as glycosaminoglycans (GAG). Proteoglycans are 

named according to the disaccharide repeat contained in the GAG. The GAGS of HSPGs 

contain a repeat similar to that which is found in heparin. FGF-2, dong with al1 FGFs, 

bind heparin as well as HSPGs. The degree and type of suifation of an HSPG dters its 

aninity for FGF-2 (Aviaer et ai., 1994). HSPG binding to FGF-2 will enhance or may 

even be absolutely required for FGF-2 signaling to occur (Szebenyi and Fallon, 1999). 

Indeed, FGFRl also contains a heparin-binding domain, and an accepteci mode1 for 

FGF-2 signaling through FGFRl consists of a ternary cornplex, where Ligand-receptor 

interaction is facilitateci and stabilized by the presence of HSPG at the ce11 surface (Klint 

and Claesson-Welsh, 1999). Furthemore, there is substantial evidence that these Iow- 

affinity FGF-2 receptors play a more direct role in signal transduction (Kardami et d., 

1 999, and references therein). 

In addition to theu contribution to signaling, HSPGs also increase the half Iife of FGF-2 

in the extracellular matrix, rtius protecting it £iom degradation and serving as a storage 



reservoir for the molecuie until the ceil is triggered accordingly (Kiagsbnin and Baird, 

199 1 ; Szebenyi and Falion, 1999). Protein storage is Likely to be important in FGF-2 

biology, since the protein is present in tissues at much higher levels than its mRNA, 

which is relatively unstable (Abraham et al., 1986). FinaDy, HSPGs, particularly 

syndecan, may play a role in FGF-2 intemalization (Quarto and Amalric, 1994). 



1.4.1. Gene Structure and Species Homology 

The human FGF-2 gene spans at les t  38 kb of genomic DNA on chromosome 4 

(Basilico and Moscateiii, 1992). It is organized into three exons separateci by two large 

introns, and, as mentioued earlier, an exceedingly large and variable 3 '-untranslated 

region. The FGF-2 gene, or parts of it, have been cloned fiom human, opposum, bovine, 

rat, chick, mouse, sheep, Xenopus, and newt (Szebenyi and Fallon, 1999). The FGF-2 

pro tein is highly conserved among mammalian species, with a 1 55-aa open readuig h e  

in al1 three of human, mouse, and rat, differing in predicted amino acid sequence at ody  

7 positions (95.5% identity, Figure 2A). The N-terminal extensions that are found in 

HMW isofoms are more divergent between rat and human (Figure 2B). When aligneci, it 

becomes apparent that insertionai changes occurred over time to increase the length of 

the N-terminal sequence in human relative to rat. However, even in light of these 

changes, the overail Gly-Arg repeat pattern is consemed. The homology among ortholog 

proteins is reflected in the cDNA sequence, which is highly conserved between rodent 

and human within the coding region. Beyond the coding region, however, the sequence 

diverges considerably (Figure 2C). a tmid which hot& for introns, untranslateci regions 

of the cDNAs, as well as for the S'flanking regions The nature of the FGF-2 promoters 

fiom human and rat will be discussed in the following section. 



Figure 2. 

Seqnence homology between rodent and human FGW. 

(A) Aiignment of amino acid sequences for 18 kDa FGF-2 h m  rat (rFGF-2). human 

(hFGF-2), and mouse (mFGF-2). A colon (:) indicates amino acid identity between 

adjacent sequmces, and a dash (-) indicates a gap was inserted to adjust the 

alignment. Excluding the singie insertion, there is 96% amino acid identity among the 

three orthologs. Genbank accession numbers: M22427 (rFGF2); M27968 (hFGF2); 

M30644 (mFGF2). 

(B) Alignment of protein and DNA sequences h m  the N-terminal extensions of high 

molecular weight FGF-2 h m  human (hFGF-2) and rat (rFGF-2). The three-letter 

symbol for the amino acid is shown below its corresponding codon. The colon and 

dash symbols are as in (A) above. Misrnatched nucleotides are underlined in the rat 

sequence. Excluding insertions, there is 83% total amino acid homology and 82% 

total nucleotide homology in this region of the FGF-2 gene. Genbank accession 

numbers: M27968 (hFGF2); M22427 (rFGF2). 

(C) Alignment of the FGF-2 S'flanking regious fkom rat (rFGF-2) and human @FGF-2) 

genomic clones. Insertions are indicated by a colon (:) and mismatched nucleotides 

are marked in lowercase in the human sequence. Nucleotide positions relative to 

establisheû transcription start sites (+1) are indicated on the ri& In this region, 

homology is much reduced, Iimited in essence to 3 regions Iabeled as proximal 

conserved domains (PCD). The four transcription start sites for the rat gene are 

marked (Pi, Po, Pi, Pz). Adapted fiom Pasumarthi et al., 1997. Gentank accession 

numbers: U78079 (rFGF-2); S 8 1 809 (hFGF-2). 



rFGF2 MAAGSITÇLP ALPEDGG-GA FPPGHFKDPK RLYCKNGGFF LRXHPDGRVD 
::::::: ;: ::::::: :: i i : : : : : : : :  : : : : : : : : : :  : : : : : : : ; : :  

hFGF2 MAAGSITTLP ALPEüGGSGA FPPGHFKDPK RLYCKNGGFF LRIHPDGRVD 
:;;:::: :; :;;;:;; :1 : : ; ; ; ; ; ;  ::::;;:;,: . " . " ' " '  , , , , , I , , , I  

rnFGF2 MAASGITSLP ALPEPCG-AA FPPGHFKDPK RLYCKNGGFF LRIHPDGRVD 

rFGF2 GVREKSDPHV KLQLQAEERG WSIKGVCAN RYLAMKEINR LLASKCVTEE 
::::::::: :;:::::::: : : : : : : : : : :  : : : : : : : r : :  :::::::: : 

hFQF2 GVREKSDPHI KLQLQAEERO WSIKGVCAN RYLAMKEWR LLASKCVTDE 
: ; ; : ; ; : : t  :;::::::;: ; : : : : : : : ; ;  .. ".." ' . . . . < + . .  . 

rnFGF2 GVREKSDPHV KLQLQAEERG WSIKGVCAN RYLAMKEDCR LLASKCVTEE 

rFGF2 CFFFERLESN NYNTi'RSRKY SSWYVALKRT GQYKLGSKTG FCQKAILFLP MSAKS 
: : i t : : : : : :  1 1 : : l l : : : l  I l i ; : i i i :  1 : ; : : : : : : :  1 2 1 : : l : i i i  l l i i i  

hFGF2 CFFFERLESN NYNTYRSRKY TSWWALKRT GQYKLGSKTG PGQKAILPLP MSAKS 
: : : : r : : : : :  : I r : : : : ; : :  4 : : : : : : : :  :::::::::: t : : : : : i : r :  i : : : :  

-OF2 CFFFERLESN NYNTYRSRKY SSWWALKRT GQYKLûSKTG PGQKAXLFLP MSAKS 

h F G F 2  C m  GGG GAC CGC GGG CGC GGC CGC GCG C M  CCG GGC GGG AGG 
ku G l y  A s p  Arg G l y  A r g  G i y  A r g  A l a  L.u P r o  G l y  G l y  A r g  

I : I 

C 
r F G F 2  C m  GCA GCC CGC GGG - CGA - GCC - - GCG - - 

L.u A l a  A h  A r g  G l y  - G l y  - A l a  - - A l a  - - 

h F G F 2  CTû GGG GGC CGG GGC CGG GGC CGT GCC CCG GAG CGC GTC GOA 
Leu G l y  G l y  A r g  G l y  A r g  G î y  A r g  A l a  P r o  G l u  A r e  V a l  G l y  

: : z l : ! : :  
r F G F 2  CTU GGG GGC CGA GGC CGG GGT CGG - - - - - - 

ku G l y  G l y  A r g  G l y  A r g  G l y  A r g  

h F G F 2  GGC C G 0  GGC CGG GGC CGG GGG ACG GCG GCT CCC CGC GCG GCT 
G l y  A r g  G l y  A r g  G l y  A r g  G l y  T h r  A l a  A i a  Pro A r g  A l a  A l a  
: : :  : : : : :  

r F G F 2  GGC CGG GOA - - - - - - GCC CCG AGA GCT GCC 
G l y  A r g  G l y  - - - - - - A l e  Pro A r g  A l a  A l a  

r FGF - 2 T T C A O n ; T n i n i T n i A G O A C W M C ~ ~ A W ? r r C C A C G C  : TG i  ; WTCOGOCT000n;CCC - 2 99 
hFGF-2 T T C : G T : m t a G c i : A ~ i A C c C A A t ~ ~ T u ~ n : c c C ~ ; : t c c t t t m ~ t t  -459  

PCD- 1 P2 

I AGDAOCTOCOTCACOOC r AGTCTîCMOAOAhAOC -7 0 
tAaaAOtMaOrCACGGCtgGTtgcgcaOcaMW -215 

r FOF - 2 CC~~GCOCGOGOCOCCGCCOCGCOOOOCCGOGGTGCACCCCGGaACGCCGGGOT i  OACGCOGOCC t 5 3 
hFGF-2 C ~ G G ~ ~ ~ ~ : G Q G G C G G ~ G ~ ~ G C ~ C ~ O C O ~ ~ ~ G ~ ~ ~ ~ : A O ~ C ~ ~ G ~ I C G C G O ~ ~ ~ ~ ~ O A C O C G ~ G C C  -86 

hWF2 GCA GCG GCT CGG GOA T C C  CGG CCG GGC CCC GAC GGG ACC ATQ 
P r o  A l a  A h  A r q  G l y  Ser A r g  Pro G l y  P r o  A l a  G l y  T h r  Y.t 

: ; : : a 
r F G F 2  - GCA GCG - GGG TCC C G 0  - GGC CGC GGA GGG GCC AT0 - A l a  A h  - G l y  Ser A r g  - G l y  A r g  G l y  G l y  A l a  wit 



1.4.2. The FGF-2 Promoter: A Housekeeping Gene 

The Y-flanking regions of the FGF-2 gene have been cloned h m  the human (Shibata et 

al., 199 1) and rat (Pasumarthi et al., 1997) genomes. The promoter from either species 

does not contain TATA or CCAAT boxes, characteristic of the so-called "housekeeping" 

genes of the cell. Housekeeping gene promoters are characterized by the lack of 

canonical TATA or CCAAT elements, the presence of multiple transcription start sites, 

and G/C-nch islands located in the vicinity of transcription initiation, often harboring 

binding sites for the zinc-figer transcription factors Sp 1 or Egr-1 . Their expression is 

usually constitutive but low-level, and may be upregulated under certain stimuli. 

Housekeeping genes are ofken ubiquitous, potent gene products, including enzymes such 

as xanthine dehydrogenasdoxidase (Chow et al., 1994), an enzyme involved in the 

production of the superoxide radical, or ferrochetolase (Magness et al., 1998), whose 

low-level expression is ubiquitous but is upregulated during hematopoiesis. 

Transcription of the human FGF-2 gene occurs fiom a single transcription initiation site 

(Shibata et al., 1991), while the rat FGF-2 promoter contains four identified start sites, 

which are differentially affécted by phorbol ester growth stimulus (Pasumarthi et al., 

1997). Deletion studies and promoter analysis of the human gene indicate that the 

promoter contaios negative regdatory elements which suppress expression (Shibata et al., 

199 1). Elements have also been isolateci which confer ce11 density dependent regdation 

in astmcytes (Moffett et al., 1996). These elements bind protein at low ce11 density but 

not in confluent cells. In contrast, transformed glial cells show binding to these elements 

at al1 ce11 densities, indicating a removal of contact inhibition. Sequences were also 



identified that were respousive to growth factors and to PKC and CAMP stimulation 

(Moffea et ai., 1998). Wild-type p53 repressed traascription h m  the human FGF-2 

promoter, while transcription was activated by mutant p53 (Ueba et ai., 1994). Finally, 

the human FGF-2 promoter contains severaï binding sites for the immediate early 

transcription factor Egr-1, and Egr-1 was shown to stimulate FGF-2 transcription in 

astrocytes (Biesiada et al., 1996)- The rat FGF-2 promoter is less well studied since it was 

more recently doned, but it responds to growth stimuli  ntch as phorbol ester and serum, 

and deletion analysis pointed to both positive and negative regdatory elements within the 

1,058 bp of flanking DNA that was cloned (Pasumarthi et al., 1997). 



Table 1. Factors wbich Increase FGF-2 mRNA Levels in Cardiovascular Ce&. 

Ceii Type 

Endotheliai Cells 

Vascular Smooth Muscle 

Cardiac Myocytes 

-- 

Agent 

shear stress 

FGF-2, tiin,mbin, phorboI 
ester 

FGF-2 

HB-EGF 

An@, ET- 1 

transplantation (human 
ventricles) 

An@, ET- 1, FGF-2, IL- 1 P 

Refereace 

Fisher et al., 1997 

Ku and D7Amore, 1995 

MaIek et al., 1993 

Weich et al., 1991 

Aiberts et al., 1994 

Peifley et al., 1996 

Peifley and Winkles, 1998 

Ationu and Carter, 1994 

Fisher et al., 1997 

Abbreviations: AngII, angiotensin II; ET-1, endothelin-1; HB-EGF, heparin-binding 

epidexminai gowth factor-like growth facm FGF-2, fibroblast growth factor-2; IL-1 f3, 

interleukin- 1 B. 



1.43. Regulation of FGF-2 Gene Expression in Cardiac Cells 

Promoter work with either the human or rat FGF-2 gene has been carried out in non- 

cardiac cell types, and mechanisms controlling FGF-2 tramcrîption in cardiac cells is not 

well understood However, factors aEécting FGF-2 gene expression in cardiac cells have 

been documenteci (Table 1). In endothelial cells, FGF-2 mRNA levels are increased by 

shear stress, non-lethal scrape injury, thrombin, phorbol ester and FGF-2 itsetf 

(autoregulation) (Malek et al., 1993; Ku and D'Arnore, 1995; Weich et al., 1991; Fisher 

et al., 1997). Upregulation by sublethal scrape injury was not attnbuted to autoregulation 

through release of FGF-2 to the conditioned media (Ku and D' Amore, 1995). However, 

autoregulation of FGF-2 gene expression was demonstrated in both endothelial cells and 

adult rat cardiac myocytes (Weich et al., 1991; Fisher et al., 1997), and in human Hep3B 

cells this autoregulation was shown to be mediated by Egr-1 binding to the FGF-2 

promoter (Wang et al., 1997). 

In vascular smooth muscle cells (VSMC), FGF-2 mRNA levels were increased with 

addition of heparin-binding epidemal growth factor-like growth factor (HB-EGF) 

(Peifley et al., 1996). HB-EGF-induced accumulation of FGF-2 mRNA was blocked with 

actinomycin D, indicating that trauscriptional activation is most likely involved. 

Measurements of mRNA stability in this same study also indicated that the half life of 

FGF-2 is not significantly uicreased with HB-EGF treatment. FGF-2 mRNA 

accumulation was detected in a similar mamer with FGF-2 treatment, indicating that 

autoregulation occurs in VSMCs (Alberts et al., 1994). Finaily, treatment of VSMCs 

with angiotensin II or endothelin-l also increased FGF-2 mRNA accumulation (Peifley 



and Winkies, 1997). In dl cases, the increase in FGF-2 mRNA was blocked with 

actinomycin D, indicatuig an increase in transcriptional activity. 

h isolated adult rat ventricular myocytes, FGF-2 mRNA could be increased by treatment 

with angiotenisn II, endothelin- 1, FGF-2 itself (autoregulation), and modestly by 

interleukin-l p (Fisher et al., 1 997). Reverse transcriptase polymerase chain reaction was 

used to detect FGF-2 mRNA in this study, and there was no assessmeut of mRNA 

stability. The mechanisms regulating FGF-2 gene expression in cardiac myocytes and in 

the intact myocardium are not well studied, and no promoter work has been done in these 

cells to date. However, in addition to the isolated myocyte studies, an increase in FGF-2 

mRNA was detected in human ventricles foliowing orthotopic cardiac transplantation 

(Ationü and Carter, 1994). Thus it is apparent that a wide range of stimuli may increase 

FGF-2 gene expression, many of these related to injury and repair responses. It is feasible 

that any or al1 of these stimuli may act at the level of transcriptional activation. 

1.5. Cutecholamines in the Heart: The Adrenergic System 

1 .W. Cardiac Catecholamines and Tbeir Receptors 

The catecholamines epinephrine and norepinephrine (NE) are well estabfished as 

mediators of the classic "fight or Hight" response in mammals. In r k  hart, such a 

response manifests itself as an augmentation of cardiac contractile rate and force, 

accompanied by changes in peripheral blood pressure. The kart is heavily innervated 

with sympathetic fibres, and NE is released into the myocardium fiom the termini of 

sympathetic neurons, although there is aiso evidence for an intrinsic adrenergic system in 



the heart, where endogenous catecholarnines are produceci (Huang et al., 1996). 

Catecholamines exert their effects on inotropy, heart rate and blood pressure through al-, 

a2- and Padrenergic receptors (Table 2; Rockman et al., 1997). Cardiac myocytes 

contain al and p receptors, which act synergisticaiiy to control contractility and heart rate 

through regulating htraceiiular ca2+ concentrations and phosphoryiation cascades 

(Bylund et al., 1994). 

1.5.2. Signal Transduction through Cardiac Adrenergic Receptors 

Each adrenergic receptor group (al, a ~ ,  and p) is associated with a distinct second 

messenger systern. Within each group, several phamiacologicaI subtypes have been 

identified based on the selective activity of receptor agonise and antagonisis (Bylund et 

al., 1994; Strosberg, 1993). The nibtypes arise nom separate genes within a gene family 

(Rochan et al., 1997). However, the characteristic signal transduction mechanisms 

appear to apply to al1 subtypes within a particular receptor gmup. Pathways originating 

f?om the cardiac ai and P-adrenergic receptors will be considered here (Figure 3). 

Al1 adrenergic receptor (AR) groups have seven membrane-spanning a-helices and are 

coupled to ûimeric guanosine 5 '-triphosphate (GTP)-binding proteins (G-proteins). The 

effectors that are activated depend on the type of a-subunit coatained in the G-protein. in 

cardiac myocytes, ai-ARS are coupled to several different G proteins, both pertussis 

toxin sensitive and insensitive (Terzic et al., 1993) This allows the al-AR to mediate a 

varie@ of ceiiular responses, including the activation of phosphoiipases Az and D, and 

increased ~ a ' / H ç  and ~ a f / C a ~ +  exchange. The '&major" signal transduction pathway of 



ai-ARS, however, is pemissis toxin insensitive and is mediated by members of the G, 

family (Wu et al., 1992), or by Gh, as demonstrateci in failhg human hearts (Hwang et al., 

1996) (Figure 3). Hydrolysis of GTP by the G-protein le& to activation of 

phospholipase C (PLC) at the plasma membrane. PLC then catalyzes the conversion of 

the membrane phospholipid phosphoinositol-4.5-bisphosphate ( H P 2 )  to the membrane- 

bound 1 J-diacyl-sa-glycerol @AG) and the cytosolic compound hositoi 1,4,5- 

triphosphate (IP3). DPLG is a dkct  activator of protein kinase C, which mediates a wide 

range of cellular processes. IP3 increases intracelldar ca2+ concentrations through release 

£kom intracellular stores. in addition, some ai-AR subtypes may be linked to a particular 

G-protein which is duectly coupled to voltage-sensitive ca2+ channels in the sarcolemma 

(ByIund et al., 1994). Thus, stimulation of al-ARS in cardiac myocytes leads to activation 

of PKC and an increase in intracellular ca2+ through both the release of ca2+ h m  the 

sarcoplasmic reticulum and the innu of ca2+ across the sarcolernrna 

P-Adrenergic receptors are coupled to Gs, which stimulates adenylate cyclase to increase 

the synthesis of the second messenger CAMP. The cAMPdependent protein kinase A is 

then activated to phosphorylate myocardial proteins involved in the positive inotropic and 

chronotropic responses to P-adrenergic stimuIation (Rockman et al., 1 997). In addition, in 

cardiac muscle, there is evidence for direct coupling between Gs and a sarcolemmal 

voltage-sensitive ca2+ channel (Bylund et al., 1994). The P-induced influx of ca2+ wodd 

thus contribute to the increase in contractility and heart rate. 



Table 2. Characteristics of Adrenergic Receptor Subtypes. 

C-protein Effector (Examples) 
(Example) 

?~hos~holipases C, D, A*; DAG, IP3 

JAC activity; ?Kt channels, L-type 
caZt channels 

GS ( ?'AC aciivity; 'h-type ca2' channels 

?'AC activity 

1 SAC activity 

et al,, 1997. AC, adeny late cyclase; 

Tissue Localization 

Vascular smooth muscle 

Head 

Visceral sniooth muscle 

Nerve terminals 

Vascular smooth muscle 

M yocardium 

Cardiac conduction cells 

Myocardi um 

Smooth muscle 

DAG, 1 

Physiologieal Response 

Contraction 

Hypertrophy 

Contraction 
- 

4 NE release 

Contraction 

f ~ o r c e  and rate of 
contraction 
'konduct ion velocit y 

t ~ o r c e  and rate of 
contraction 
Relaxation 

Lipol ysis 



Figure 3. 

Signal transduction tbrough adreiergk receptors in cardiac myocyteo. 

Cardiac myocytes contain al- (aii subtypes) and $- ($1 and B2 subtypes) adrenergic 

receptors. Stimulation of a i 4 R  by NE results in the production of diaceyIglycero1 

@AG), a potent protein kinase C (PKC) activator, and inositol 145-triphosphate (lP3). 

PKC initiates phosphorylation cascades resulting in transcriptional activation in the 

nucleus (Post and Brown, 1996); as weU, it may mediate a positive inotropic effect by 

increasing myo filament sensitivity to ca2+ (Terzic et al., 1 993). IP3 stimulates the release 

of ca2+ fkom the sarcoplasmic reticulum (SR), affecthg multiple cellular processes and 

contributhg to positive inotropy. Stimulation of 8-AR by NE results in the activation of 

protein kinase A (PKA) by CAMP. PKA phosphorylates phospholamban (PL), increasing 

the uptake of ca2+ by the SR-C~'+ ATPasc. PKA can ais0 phosphorylate myofilament 

proteins and increase their CC sensitivity. Finaliy, PKA phosphorylates and activates 

CRE-binding proteins, effêcting changes in gene expression. Both al- and P-AR rnay be 

direc tly coupled through G-proteins to sarcolemmai voltage-sensitive ca2+ channels, thus 

increasing ca2+ influx. Details of these processes are given in the text. 





1.53. Physiological and PatbophysiologicaI Effects of Adrenergic Receptor 

Signaling 

Catecholamine action on P-AEZs represents the primary and rapid way of altering cardiac 

contractility. Activation of cAMPdependent protein kinase A results in phosphorylation 

of phospholamban, a protein on the sarcoplasmic reticulum (SR) which is associateci with 

the SR ~ a ~ + - ~ T P a s e .  Phosphory lation of phospholamban allows the c~'+-ATP~s~ to 

remove intracellular ca2+ released during excitation-contraction coupluig h m  the 

cytoplasm to the SR lumen. Thus, B-AR stimulation speeds up the relaxation phase of 

excitation-contraction coupling, shortening the action potential and facilitatiug an 

increase in heart rate. In addition, as mentioned above, cardiac B-ARS c m  be linked 

directly to sarcolemmai ca2+ channels, increasing the infiux of ca2+ into the myocyte and 

thus, with the phosphorylation of sarcomeric proteins to increase their sensitivity to ca2+. 

increase contractility. 

Positive inotropy elicited by NE also appears to have a significant ai-AR mediated 

component, which may be augmented in failing hearts (Skomedal et al., 1997). The 

inotropic effect of ai-AR differs f?om that of p-AR in that it is not accompanied by any 

chronotropic effect, although al -AR can play a role in the generation of specinc 

arrhythmias (Terzic et ai., 1993). The mechanimi underlyuig the inotropic effect is 

postulated to involve the phosphorylation of myofilament proteins to increase their 

sensitivity to ca2+, combined with prolongation of the action potentiai through the 

inhibition of K' currents (Terzïc et al., 1993). 



Norepinepbe ais0 works through both al and P-AR to elicit the hypertrophy response 

of cardiac ayocytes (Yamazaki et al., 1996, and referaces therein). Cardiac hypextrophy 

is an adaptive response to an inmaseci load, which can be compensatorv, as occurs in 

exercise, or decompensatory, which occurs in cardiomyopathy associateci with 

hypertension or valvular heart disease. nie induction of hypertmphy is asscciated with a 

succession of genetic events (Figure 4). First, severai immediate-early gens are ùiduced, 

including c-myc, c-fos, Egr-1, c-jun and jun-B O-c et al., 1993; Iwaki et al., 1990). 

Next, a subset of gens bearing resemblance to a more embryonic pattern of gene 

expression is also induced, including aüid natriuretic peptide (ANF/ANP), skeletal a- 

actin (SKA), and fhnyosin heavy chin @-MHC). Fioaily, there is an upregulation of the 

constitutive contractile proteins myosin light chah-2 (MLC-2) and cardiac a-actin, and 

these are incorporated into sarcomeres to increase the ceIl's content of contractile 

apparatus. The changes in gene expression may be mediated by the srnaII GTP-binding 

proteins such as Ras and Raf-1, through a protein kinase cascade involving mitogen- 

activated protein kinase (MAPK) (LaMorte et ai., 1994; Yamazaki et al., 1996). 

However, other pathways, including those mediated by Rho (Sah et al., 1996; Hines and 

Thornburn, 1998) and the Janus kinases (m) (Ramirez et al., 1997) also seem to play a 

role in what is an apparently very complex network of signal transduction. 



Figure 4. 

Events in NE-stimulated cardiac myocyte hypertrophy. 

Norepinephrine (NE) bctions through both a1 and $-adrenergic receptoa to induce 

changes in gene expression and cell morphology associated with the hypertrophie 

response. The order of events, the relative importance of al- and P-adrenergic 

stimulation, and the current kmwledge of pathways and ck-acting eiements involvecl in 

the regulation of gene expression are discussed in the text. ANF, atnal nahuretic factor, 

P-MHC, P-myosin heavy chaui, SKA, skeietal a-actin; MLC-2, myosin light chah-2- 





Hypertrophy obsewed in vivo appears to have a very strong al-AR-stimulated 

component, for severai reasons: F h ,  p - A R s  are quickly dowmgulated through 

phosphorylation by PKA, PKC, or a P-adrenergic receptor kinase (p-ARK/GRK) 

(Rockman et al., 1997; Bristow, 1998). Phosphorylation of a &AR causes it to bind to p- 

arrestin, which fhctiondiy uncouples it h m  its G-protein. P-AR downregulation is a 

hallmark characteristic of heart failure and many types of cardiomyopathy. The ''P- 

blockers" used in the treatment of early stages of heart failure are designed to combat the 

overstimulation of p-AR by catecholamines released in the heart h m  sympathetic neural 

activity (Esler et al., 1997; Will-Shahab and Schubert, 199 1). Secondy, while P-AR are 

rapidly and significantly downregulated in ischemia and heart failure, with eventual 

changes in receptor density, cardiac ai-AR density changes Little or is even increased 

(Will-Shahab and Schubert, 1991; Terzic et al., 1993; Zhao et al., 1996) It may be, then, 

that the stimulation of a-AR under pathological conditions may serve as a reserve 

rnechanism in an attempt to retain responsiveness to catecholamines (Temc et al., 1993; 

Skomedal et al., 1997). Finally, it i s  worth noting that hormones such as angiotensin II 

and endothelin I activate a sirnilar program of hypertrophy through their own receptors, 

which, iike ai-ARS, are also coupled to G, (Post and Brown, 1996). Indeed, 

overexpression of Gq caused hypertrophy in transgenic mice (D'Ange10 et al., 1997; 

Mende et al., 1998). 



1.5.4. Transcriptional Regulation Follorriiig Adrenegic Receptor Stimulation 

DNA elements in promoters of cardiac genes activated by al-adrenergic stimulation have 

been studied extensively (Table 3). The M-CAT element was shown to be central to the 

regulation of brain natrïuretic peptide (Thuerauf and Glernbotski, 1997), P-myosh heavy 

chain (Kariya et al., 1994), and skeletai a-actin (Karns et al., 1995). The humao virai 

transcription enhancer factor (TEF)- L was shown to bind to the M-CAT eIement in the f3- 

MHC and a - S U  promoters (Kanya et al., 1993; Karns et al., 1995), and a related factor, 

RTEF-1, was later shown to also play a role in the regulation of these gems (Stewart et 

al., 1998). UnWre for the f3-MHC and bain naûiuretic peptide @NP) promoters, for 

which M-CAT was sufficient for ai-adrenergic regulation, both CArG (senun response 

element) and Spl elements were necessary in combination with M-CAT for a-adrenergic 

regulation of the a-SKA promoter (Kams et ai., 1995). Multiple elemnits are ais0 

involved in the a-adrenergic regulation of the ANF promoter, including an A/G-rich 

element (Ardati and Nemer, 1993) and two CArG serum response elements (Sprenkle et 

al., I995), as well as a novel upstream A/T rich region (Harris et ai., 1997). Stimulation 

of MLC-2 prornoter activity by a-adrenergic activity also requises a 28 bp A/T-rich 

region, containing overlapping C M ,  AP2, and MEF2 elements (Zhu H. et al., 1991). A 

novel zinc finger protein, HF4 b, was shown to bind to the MEF2 etement in this region 

to confer muscle-specific basal and inducible expression of MLC-2 (Zhu H et al., 1993). 



Table 3. al-Adrenetgic Regdation of Cardiac Geae Expression. 

Gene 

SKA 

SRE (CArG) 

M-CAT 

M-CAT 

M-CAT 

CArG 

SPI 

DNA Sequence 

CTTTAAAAGG ; 
CCTTATTTGG 

AGGAATG 

TGTGGTATG 

CATTCTT 

CCAAATATGG 

Referenee 

Ardati and Nemer, 1993 

Sprenkle et ai., 1995 

Harris et ai-, 1997 

Thuerauf and 
Glembotski, 1997 

Kariya et al., 1994 

Kams et ai., 1995 

ANFIANP, atrïai natriuretic fac todpeptide, BNP, brain natrimetic peptide, P-MHC, & 

myosin heavy ch&; MLC-2, myosin light chah-2; SKA, siceletai a-actin; SRE, senun 

response element- 



The effects of P-admergic receptoa on gene expression at the promoter level is less well 

studied. Both ai- and B-AR stimulation increases the expression of C-fos and c e ,  which 

increases skeletal a-actin gene expression through an AP-1 site (Bishopric et al., 19921, 

and decreases ANP expression independently of AP-1 (McBride et al., 1993). A major 

distinction between ai- and P-AR is the increase in CAMP brought about by B-AR 

stimulation, resulting in the activation of protein kinase A (PKA). PKA phosphorylates 

and activates a number of transcription factors, including AP-2 and the CAMP response 

element binding protein (CREB) (Faisst and Meyer, 1992). Severai cardiac genes contai. 

a CAMP response element (CRE), including ANP (Harris et al.. 1997) and the Pz-AR 

subtype (Collins et al., 1990). Heart failure is associated with changes in expression of 

some cardiac genes, and it has been postulated that P-AR stimulation is the source of 

many of these changes (Müller et al-, 1993). CREB is expressed in the human heart 

(Müller et al,. 1995), as is the CRE moduiator protein, CREM (Müller et al., 1998), but 

the significance of this in the context of heart failure-related changes in gene expression 

is not yet understood (Müller et al., 1997). There is evidence for transcriptional 

autoregulation of the promoter via CAMP and a CRE (Collins et al.. 1990). Given 

the complexity of the changes in gene expression which do occur with P-adrenergic 

stimulation, combined with the tight control exerted over P-AR levels and fbnctional 

coupling, much remains to be leamed about the control of gene expression by B- 

adrenergic activity. 



2.6. Rationde, Hyp~the~ik, und Objecitcitves 

Since FGF-2 has a mie in cardioprotection, wound healiag and stress response, any 

knowledge of how the FGF-2 gene is regulated would be useful to gain insight into how 

FGF-2 regulation may be exploited for therapeutic benefit where nsk of injury is very 

hi@. Indeed, if FGF-2 also plays a role in the maintenance of a healthy myocardium, 

then understanding how FGF-2 is regulated under conditions of stress and challenge 

could dso lead to regimens for ensuring cardiovascular health in the long term. FGF-2, as 

we have seen, is regulaied at many ciiffernt levels (Figure I), and FGF-2 transcription is 

regulated by a variety of signal transduction pathways, as reflected by changes in mRNA 

levels (Table 1). As discwed above (section 1.3.3), FGF-2 is released h m  cardiac 

myocytes with every contraction of the myocardium (MeNeil and Steinhardt, 1997). This 

release can be increased with adrenergic activity (Clarke et al., 1995). Catecholamines, 

especially norepinephrine, which acts through both ai- and B-adrenergic receptors (Zhao 

et al., 1996) are released in the myocardium under ischemic conditions which lead to 

infarc tion (Will-Shahab and Schubert, 1 99 1). Together, these factors suggest the 

hypothesis that release of FGF-2 is accompanied by syntbesis to replenish 

intracellular stores, and the stimulation of synthesis, at the level of transcription, 

can be mediated by adrenergic activity. Once established, such an idea could Iead to 

studies of other pathways, perhaps related to injury, which lïnk FGF-2 release and 

synthesis to replenish intracellular stores. 

Detection of FGF-2 mRNA at basal levels in most tissues, including cardiac cells, 

appears to be more difficult than detection of protein (see, for example, Fisher et al., 



1997). This presumably reflects low promoter activity andor an unstable mRNA. Much 

of the work caried out with FGF-2 mRNA has used tumour ce11 lines, which overexpress 

FGF-2, as  the source (Cattini et ai., 1 998; Murphy et ai., 1 989). An aitemative approach 

to transcnptional studies is the reporter gene assay. This type of assay can be used to (a) 

confïnn trends observeci with mRNA levels, and (b) to isolate and characterize cis-acting 

elements withùi a promoter region. Previously, in o u .  laboratory, the 5'-flanking region 

of the rat FGF-2 gene was cloned (Pasumarthi et al-, 1997). Sequencing reveaied a 

promoter region with no TATA or CCAAT boxes, several G/C-rich islands, and multiple 

transcnptional start sites, typical of rnany housekeeping genes. The promoter could be 

regulated by growth stimuli, such as senim and phorbol esters, in a rat gliorna cell Iine 

(Pasumarthi et al., 1997). Shidies using this genomic clone, in conjunction with mRNA 

studies, both in cultureci neonatai rat cardiac myocytes and in transgenic mice, appeared 

in subsequent published works (Detillieux et al., 1998; Detillieux et al., 1999). Data kom 

these references, as well as additional unpublished work, will be presented in this thesis 

in answer to the following objectives: 

Objective 1. To demonstrate and characte~e the regulation of rat FGF-2 gene 

expression in cardiac myocytes by adrenergic activity (Chapter 3). 

Specific Aims: 

1.1. To demonstrate the relative role of ai- and B adrenoceptors in the regulation of 

FGF-2 gene expression in cultured neonatal rat cardiac myocytes. 



1.2. To use deletion andysis to determine the region of 5'-ffaolang DNA responsible for 

adrenergic regulation of the rat FGF-2 gene. 

1.3. To deteamine the role of cal' influx and myocyte contraction in the adrenergic 

regulation of FGF-2 gene expression. 

1.4. To characterize the adrenergic regulation of the rat FGF-2 promoter in Mvo. 

Objective 2. To assess the fiinctional significance of a putative phenylephrine- 

responsive, NG-nch element in the rat FGF-2 promoter (Chapter 4). 

Specific Aims: 

2.1. To deterrnine the effect of the A/G-rich region on the activity of a heterologous 

promoter. 

2.2. To characterize the protein-DNA interactions that occur at the A/G-rich region. 

2.3. To determine whether structural and hinctional changes occur at this region upon 

adrenergic stimulation. 

Objective 3. To establish a working mode1 for Langendorff-type perfusion of the isolated 

m o u e  heart (Chapter 5). 

Specific Aims: 

3.1 To assemble an apparatus for effective baseline function of an isolated mouse 

heart undergohg retrograde pemision at constant pressure. 



3.2 To establish conditions for the study of global ischemia and reperfusion ushg this 

model- 

3 3  To detemiine the fhbil ity of the measurement of FGF-2 release &om the 

isolated murine myocardium. 

3.4 To measure the activity of the FGF-2 promoter in tbis system usuig reporter gene 

assays of isolated hearts fiom ~ransgenic mice. 



Cbapter 2. Materials and Methods 

2.1. Ceil culture and tissue extracts 

Neonatal rat cardiac myocyte cultures were prepared by the PerwlL gradient method 

developed by the labontory of Dr- Kenneth Chien and modified by the laboratories of Dr- 

Kardami and Dr. C a m .  Rat pups (Sprague-Dawley, either gender, 1 to 36 hours after 

birth) were sacrificecl by decapitation and ventricles were dissected as quickly as possible 

into Ham's FI O nutrient mixture (Gibco-BRL) cheIated with 1-33 mM EGTA at room 

temperature. Approximately 36 hearts were used for each myocyte preparation. M e r  

dissection, the hearts were transferred to fiesh chelated FI0 and minced with scissor 

mincers until the hearts pieces could be taken up with a 10 ml pipette. The pieces were 

them transferred to a water-jacketed (35OC) spinner flask containhg 10 mi of chelated 

F 1 O with trypsin (Gibco-BRL, 0.85-1 .O mg!ml) and DNaseI (Sigma-Aldrich, 30U/ml). 

The cells were thus dissociated with 10 changes of 10 minutes each in this manner. 

Dissociated cells were coiiected in fetal bovine serum at room temperature. M e r  

completion of this stage, the cells were centrifugai and resuspended in l x  Ads buffer (20 

mM HEPES, p H  7.35; 116 m M  NaCI; 10 mM NaH2P04.&0; 5.5 mM glucose; 5.36 mM 

KCl, 0.8 mM MgSO4.7H2O), treated with a M e r  300 U DNaseI for approx. 10 min 

before they were passed through a Nytex nylon membrane. The cells were than layered 

on a discontïnuous Percoll (Pharmacia) density gradient (1 -059 g/ml: 1.1 10 g/mi) and 

centrifûged at 25008 (PR-7000 centrihige, swing out bucket rotor, radius 240 mm, 3500 

rpm) for 45 minutes at room temperature. The upper non-myocyte layer was then 

discarded and the enriched myocyte layer was collected and washed twice in lxAds 



buffer. Finally, the cells were resuspended in 30 ml of F10 nuaient mixture with 10% 

(v/v) FBS (Gibco-BRL), 10% horse senun (Gibco-BRL), anhbiotics (Gibco-BRL, 1000 

uniWml penicillin, 1 mgml streptomycin) and calcium chloride supplemented to 1.05 

mM. Cells were counted using a hemocytometer and plated at a density of lx 106 cells per 

35 mm plate, or 1 .5xlo6 ceils per 60 mm plate. C u h r e  plates (Corning) had been 

prepared by coating the plates with a layer of collagen (Upstate Biotechnology, rat tail, 

type I,0.05%) and leaving the plates to dry under UV radiation ovemight. 

Rat glioma Cd and human astrocytoma U87-MG cells were obtained fiom the Amencan 

Type Culture Collection and grown in monolayer culture in Dulbecco's modified Eagle's 

medium (DMEM, Gibco-BRL) supplemented with 10% (v/v) FBS with antibiotics as 

above, at 37°C in the presence of 5% COz. Plating densities for Cd and U87-MG cells 

were 0.5~ 1 o6 and 1 . 0 ~  1 o6 per 100 mm dish, respectively. 

2.2. Plusrnids and constructs 

nie hybrid genes, - 1058FGFp.luc, -9 1 1 FGFphc, and -3 13FGFp.Zuc, containhg 

fragments of the rat FGF-2 gene fbsed upstream of a promoterless fiefly luciferase gene 

(-p-luc. contained in the vector pXP1) were described previously (Pasumarthi et al., 

1997). A 250 base pair m e n t  of the myosin light chain-2 W C - 2 )  promoter cloned 

upstream of Iuciferase was described previously (Jin et al., 1995). 

The plasmid TKp.luc (Nordeen, 1988) contains a portion of the herpes simplex virus 

thymidine kinase promoter (positions -81 to +S2) f b e d  to the firefly Iÿciferase gene. A 



37 bp A/G nch (double-stranded) oligonucleotide, corresponding to nucleotide positions 

-789-749 (Pasumaruii et al., 1997), and containhg the putative AGGG-repeat sequences, 

5 '-GGGAAAC&AGGGGGAAGGAAAGGAGGCrAGGGAAGGA- ', was 

synthesized and inserted upstream of the 'K promoter in pT8 1 .lut to generate 

AG-TKp. lue. 

The pRL-CMV vector, containing the Renilla luciferase gene under the control of the 

cytomegalovinis promoter, was o b h e d  b m  Romega Corporation. 

2.3. Isolation of RNA fiom ceUs and rissue 

The day after isolation as described in section 2- 1, neonatd rat cardiac myocytes on 60 

mm plates were transferred to a serum-hee preparation of a 1 : 1 mixture of DMEM:F12 

media (Gibco-BRL), containing a I x insulin-msferrin-selenium supplement (Redu-Ser 

II, Upstate Biotechnology), 0.02 mdmI ascorbic acid and antibiotics. At the sarne time 

the media was changed, the plates were divided into experimental groups for stimulation. 

For experiments with norepuieph~e m), cells were treated with or without 0.01 mM 

NE and 0.01 mM prazosin (Research Biochemicals International) for 6 h before 

harvesting. For experhents with phenylephrine (PE), cells were treated with or without 

O. lmM PE (Sigma-Aldrich) for 48 h before harvesting. 

RNA isolation was carried out using guanidine isothiocyante (GuanSCN) (Chomczynski 

and Sacchi, 1987). Each 60 mm plate was washed 3x with PBS-CMF, then 0.6 ml of 4 M 

GuanSCN (pH 7.0; containhg 5 m g / d  N-lauryl sarcosine, 25 mM sodium citrate, and 



0.7% P-mercaptoethanol) was added to each plate. The contents of triplicate plates were 

pooled on ice and each plate was rinsed with 0.6 ml of water-saturated phenol. Once 

harvesting in this rnanner was complete, RNA isolation continued according to standard 

Iaboratory protocol, based on Maniatis et al- (1982). At the end of isolation, RNA h m  

al1 plates within a treatment group was pooled, concentration was determineci 

spectrophotometrically, and total RNA was divided into 50 or 100 pg aliquots, 

precipitated with 95% ethanol and stored at -70°C- 

For tissue studies, male CD4 mice aged 6-8 weeks were injected intraperitonedy with 

saline or 50 mgkg PE. M e r  48h, mice were sacrificed by ceMcaI dislocation and hearts 

were dissected onto dry ice. Hearts were stored for up to 48h at -70°C before RNA 

isolation began. Hearts were thawed on ice and homogenized individually in 1 ml 4 M 

GuanSCN. RNA isolation was then continued according to standard Iaboratory protocol. 

At the end of isolation, RNA concentration was detennined and total RNA was divided 

into 100 pg aliquots, precipitated with 95% ethanol and stored at -70°C. 

2.4. "Northern unalysis of RNA 

2.4.1. Formaldehyde gels for RNA 

Fifty or 100 pg aliquots of precipitated total RNA was pelleted, washed dried and 

resuspended in sterile distilled water. Once the RNA was hlly in solution, a cocktail was 

added which resulted in the sarnple being contained in 0 . 5 ~  MOPS b a e r  ( l x  MOPS = 

20 mM MOPS, pH7.0, 5 rnM sodium acetate, 1 mM EDTA), 2.2 M formaldehyde, 50% 



deionized fornamide, and 0.02 m g h l  ethidium bromide. The sample was heated at 6S°C 

for 20 min, then 4 pl of a loading dye (10x loadimg dye = 50% glyceml, 1 mM EDTA, 

0.4% bromopbenol blue and 0.4% xylene cyanol) was added. Ten percent of each sample 

was resolved on a minigel (1% agarose, lx  MOPS, 2.2 M fomialdehyde) in lx MOPS to 

test for consistency of loading. The remainder of each sample was then resolved on a 

larger gel of the same composition ovemight. The following day, the gel was 

photographeci and blotted to oitmcellulose membrane using 2Ox SSC (3 M NaCI, 0.3 M 

sodium citrate) for 16h. The nitrocellulose membrane was then baked at 80°C for 45-60 

min to covalently bind the nucleic acid. 

2.4.2. Hybridization and detection of FGF-2 mRNA 

Detection of FGF-2 mRNA was achieved with a radioiabeled hgrnent of the rat FGF-2 

cDNA. The -500 bp fiagrnent corresponds to the entire open reading fiame of 18 kDa 

FGF-2, beghning 18 bp upstream of the AUG start codon and ending -18 bp 

downstream o f  the UGA stop signal. It was obtained by digestion with XhoI of a plasmid 

containing a portion of the rat FGF-2 cDNA which had been depleted of those sequences 

peculiar to high molecular weight FGF-2 (Pasumarthi et al., 1994). Radiolabeling of 50 

ng of this hgrnent (to a specific activity of >l x 109 c p d  pg) was achieved using the 

random priming protocol (Promega Prime-a-Gene kit) according to standard Iaboratory 

procedure. Mer the nitrocellulose blot was incubated with 20 ml prehybndization buffer 

(50% deionized formamide, Sx SSC, 5x Denhardt's solution, 0.2 M NaPoe pH 6.5,0.1% 

SDS and 1 m g h l  each of salmon spem DNA and yeast W A )  ovemight at 42*C, the 

buffer was removed and the probe added to 20 ml of hybridization buffer (50% deionized 



formamide, 5x Denhardt's solution, Sx SSC, 0.1M NaP04 p H  6.5,O.l g/ml deman 

sulfate) dong with 1 mg/& sonicated sahon spem DNA and 1 rng/ml yeast tRNA, and 

incubated with the membrane ovemight at 42OC. Following hybndization, the blot was 

washed 3x for 15 min with prewarmed wash buffer (0.1~ SSC, 0.1% SDS), air dried, and 

exposed to film at -70°C. As an interna1 control, the blot was stripped with deionized 

distilled water 3x at 80°C, then reprobed in a similar manner with a 1-kb fhgment of the 

GAPDH cDNA (Pst YBgl I). 

2.5. Transient gene transfer 

Cardiac myocytes and human and rat glioma cells were al1 transfected by the calcium 

phosphate-DNA precipitation method The media on al1 cells was changed to DMEM 

with 10% FBS and antibiotics, prior to transfection. 

For the stimulation studies, 60 pg of plasmid was made up to a volume of 1.0 ml in 252 

mM CaClz and added gradually to an equal volume of aerated 2x HEPES-buffered saline 

(HEBS) (280 mM NaCl, 50 mM HEPES, pH 7.1 0, and 1 -5 mM Na2P04). ~ r e c i ~ i k t e  was 

allowed to fomi at mom temperature for 30 minutes, and 3 10 pl was added to each of 6 

culture dishes. Following a 16-hour transfection penod, the cells were washed thoroughly 

with calcium- and magnesium-fkee phosphate-buffered saline. For stimulation, the 

medium was changed to DMEM-F 12 which contained a 1 x Insuiin-Transferrin- 

Selenium-A supplement (Redu-Ser II, Upstate Biotechnology), 0.02 m g h i  ascorbic acid, 

and antibiotics. These "identical" plates of transfected myocytes were then treated with 

adrenergic agonists or antagonists to ensure a direct cornparison of promoter activity in 



untreated and treated cells. The adrenergic agents were used at the following 

concentrations and for the following incubation periods: nonpinephrine, 0.0 1 mM for 

6 h; prazosin, 0.01 m M  for 6 h; atenolol (Raearch Biochemicals International), 0.0 1' mM 

for 6 h; 2 f -butanedione monoxime, 1 .O M for 6 h; phenylephrine, 0.1 rnM for 48 h; 

nifedipine (Sigma-Aldrich), 1.0 pm for 48 h. 

For experiments invalving cardiac myocytes or glial cells which were not stnnulated, the 

procedure was moditied accordingiy: 30 pg of test plasmid (hybrid firefly luciferase 

gene) and 3 pg of control plasrnid @RL-CMV) was made up to a volume of 0.5 ml in 252 

mM CaClz and added gradually to an equal volume of aerated 2x HEBS bufEer. 

Recipitate was allowed to fom at room temperature for 30 minutes, and 3 10 pl was 

added to each of 3 culture dishes of cardiac myocytes (35 mm) or glial tumor cells (100 

mm). After 16 hours, the ceI1s were washed thoroughly with PBS-CMF. Cells were fed 

with DMEM/10% FBS and maintained for 48 hours before processing. Cells were also 

tram fected with -p.lue as a control for random transcription initiation. Co-tram fection 

with pRL-CMV was used as a control for DNA uptake and values were used 

subsequently to nomalize the firefly luciferase activity (fuefly luciferase/Renilla 

luci ferase) fiom the "test7' genes. 

2.6. Reporter gene assoys 

For experiments with adrenergic agents, at the end of the stimulation period transfected 

cardiac myocytes were harvested with trypsin-EDTA (Gibco-BU), pelleted, rinsed with 

PBS-CMF and lysed on ice in 50-100 pl (depending on pellet size) of LOO rnM Tris-HC1, 



pH 7.8 containing Triton X-100. M e r  1 5 mui, insoluble material was removed by 

centrifugation and the luciferase activity in 20 pl of the supernatant was measuied using 

the Promega "Luciferase Assay System" and a luminometer (IU\900 Luminometer, 

Tropk Inc.) accordhg to the manufacturer's hstructiom. Luciferase activity was 

normalized against lysate protein content as detexmined by the Bradford Assay (Bio- 

Rad). 

Where stimulation was not required, for both myocytes and glial ceiis, the 'hial- 

Luciferase Reporter Assay System" (Promega) was used. According to the 

manufacturer's instructions, the cells were harvested using active lysis of cells by 

scraping, and both firefly and Renitta luciferase activities were measured in 20 pl of the 

lysate. The protein content of ce11 lysates generated in this manner was determined by the 

bicinchoninic acid protein assay (Smith et al., 1985). 

For transgenic mouse tissue assays, fiozen tissue was homogenized in lx Promega 

Reporter Gene Lysis Buffer. Homogenates were cleared by centrifugation and 20 pl fiom 

each of the supematants, without storage, were assayed for luciferase activity using the 

Promega "Luci ferase Assay S ystem" and a luminometer. Luci ferase activity was 

normalized to protein content as determined by the bicinchoninic acid assay. 

Al1 animal experiments were carried out in accordance with protocols approved by the 

University of Manitoba Animai Care Cornmittee, which conforms to the standards of the 



Canadian Council for Animai Care. The microinjection pmtocol was carried out by Ms. 

Agnes Fresnoza under the supervision of Dr. Mary Lyna Duckworth at the University of 

Manitoba's Transgeain Facility. The plasmid -1058FGFp.l~~ was iinearized with b u 1  

and Pst1 and introduced into the male pronucleus of single-ce11 zygotes fiom CD1 mice. 

Injected embryos were subsequently transferred to the oviduct of surrogate mothers and 

brought to tem. Tai1 tips of 3-week-old progeny were removed and genomic DNA was 

extracted using Protehase K digestion followed by phenol-chioro form extraction and 

ethanol precipitation. 

The DNA was digested with Xbal, and electrophoresed on a 1% agarose gel, containing 

40 @ml ethidium bromide. The DNA in the gel was photographed and then denatured 

with 2 washes (15 min each) in Solution A (1 .SM NaCl, 0.5M NaOH). Following 

neutralization with 2 washes (1 5 min each) in Solution B (1 -0 M ammonium acetate, 20 

mM NaOH), the gel was blotted ovemight to nitrocellulose membrane in Solution B 

using Southem blotting procedure (Maniatis et al., 1982). The presence of the transgene 

was determined by probing with a 1 -kb EcoRl fiagrnent of -lOSSFGFp.luc, which spans 

the 3 ' end of the FGF-2 promoter and the 5' end of the Luciferase cDNA. Hybridization 

was carried out in a manner sirnilar to that described in section 2-4.2, except that the 

hybridization was carried out at 3 P C  for 18-24 h. The fiagrnent was labeled with 3 2 ~  

using the random priming method (Promega "Prime-A-Gene" Kit). With subsequent 

generations of mice, DNA anaIysis was doue without digestion of the DNA. Instead, 

DNA was transferred directly to nitrocellulose using a slot blot apparatus, and the same 

probe was then used, with hybridization at 42°C- 



Animals giving positive DNA signals were bred and their neonatal progeny tested for 

luciferase activity in the heart and brain. Pups were samificed by decapitation and their 

hearts and brain tissues removed and fast hzen on dry ice. Frozen tissues were 

homogenized in lx Promega Reporter Lysis Buffèr, cleared of insoluble material after 15 

min on ice, and 20 pl of supematant was assayed according to procedures describeci in 

section 2.6. This resulted in the establishment of two Lmes (P300 and P66), which were 

tested for luciferase activity in the adult heart and for response to phenylephrine. Adult 

animals (8- 10 weeks old, both genders) were divided into two groups and injecteci 

intraperitoneally with vehicle (saline) or phenylephrine (50 mgkg in saline). M e r  6,24 

and 48 h, the animals were euthanized by cervical dislocation and hearts were dissected, 

fast-frozen on dry ice, and luciferase activity was determined fkom tissue homogenates as 

descnbed above. 

Heart tissue was dissected aseptically nom neonatal(1-3 days) Sprague Dawley rats of 

either gender, and fast &ozen on dry ice. Frozen tissue was wrapped in weigh paper and 

foi1 and ground with a hammer to powder form. The powder was homogenized with a 

total of 5 tissue volumes (before crushing) of a hypotonie buffer A (10 mM HEPES-KOH 

pH 7.9, 1.5 mM MgC12, 10 m .  KCI, 0.5 m M  DIT, 1 mM PMSF and 2 p#ml aprotinin), 

incubated on ice for 1 O min, centrihged at 800g (HN-S centrifùge, swing rotor #2 15, 

radius 170 mm) for 10 min at 4OC, and the supematant removed. The pellet was 

resuspended in 2 volumes buffer A and homogenized with the "loose" pestle of a Dounce 



homogenizer to break open the swoiien cells and release the nuclei. The nuclei were then 

pelleted by centrifugation and resuspended in approx. 0.5 volumes of a hi& salt buffer C 

(20 m M  HEPES-KOH pH 7.9,25% v/v glycerol, 0.42 M NaCI, 1.5 mM MgCl*, 0.2 mM 

EDTA, 0.5 mM DTî, 1 mM PMSF) and mhed gentiy for 30 min to allow high salt 

extraction to occur. M e r  centrifugation, the supernatant (containhg nuclear proteins) 

was placed in Spectrapor 6-8K dialysis tubing and dialyzed agaînst 100 volumes b u f k  D 

(20 rnM HEPES-KOH pH 79,20% v/v glyceroI, 0.1 M KCl, 0.2 mM EDTA, 0.5 mM 

D'IT', 1 mM PMSF) at 4°C for 3 hours. holuble material was removed with 

centrifugation at 27,200g (Beckman JA-20 rotor, radius 108 mm,15,000 rpm) for 30 min, 

and protein concentration was deterrnined by the Bradford Assay (Bio-Rad). To enrich 

the extract for DM-binding protek, total nuclear extract was mixed with a heparin 

agarose preparation (Sigma-Aldrich) and washed with buffer D/0.1 M KCl before elution 

with buffer D/0.6 M K I ,  with a final dialysis against buffer D/0.1 M KC1. Protein 

concentration in the e ~ c h e d  preparation was also detennined using the Bradford Assay, 

and the final product was divided into aliquots and stored at -70°C. 

A modified, rapid extraction protocol (Andrews and Faller, 1991) was used for isolation 

of nuclear protein fiom c u h e d  neonatal rat cardiac ventricular myocytes grown serum- 

kee DMEM:F12 media (as in section 2.3) in the presence or absence of 0.1 rnM 

norepinephrine for 6 hours. Cells fiom tnplicate 60 mm plates were harvested with 

trypsinlEDTA (Gibco-BRL) and pooled into a single sample. The cells were M S ~  with 

PBS-CMF, pelleted in a benchtop microhige, and resuspended in 400 pl buffer A 

(hypotonie) on ice. Afier allowing the cells to swell on ice for 10 min, the tube was 



vortexed for 10 s to break open the cells and the fiee nuclei were pelleted in the 

microfige. The nuclei were then resuspended in 100 pl cold buffer C. left on ice for 20 

min for hi&-salt extraction to occur, and cenhifuged for 2 min at 4OC. The protein 

concentration in the supernatant was determined by using the Bradford Assay. No 

dialysis was c d e d  out with this rnicropreparation (Andrews and Faller, 1991). 

2.9- Gel msbility skip assay 

n ie  3 7 bp A/G-rich double stranded oiigonucleotide, representing positions -785 to -749 

of the rat FGF-2 promoter and having the sequence given in section 2.2 was '*pend- 

labeled using T4 polynucleotide kinase. Nuclear protein from neonatai rat hearts or nom 

NE-treated cardiac myocytes was incubated in buffer D with 5 mM MgCl* and 2 pg of 

poly-dIdC, for 1 0 min at room temperature, with cold cornpetitor pnor to the addition of 

radio labeled NG-rich oligonucleotide for an additional 20 min. Total reaction volume 

was 20 pl. Cold cornpetition consisted of 1-100x molar excess of either NG-rich 

oligonucleotide or an 23-bp unrelated, non-specific, double-stranded RF-I element 

(Lytras and Cattini, 1994), having the sequence 

5 '-CTC ATCAACTTGGTGTGGACGGC-3 '. 

Following the 30 min total binding incubation, the DNNpr0tei.n complexes were 

resolved by electrophoresis in 0 . 5 ~  TBE (25 m M  Tris, 25 mM bonc acid, 0.5 rnM 

EDTA) on a non-denaturing 4% polyacrylarnide gel, of 1.5 mm thickness and contaihg 

2.5 % v/v glycerol. Once complete, the gels were dried under vacuum and exposed to 

film at -70°C. 



Data presented in the text and figures are mean values plus or minus standard enor of the 

mean values. Mean values represent data h m  at least one experiment perfomed in 

tripkate (n values are indicated in the figure legends), and all experiments were repeated 

at least once. Statistical analysis of the resuits was carried out using the Mann-Whitney 

(nonparametnc) test. In aii cases, a value was considered statisticaily significant ifp was 

deterrnined to be ~ 0 . 0 5 .  



Chapter 3. Results: Adrenergic Stimulation of the Rat FGF-2 Promoter 

in Cardiac Myocytes 

3.1. FGFG? RNA IeveIs andpromoter activi4 are stimulated by norepinephrine 

Neonatal rat cargiac myocytes were isolated and treated without (control) or with 0.01 

mM norepinephrine (NE) or NE with an a-adrenergic antagonist (0-0 1 mM prazosin) for 

6 h, to assess any efféct on FGF-2 RNA levels. RNA was separated by gel 

electrophoresis, blotted to nitrocelîulose, pmbed with a radiolabeled fkagment of the rat 

FGF-2 cDNA, and visualized by autoradiography (Figure SA). The 28s RNA band seen 

with ethidiurn bromide staining before transfer to nitrocellulose is also shown to allow a 

cornparison of RNA fevels (Figure SA). Although not as evident because of a discrepancy 

in loading, the 6.1 kb FGF-2 hanscript level was increased after norepinephrine treatment 

for 6 h. Consistent with this observation, the 6.1 kb FGF-2 traoscript was reduced and 

barely detectable after treatment with n0repinepb.de and the al-specific antagonist, 

prazosin. 

To demonstrate control at the level of transcription, the FGF-2 promoter itselfwas then 

tested for adrenergic responsiveness. Neonatal rat cardiac myocytes, transiently 

transfected with a hybrid firefly luciferase gene duected by I l  12 bp (positions -1058 to 

+54) of FGF-2 5' flanking DNA (-1058FGFp-lm), were treated with 0.01 mM NE in the 

absence or presence of 0.01 rnM prazosin or a P-adrenergic antagonist (0.01 m .  

atenolol). The results are shown in Figure SB. Norepïnephrine evoked a 2.5-fold increase 

in - 1 OS 8FGFp.luc activity (expressed per ng protein) after 6 h of stimulation @<0.000 1)- 



This effect was completely abolished in the presence of prazosui. In contrata, a slight, but 

not significant, decrease in response to mrepinephrine treatment was observed in the 

presence of atenobI. 

3.2. A pututivephenyfephnne mponsive element is present in the vpstream FGF-T 

flanking DNA 

The complete sequence of a 1389 bp genomic hgment contalliùig rat FGF-2 5' flankllig 

DNA is shown in Figure 6. This corresponds to nucleotide positions -1058 through +33 1 

based on the primary transcription start site (+1) described for the brain (Pasurnarthi et 

al., 1997). Anaiysis of these sequences revealed two copies, in tandem, of putative 

phenylephnne (PE) responsive elements (PERES). These sequences (5'-AGGGAGGG- 

3 3 Iocated at nucleotide positions -780 and -761 were identified based on their high 

degree of similaris, to sequences present in the human skeleîai acth (5'-AGGGAGGG- 

3 ') and rat atrial natrîuretic factor (ANF) promoters (Y-GGGGAGGG-3 ') that have been 

implicated in the response to ai-specific adrenergic activation by phenylephrine (Aniati 

and Nemer, 1993). In the case of the latter, these sequences were shown to bind a specific 

protein complex and confer phenylephrine responsiveness (Ardati and Nemer, 1993). 

Consensus binding sites for known transcription factors identified in the FGF-2 

sequences are also shown in Figure 6.  



Figure 5. 

Effect of an a-adrenergic aatagonist, ptazosin, on the stimulation of FGF-2 RNA 

levels and promoter rctivity by norepinephrine. 

(A) Cultured neonatai rat cardiac myocytes were treated without (Control) or with 0.01 

mM norepinephrine (NE) or NE and 0.01 mM prazosui (NE+-) for 6 h. Isolated 

RNA was electrophoresed, blotted, pmbed with the radiolabeled rat FGF-2 or 

glyceraldehyde-3 -phosp hate (GAPDH) cDNA hgments and visualized b y 

autoradiography. The 6.1 kb FGF-2 and 1.4 kb GAPDH transcnpts are Mcated. The 

28s RNA band for each sample, stained with ethidiurn bromide and photographed 

before blotting, is aIso shown. 

(B) Neonatal cardiac myocytes were traasfected with -1058FGFp.luc and treated with 

NE, NE+Praz or NE and 0.01 mM atenolol (NE+Atl) for 6 h. Cells were 

subsequently harvested and luciferase activity and protein concentration were 

assessed. The prornoter activity (luciferase/ng protein) for the -1058FGFp.l~~ gene is 

shown as the mean fiom multiple detexminations (n=W 5). Bars represent standard 

error of the mean. 





Figure 6. 

Sequence of the 1,389-bp genomic fragment of the rat FGF-2 gene. 

The primary transcription start site in the brain (34) is indicated as +l. Consensus binding 

sites for transcription factors, including Sp-1, are underlined and Iabeled accordingly, 

with the exception of the Egr-1 binding site, which is shaded The putative phenylephrine 

responsive elements (PERES) are double underlined. An AîT-rich region conserved 

between the rat and human FGF-2 promoters is boxed. The two leucine (leu) and single 

methionine (met) start codons are indicated- The Genba.uk accession nuber:  U78079 

(Pasumarthi et al., 1997). 



GGATCCTCAC TGAAGAAGAT ATTAATCCAC TCTGGAGACT GGCCTCAGAG AACTGATGGG 

E-box 
GTTGAGGACA TTTATCCCCA AATGGCGCCT CAGCATCTAA GAAAACAGCA CTGAAGAAAA 

AAGCAGGC-CT GGAGGGCGGT GAGCACAGAT CTTTAATCAC AGCGCTGGAG GCAGAGAGCA 

GATCGATCCC TGAZ;TTAAAG GCCAACCTGG CCTGCAGAGT GAATTCTAGG ACTGCTACCA 
P m - L i k e  

CAGAGAAACC CTGTCTAGAA ACACCAGAGA AGGGGGAAA &&&gpm 
PERE-like E-box 

=--s 
GAGGGIW- GGGAGAGAGG GGGAGGAAAG CAGGADCXT GTTCTCATAC CCCTTAATCT 

E-box TEE-like 
TCTCTTACTG AGGTCTTAAA ACCCACATTT C,AGAGGTCTC CAGCTATACT AAGGTMGAT 

GATA- li ke E-box  
GCCATCTCGA A G A C A W T  ACAGAATGGA ACAACCAAGA CTTGTTAAGG TTTTC- 

GTATTTTGG TAAACGATCC CTCACTGAAG AGGTGTGCTC CCACACGCAG GGAGAGAAGC 
CArG (SRE) 

TACCTAATTT CAGAACAGAA GCACAGAGAA TCGGAACGTT GAGC-?TCTACTG 

AAAATTACCA ACCGCAATTA ACTGTAATTT TTGTGAGACT CAGTTCTTTC CAAGAAACAT 
E-box 

CTAACAACTG AGGCAGGCAA ACGTCAGCTC TGGGCTTTTC AGTGTTGTGT TGAGGACTCA 

ACGGTTTTCA TCTTCCCACG CTGTCTCGGG CTGGGTGCCC AGAAAGGAAA CCCAGGCACC 
M-CAT GATA- li ke 

CCATTCCTGG CCTCTGTCTC CCGCACCCTA TCCCTTCACA GCCTGTGCTC TAGGGGACTG 

GAGAWCCA AAACCTGACC CGATCCCTCC CCAGTTCAGT TCCTTCTACT GCTTTGGGTG 

GAAGGCTGGT CGTTGTGTTA AAAGGCAGGA AGCGAGAAAG TT 

CTGCGTCACG GCAGTCTCCT GGAGAAAGCT CCGCCGAACG GGACAGATTC TTTTTGCAAC 
+lSp-l/Egr-1 Egr-like 

Sp-1/Egr-like - -.- ,*-1,--'2-.3 

TGCAWGG+LmGCGGGGT . - . &.aawbe GACGCGGGCC CGGGCCGCTG TAGCACACAG GGGCTCGGTC 

TCTCGGCTTC AGGCGGAGTC CGGCTGCACT AGGCTGGGAG CGCGGCGGGA CGCGAACCGG 
l e u  1 ou 

GAGGKXXXA GCCCGCGGGC GAGCCGCCaCTGGGGGGCCGA GGCCGGGGTC GGGGCCGGGG 
nt 

AGCCCCGAGA GCTGCCGCAG CGGGGTCCCG GGGCCGCGGA GGGGCCZEG CTGCCGGCAG 

CATCACTTCG CTTCCCGCAC TGCCGGAGGA CGGCGGCGGC GCCTTCCCAC CCGGCCACTT 



3.3. FGF-2 RNA levels und prornoter actn,ify are increased by phenylepkrine, 

independently of the putative PERES 

To initiate a characterization of the putative PEREs in the FGF-2 DNA, conditions were 

established for phenylephrine stimulation of endogenous FGF-2 RNA levels. NeonataI rat 

cardiac myocytes were isolated and treated with the ai-adrenergic agonist phenylephrine 

(PE) for 48 h, and then assessed by RNA blotting. An increase in the 6.1 kb FGF-2 

transcnpt was detected with the FGF-2 cDNA probe after PE treatment for 48 h (Figure 

7A). The GAPDH and 28s RNA transcnpts were also assessed as contmls for RNA 

loading, and the results are included for cornparison. 

Transient gene transfer using 5'-deleted hybnd FGF-Z'iuciferase genes was used to 

assess the effect of PE on FGF-2 promoter activity, as well as the involvernent of the 

putative PEREs on any response observed. Convenient restriction endonucleases had 

been previously used to generate 5'-deleted fhgments of FGF-2 upstrearn sequences and 

produce - 1058FGFp.luc, -9 1 1 FGFp.luc, and -3 13FGFp.k (Figure 7B, Pasumarthi et al., 

1997). These hybrid genes were used to transiently transfect neonatal rat cardiac 

myocytes. Cells were also transfected with a promoterless constnict (-p.lue) to m e s s  

levels of random transcription initiation, and with a hybrid myosin Iight chain- 

2Auciferase gene (-250MLCp.l~~) as a positive control for PE responsiveness (Zhu H. et 

al., 1991). Subsequentiy these myocytes were treated without (control) or with 0.1 mM 

FE, and luciferase activity was assessed 48 h later, as  previously described for testing the 

ANF promoter (Ardati and Nemer, 1993). The results (luciferase activityhg protein) are 

shown in Figure 7B. Al1 hybrid FGF-2nuciferase genes tested, including -3 13FGFp.h~ 



which lacks the putative PERES, showed a si@caat (-7 fold) Uicrease in promoter 

activity after PE treatment. 

3-4. Adrertegic stimulation of FGF-2 promofer actr-vis) was not aHeeted &y 

conîracîton arrest or cd+ i n t  

In an effort to investigate the role of contraction in the rwponse of basal FGF-2 promoter 

activity to norepinephrine, cardiac myocytes transiently transfected with - 1058FGFp.l~~ 

were treated with 0.01 mM NE in the presence or absence of 50 mM KCI or 1.0 m .  22- 

butanedione monoxime. Stimulation with 0.01 mM NE in the presence of either KCI or 

2,3-butanedione monoxime caused a visible arrest of contraction of the cardiac myocytes 

during the 6-hour incubation period but did not have a significant effect on NE- 

stirnulated luciferase activity (Figure 8A). 

To hirther assess a role for ca2' ions in the response of basal FGF-2 promoter activity to 

al -specific adrenergic stimulation, neonatal cardiac myocytes transfected with 

- 1058FGFp.h~ were treated with O. 1 mM PE for 48 h in the presence or absence of 1 .O 

p M  nifedipine (Figure 8B). Nifeciipine arrested contraction, but no significant effect on 

luciferase activity was detected when compared with cells treated with PE aione. 



Figure 7. 

Effect of phenylephrine (PE) treatment on endogenous FGF-2 RNA leveis and 

transfected hybrid FCF-Zhuciferase gene expression in neonatal rat cardiac 

myocytes. 

(A) Cultured neonatai rat cardiac myocytes were treated without (Cont.) or with 0.1 mM 

p henylephrine (PE) for 48 hours. Isolated R I A  was electrophoreseà, blotted probed 

with radiolabeled rat FGF-2 or GAPDH cDNA hgments, as indicated, and 

visualized by autoradiography. The 6.1 kb FGF-2 and 1.4 kb GAPDH transcripts are 

indicated. The 285 RNA band for each sample, stained with ethidium bromide and 

photographed before blotting, is also shown. 

@)Top: Tnuicated regions of the rat FGF-2 5 '-flanking DNA containing (-1058FGF, 

-9 1 I FGF) or not containing (-3 13FGF) putative PERES (hatched box) were inserted 

upstream of the luciferase coding sequence in the promoterless plasmid (-p-luc). 

Calcium-phosphate/DNA precipitates made for each hybrid gene, was divided 

between plates of cardiac myocytes to generate "identicai" transfected cultures. 

Bottom: These cultures were subsequently treated with or without PE for 48 hours 

be fore harves ting and assessrnent of luci ferase activity and protein concentration, to 

allow a direct assesmient of the effect of PE treatment on expression of each hybrid 

FGF-2 gene. Results are expressed as mean promoter activity (luciferasehg protein) 

fiom multiple determinations (n=13-26). Basal levels for -p.iuc in the presence or 

absence of PE were 0.078*0.007 and 0.030L0.004 (n=6), respectively. Bars represent 

standard error of the mean. 



BamHl Bglll Aval Smai 



Figure 8. 

Effect of myacyte contraction or CI'+ influx on the stimulation of FGF-2 promoter 

activity by adrenergic stimulation. 

(A) Neonatal rat cardiac myocytes were transfected with -1058FGFp.l~~ and treated with 

0.01 mM norepinephrine (NE) in the absence or presence of 50 mM KC1 (NE+KCI) 

or 1 .O mM 2 J-butanedione monoxime (NE+BDM) for 6 h. 

(B) Neonatai cardiac myocytes were transfected with -1058FGFp.l~~ and treated with 

0.0 1 rnM phenylephrine (PE) in the absence or presence o f  the L-type ca2+ channe1 

blocker nifedipine (PE+Nif) for 48 hours. 

For both experirnents (A) and (B), celIs were subsequently harvested and luciferase 

activity and protein concentration were assessed The promoter activities (luciferasehg 

protein) for the -1 058FGFp. l~~ gene is shown as the mean fiom multiple detenninations 

(n=3-6). Bars represent standard error of  the mean. 





3.5. Characte&atiun of baul und PE-induced luctYerase a~n*vi?y ùi -2058FGFp.k~ 

transgenic mouse &sues 

36.1 Four bansgenic mouse lina showed varying patterns of lueifcrase gene 

expression 

Four independent transgenic mouse iines (P61, P66, P89, and P300) expresshg 

-1058FGFp.k were estabiished. Two of these lines (P3ûû and P66) showed expression 

in the postnatal heart, while the other two (P61 and P89) did not (Figure 9 4  B and Table 

4). For P300 and P66, the relative levels of transgene expression in the brain and heart of 

non-transgenic and transgenïc adult mice were detennined, and are expressed as 

luciferase activity per pg protein in the tissue homogenates (Figure 9A). Interestingly, 

luciferase activity decreased significantly with postnatal age in both lines (Figure 9B). 

Line P300 also expressed consistently higher in the heart than did P66, although the 

levels in P66 adults were stiI1 well above background (75 RLU/pg, see also Figure 9A). 

However, the reverse was true for expression in the brain (Figure 9A). P300 showed 

luciferase activity in a variety of neural-derived tissues, including brain stem, spinal cord, 

dorsal root ganglia, and sciatic nerve. Expression for this line in an endocrine organ, the 

adrenals, was relatively low (Figure 9C). The two rernaining lines, P6 1 and P89, showed 

expression almost exclusively in neural tissues, with the exception of P6 1, which also 

showed significant expression in the testes and ovaries (Table 4). Low levels of 

expression were also detected in the skeIeta.1 muscle of both lines. This rnay or may not 

represent residuai expression from nerve tissue fond  within the muscle. 



Figure 9. 

Lucirerase expression in tissues of two independent ünes (P300 and P66) of 

-1058FGFp.lue transgenic mice 

(A) Brain and heart fiom neonatal(2-day old) P300 and P66 mîce were dissected, 

homogenized and assayed for luciferase activity. Non-transgenic (NT, n=5) and 

transgenic (P300 and P66, n=7) Iittermate values are shown as mean standard enor 

o f  the mean. 

(B) In vivo expression of -1058FGFp.l~~ in the postnatal heart. Mice tiom P300 and P66 

were assayed for luciferase activity in the heart at various stages of postnatal 

development, up to 6-8 weeks of age. Line P300 consistently expressed at higher 

IeveIs than Iine P66, but in both lines that was a significant decrease in luciferase 

activity with age. * = significant at P<0.05. Means * standard error of the mean are 

shown for n = 3-10. 

(C) Expression in neural and endocrine tissues h m  aduit (>3 weeks) P300 mice. BS, 

brain stem; SC, spinal cord; DRG, dorsal mot ganglia; SN, sciatic neme; AD, adrenai 

glands. Means * standard error of the mean are shown for n = 5. 
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Table 4. Relative luciferase activity in tissues from Iines Pd1 and P89 of 

-1058FGFp.l~~ transgenic mice. 

Tissue l 
Brain Stem l *  

- - 

Sciatic N e ~ e  1 +/- 

Spinal Cord tt 

Liver 1 +/- 

Spleen 

Siceletal Muscle 

- 

Adipose Tissue 

Testes 

Prostate 

Qualitative values are shown for luciferase activity in 20 pl of tissue homogenate. 

Symbols: (-), activity did not exceed control (non-transgenic) levels; (+/-), 

activity at threshold levels; (+) to (*). relative activity based on orders of 

magnitude. Based on multiple rneasurements (n = 1-4). 

+/- 

i+ 

+/- 

Ovaries + 



3.53. Phenylephrine treatment increasd -1058FGFp.l~~ transgene expression in 

the adult heart 

Based on the characterization studies describeci in section 3 S. 1, Iule P300 was chosen as 

the primary source of animals to assess whether the FGF-2 promoter responds to al- 

adrenergic stimulation in the heart in vivo. Line P66, which expressed consistently in the 

adult heart but at lower levels relative to P300 aduits (Figure 9, A and B) was used as a 

secondary, independent line. Aduit mice (8-10 weeks old) fkom the P300 line were 

injected intraperitoneally with 50 mg/kg PE, and then euthanized 6,24, and 48 h d e r  

injection. The hearts were removed and luciferase activity per pg protein was detennined 

(Figure 10A). A significant 3.7 fold increase in luciferase gene expression comparai to 

mice injected with saline alone was observed 6 h after PE treatment @c0.0005, n=6). At 

24 h the difference, although just not significant @c0.057), remained at 3.6 fold, but was 

Iost at 48 h. No significant changes in luciferase activity were observed in saline-injected 

animals between 6 and 48 h &er injection (not shown). The PE response observed was 

confirmed in the P66 line, where the difference at 6 h after PE administration was 6.9 

fold (pc0.005, n=4). A parallel assessrnent of endogenous mouse heart FGF-2 RNA 

levels at each time point f ier  PE treatment, was done by RNA blotting (Figure 10B). The 

level of endogenous mouse 6.1 kb FGF-2 transcript was increased at 24 h but was 

decreased again by 48 h after administration of PE. A second FGF-2 transcript of 3.6 kb 

was also observed in mouse preparations and showed the same pattern of response as the 

6.1 kb &A. This 3.6 kb transcript was not seen in rat RNA preparations (Figures 5 and 

7). 



Detection of lacirerase activity in -1WSFGFpJuc transgeaic mite, and in vivo 

stimulaâion of FGF-2 gene expression by al-adnnoceptor activity in the herut. 

(A) Adult P300 mice expressing the -1OSBFGFp.Zuc gene were injected intraperitonedy 

with 50 mgntg pbenylephrine (+PE) or saluie vehicle (-PE). The mice were 

euthanized 6,24 or 48 hours later (6 hours for sahe injected animals) and theu hearts 

assayed for tuciferase activity. Values for luciferase per ~g protein are shown as the 

mean of multiple measurements (n=3-7), and bars represent the standard error of the 

mean. 

(B) RNA was isolated fkom the hearts of mice injected intraperitoneatly with PE and 

maintained for 6,24 and 48 hours. RNA was electrophoresed, blotted, probed with 

radiolabeled rat FGF-2 or GAPDH cDNA fragments, as uidicated, and visualized by 

autoradiography. The position of the 6.1 kb FGF-2 trawcnpt and a 3 -6 kb transcript 

that was not observed in rat preparations, as well as 1.4 kb GAPDH RNA are 

indicated. 



Cont. 6 h  24h 48h 



Chapter 4. Results: Functional Role of NGrich Sequences from the 
Rat F G M  Promoter 

4.1. An MG-rich region contaihihg an AGGG-repeut stimulates heterolagous 

promoter activity in a tissue- and species-independent manne? 

The rat FGF-2 promoter sequences (see section 3.2, Figure 6) contain a 74 bp region 

which is 97% adenindguanine (A/G)-rich, iocated between nucleotide positions -793 and 

-720. Indeed, a 65 bp stretch within this region (-793/-729) contains ody A or G residues. 

Located at the core of this region are two copies of the an AGGG-repeat sequence, 5 '- 

AGGGAGGG-3 '. This repeat sequence had been identified as a putative PE-responsive 

element (section 3 -2). The adrenergic responsiveness of the FGF-2 prornoter was shown 

to occur independently of this element (section 3 -3). To detennine the functional 

significance of this region, a 37 bp double-stranded NG-rich oiigonucleotide, 

corresponding to nucleotides -7851-749 of the FGF-2 promoter and containhg both 

copies of 5 '-AGGGAGGG-3 ', was synthesized (section 2.2). 

To assess any effect of the AGGG-repeat sequences on promoter activity, the 37 bp A/G- 

rich oligonucieotide was inserted upstream of a minimal vual TK gene promoter, which 

was fused to the firefly luciferase gene (TKp.[uc) to generate NG-n<p.luc. Both TKp.Cuc 

and NG-TKp.luc were CO-transfected with the hybrid Renillo luciferase gene @RL- 

CMV) into neonatal rat cardiac myocytes as well as rat Cd and human U87 glial turnor 

cells, and then tested for activity after 48 hours. The results (firefly IuciferaselRenilla 

luciferase activity) are shown in Figure 1 1A. A significant increase in TK promoter 

activity was observed in the presence of the NG-rich sequences in neonatal rat cardiac 



myocytes (+0.005, n=6), rat C6 glioma cells o . 0  1. n=5) and human U87-MG 

astrocytoma cells Q ~ 0 . 0 5 ,  n=S). However, the level of stimulation was greater in rat or 

human glial tumor celis (-1 1 fold) versus p h a r y  cardiac rnyocytes (-3 fold; Figure 

1lB). 



Figure 11. 

Enhancer effect of the NGrich regioa on a heterologous promoter 

(A) Effect of the 37 bp AG-rich oligonucleotide on TK promoter activity (fkfly 

luciferase/Renilla luciferase) in neonatai rat cardiac rnyocytes (CM) as well as rat C6 

and human U87 glial tumor ceIIs &er âransient gene îransfer. Results are expressed 

as the mean nom at least two independent experiments. The bars represent the 

standard error of the mean. 

(8) The results b r n  (A) are presented to show fold effect of the NG-nch sequences on 

TK promoter activity in the various ce11 types. 
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4.2. Neonaîd rut h e a ~  nuclear proteins make high a~ini<y/specafZci$y intetactr'ons 

with the MG-n'ch sequences 

The gel mobiiity shift assay was used to investigate the presence of specific neonatal rat 

heart nuclear protein interactions with the 37 bp NG-rich oligonucleotide. The 

radiolabelled DNA (0.5 ng) was incubated with 5 pg of neonatal rat heart nuclear protein 

in the absence or presence of a 25,50 or 100 fold rnolar excess of unlabelled A/G-rich 

oligonucleotide. As a M e r  control, an RF-1 DNA elment, containing an unrelateci 

sequence, was also used at a 25,50 or 100 foId molar excess as a non specific 

oligonucleotide competitor. Four specific complexes (Cl-4) were identifid (Figure 12). 

Both C2 and C4 were competed completely with a 25 fold molar excess of specific (NG- 

rich oligonucleotide) but not non specific (RF4 element) competitor. A slight increase in 

the amount of Cl  and C3 complexes was detected corresponding to the complete 

competition of C2 and C4 with a 25 (and to a Iesser extent with a 50) fold molar excess 

of specific competitor. The C 1 and C3 complexes required a 100 fold molar excess of 

speci fic A/G-rich oligonucleotide to be competed efficient1 y (Figure 12). 

To assess the relative afEnity of nuclear protein for DNA in the C2 versus C4 complexes, 

gel mobility shift assays were done using lower doses (1,2,5, 10, and 15 fold molar 

excess) of 37 bp AG-rich oligonucleotide for competition (Figure 13). Complex C2 

represents a very high amnity/specificity interaction since it was competed efficiently 

with only a 2 fold mola. excess of specific AIG-rich oligonucleotide. C4 was competed 

completely with a 10 fold rnolar excess of specific competitor. The transient increase in 

the amount of C 1 and C3 with competition of C2 and C4 was also apparent. 



Figure 12. 

Gel mobility shift assay of neoaatal rat heart nuclear proteins and the 37 bp A / G  

rich oiigonucleotide. 

Specificity was determuied by cornpetition with "specific" unlabeled NG-rich or 'bon- 

specific" RF- I element oiigonucleotide competitocs. The radiolabelni NG-nch fragment 

(kee probe. FP) was incubated in the (a) absence or (b-h) presence of 5 pg nuclear 

pro tein, @) without or with a (c) 25, (d) 50, or (e) 100 fold mol ar excess of specific, or (f) 

25, (g) 50 fold excess of non specific competitor. The positions/mobilities of four specific 

compIexes (C 1 -C4) are indicated. 



A/G-ric h RF-1 
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Figure 13. 

Detection of very high afiïnity interactions between neoaatal rit heart noclear 

protein and the 37 bp NGrich DNA fngmcnt 

AEnity was detexmîned by gel mobility shift assay and cornpetition with low amounts of 

''specific" ualabelled NG-rich oligonucleotide competitor. The radiolabeled MG-rich 

hgment (FP) was incubated in the (a) absence or (b-g) presence of (5 pg) nuclear 

protein, @) without or with a (c) 1, (d) 2, (e) 5, (f) 1 O, or (g) 15 fold molar excess of 

speci fic competitor. The positions/mobilities of the four specific complexes (C 1 -C4) are 

indicated. 
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4.3. Effect o/pienylephtine treafwtent on the pattern of interuciion between cardïùc 

myoqte nuclear protein a d  DNA eontaining the 5'-AGGGAGGG-3' seQuence 

To assess the effeçt of phenylephrine on TK promoter activity in the absence or presence 

of the 5 '-AGGGAGGG-3 ' sequences, neonatal rat cardiac myocytes were transfected 

with TKp-luc or NG-TKp.ltrc. Transfected cells were treated without or with 0.1 mM PE 

for 48 hours, harvested and h f l y  Luciferase activity per ng protein was detemined 

(Figure 14). PE treaûnent increased 'IX. promoter activity 4.6a0.8 (p<0.000 1, n=17) and 

6.7*1. l fold (p<0.008, n=5) in the absence and presence of the A/G-nch sequences, 

respectively . However, although there was an addi tional - 1 -5 fold increase in activity 

observed in the presence of the 5 '-AGGGAGGG-3 ' sequence with PE treatrnent, this was 

not considered statisticalIy significant o. 19). 

To complement this study, we compared the gel mobility shiA assay patterns obtaïned 

using the 37 bp A/G-rich oligonucleotide, containhg two copies of the 5'-AGGGAGGG- 

3 ' sequence, with nuclear protein isolated f?om neonatal rat cardiac myocyies grown in 

the absence versus presence of 0.01 mM NE. Four complexes (Cl-4) were obsen&d 

(Figure 15). This  pattern was not aitered by norepinephrine stimulation. There was also 

no difference in the degree of cornpetition with a 50 or 100 fold molar excess of specific 

A/G-nch oligonucleotide, to suggest a change in affinity of these complexes with 

adrenergic stimulation (Figure 1 5). 



Figure 14. 

Effect of phenylepbrine treatment on TK promoter activity in the preseaee (A/G 

TKpJuc) or absence m p l u c )  of the 37 bp A/Erich oügonucleotide in traasiently 

transfected aeonatal rat cardiac myocytes. 

Results are expresseci as mean promoter activity (firefîy Lucifefasehg protein) for at Ieast 

two independent experiments pdormed in triplicate. Basal levels for -p.iuc in the 

presence and absence of phenyleph~e were 0.078I0.07 and 0.03(k0.004, respectively. 

Bars represent standard error of the mean. 





Figure 15. 

Effect of NE on gel mobiiity shirt patterns observed vvith the 37 bp NGrich 

oligonucleotide. 

Cornparison of gel mobility shifi patterns seen with the 37 bp AG-rich oligonucleotide 

and nuclear protein korn isolated cardiac myocytes grown in the absence (b-f) or 

presence (e-k) of norepi~ephnne~ Amnity/specificity was assessed by cornpetition with 

"specific" unlabelled MG-nch or %on-specific" RF4 oligonucleotide cornpetitors. The 

radiolabeled NG-rich fi-agment (FP) was incubated in the (a) absence or (b,g) presence of 

2.5 pg or (c-ch-k) 5 pg of nuclear protein, (ch) wiwitht or (di) with a 50, or (ej) 100 

fold molar excess of specific competitor, or (fk) 100 fold molar excess of non specific 

competitor. The positions/mobilities of four specific complexes (Cl -C4) are indicated. 
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Chapter 5. Results: Retrognde PerCusion of the Isolated Mouse Heart 

5.1. Basal funch-on under constant pressure and a profile of ikchemüneperf~sion 

injury. 

In the previous chapters, we have shown that catecholamine action through al-adrenergic 

receptors has a stimulatory effect on FGF-2 transcription as demonstrated by an increase 

in rat FGF-2 promoter activity. Adrenergic stimulation may represent one of many 

pathways linkuig the release of FGF-2 to its synthesis in order to replenish intracellular 

stores. Release of FGF-2 has been studied in the isolated perhised rat heart (Clarke et al., 

1995). Because of our work with transgenic mice (section 3 .9 ,  we sought to establish a 

retrograde (Langendorff-type) perfusion system in which FGF-2 release and synthesis 

could be studied in murine hearts. Since myocardial Uifarction has been Iinked to release 

and accumulation of FGF-2 at sites of tissue injury (Padua et al., 1993), we dso 

established parameters for global ischemia and reperhision in these isolated hearts. 

As recently as one or two years ago, the reports of isolated mouse hearts were but a 

handfil in the literature. Since then, the nuaibers have exploded, rnost Likely because of 

the increasing popularïty of the transgenic mouse and thus the increasing appeal of 

murine systems in which to study cardiovascu1ar physiology. The system described in 

this chapter was wernbled largely under the guidance of Dr. Te j e  Larsen (laboratory of - 
Dr. D. Severson) of the University of Calgary, and Dr. Raymond Padua (laboratoty of Dr. 

E. Kardami) of the Institute of Cardiovascular Sciences at the University of Manitoba, 

with additional inhmation fiom the existing literature. 



Because FGF-2 is a heparin-binding growth factor, injectable heparin was not used as an 

anticoagulant pnor to dissection of the heart. Adult mice (8-15 week of age, 25-35 g in 

weight) were euthanized by cervical dislocation and their hearts dissecteci into ice-cold 

Krebs-Ringer solution (1 18 mM NaCI, 4.7 mM KCl, 1.2 mM m P 0 4 ,  1.2 mM M g  S04, 

2.5 mM CaC12, 10 mM glucose, 24 m M  NaHCO,, oxygenated and buffered to 

physiological pH by aeration with 95% 0215% CO2)- The aorta was trimmed and tied 

with 6-0 suture thread to a 21G stainiess steel cannda under a magnifyuig lm. Perfusion 

with Krebs-Ringer solution (as above, aerated with 95% Ot/5% CO2) at 37 OC began 

within 5 min of dissection of the heart, at 80 cm HzO (61.5 mmHg). The atrïa (dong with 

the sinoatrial node) were trimmed nom the heart and a thin polyethylene catheter was 

inserted through the mitral valve into the left ventride- The mitral valve sealed around 

the catheter and saiïne solution was injected into the ventride to bring the end diastolic 

pressure to a value between 1 and 10 mmHg. The catheter was connected to a pressure 

transducer and pressure data was collected using a DigiMedTM Heart Performance 

Analyzer and the pressure wavefonn visualized with DigiMedTM System integrator 200/1 

software and a Pentium cornputer. Platinum electrodes, attached to a Student Stimulator 

(Harvard Apparatus) were positioned to touch the myocardium and deliver a pacing pulse 

of width 2 ms, 6.5 Hz (gïving a heart rate of -355 bpm), at a voltage of 2.0-3.5 V (the 

lowest voltage requued to achieve ovemde of the inhïnsic rate of the heart). A 

thennocouple (IT-IE), comected to a Physitemp Thermalert TH-5, was inserted into the 

nght ventricle for real time monitoring of the temperature of the myocardium, and a 



water-jacketed glas chamber was raised to enclose the heart in a humid, controlled 

envininment Photographs of the heart and the apparatus are fond in Figure 16A. 

M e r  an equilibration period (30 min after dissection). it was detmnined whether basai 

function fell withui acceptable parameters. Based on existing Literanire for systems using 

similar conditions (e.g., Ng et al., 1991), the followïng parameters were targeted to within 

these values: developed pressure (maximum pressure less end diastolic pressure), 50-80 

mmHg; dP/dt (rate of contraction), >2000 mmITg/sec; coronary flow. 0.7-2.0 g/min. 

Coronary flow was measured by coliecting efnuent into a plastic weigh boat over a 

penod of 60 sec and then weighing the effluent. Hearts functioning outside the range of 

aven values at the end of the equiiibration period were discarded. 

For global ischemia and repefision, flow was initiaily arrested for a period of 30 min, 

with pacing continuhg throughout the entire experiment. It became necessary, however, 

to adjust the tirne of ischernia to 20 min and to stop the pacing during this penod, in order 

to allow the heart to achieve an acceptable level of recovery of fimction during 

reperfùsion. A profile of developed force (shown as percent recovery) a f k  20 min 

ischemia and over 60 min reperfbsion is shown in Figure 16B. A recovery of -30% at 

equilibrium state was achieved, and is comparable to that found by others with a simiiar 

experirnental protocol (Marber et al., 1995; Sumeray and Yellon, 1998). 



Figure 16. 

The isolated perfused mouse heart achleves 30% recovery of funcüon foUowing 20 

minutes of global ischemia and reperfusion. 

(A) Lef Photograph of an isolated perfused mouse heart, shortly following cannulation. 
-* - 

The aorta is tied to the cannuia with a 6-0 suture tbread. A thin polyethylene catheter 

has been inserted into the left ventricIe for pressure measurements, and pacing wires 

have been attached. The themocouple, to be insexted into the right ventricle, is seen 

at the left. Right. The themocouple has been added and the heart has been enclosed 

in a water-jacketed glas chamber, wtiere it wiU main  for the duration of the 

experiment. 

(B) A plot of developed pressure (maximum pressure less end diastolic pressure), shown 

as percent recovery following 20 min of global ischemia. Baseiine contractile 

h c t i o n  has been set to 100%. Mean values * standard errors of the mean are shown 

for a group of normal adult mice (n=5). 
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Other parameters were also measured during this type of  experiment (Figure 17). The rate 

of contraction, measured as change in pressure with thne (dmdt), achieved a level of 

recovery similar to that of developed force, -30% (Figure 17A). LDH activity was 

measured in collected effluent using an LDH-optimized spectrophotometrïc analysis kit 

(Sigma Diagnostics). Measurement of LDH activity was carried out in efluents that had 

been stored on ice for Q h. LDH activity was highly variable, but ciid increase foliowing 

ischemia and repedion, indicative of tissue damage under these conditions (Figure 

17B). Highly variable enzyme release has also been reported for creatine kinase (Marber 

et al., 1995). Coronary flow also decreased following ischemia and reperfusion under 

constant pressure, to Ievels -50% of baseline (Figure 17C). Al1 of these parameters are 

useful in determining the extent of injury suffered by an isolated heart under these 

conditions, 



Figure 17. 

Rate of contraction, LDH release and coronary fïow profiles foUowing 20 mla global 

ischemia and teperfusion of isolatcd normal mouse hearts. 

Rate of contraction (dP/dt) recorded as percentage recovery foliowing 20 minutes of 

giobal ischemia (A), LDH reIease (B), and coronary flow rneasurements (C) fiom the 

same experiment as in Figure 16B. Values shown are means * standard emrs of the 

mean (n=5). 
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5.2. FGF-2 teleme and synthesis in the isolated mouse keart 

52.1. FGF-2 is detected in e f h e n t  from isolated perfased mouse hearts 

FGF-2 has been detected in perfusate b m  isolated rat hearts that had been passed 

through a heparin sepharose atlkïty column (Clarke et al., 1995). For the mouse heart, 

the volume of perfûsate was low enough that we reasoned against the use of an amnity 

column, and instead, the perfûsate was coilected on ice and used directiy for an FGF-2 

immunoassay (Quantilcine- HS, R&D Systems). In these pilot experiments, no ischemia 

was carried out (Figure 18A). Instead, the heart was cannuIated and perfhed under 

constant pressure (80 cm H20) as before, and emuent was collected immediately upon 

commencement of perfusion ( t h e  O), and every 10 min subsequently. The immunoassay 

was carried out according to the manufacturer's instructions. FGF-2 release was found to 

be maximal immediately upon perfiision (Figure 18A), decreasing quickly and settling at 

nez-zero levels. The initial burst may reflect a type of injury incurred when the heart is 

isolated and attached to the Langendorff apparatus. 

5.2.2, FGF-2 transcription con be assayed in isolated hearts from -1058FGFp.l~~ 

transgenic rnice 

Ln addition to FGF-2 release, we were interested to know if FGF-2 synthesis at the Ievel 

of transcription could be assayed using this system. Hearts fkom -1058FGFp.l~~ 

transgenic rnice, line P300 (see section 3.5) were dissected, perhised, and subjected to 

ischemia and reperfiision as described above. Ln this set of pilot experiments, hearts were 

not paced and the penod of ischemia lasted for 30 min. At various t h e  points during a 30 



min ischemid30 min qerhision protocol, hearts were removeci from the apparatus. fast 

fiozen on dry ice and assayed for luciferase activity as d e s d e d  in section 2.6. There 

was a significant (PeO.05. n=3) increase in luciferase activity between excision of the 

heart and the end of the 30-min equiiibration period (Figure 18B). There appears to be a 

decrease in activity during ischemia and reperfùsion, aithough smaii n-values prevent 

statistical comparisons. The increase in transcription during the initial equilibration 

penod may reflect a response to depletion of myocardiaI stores of FGF-2, as indicated by 

an initial burst of FGF-2 release (Figure 18A). Further experimentation will be necessary 

to determine whether FGF-2 release and synthesis are linked, either directly or indirectly, 

in this isolated, denervated hem in which the ody sources of catecholamines are 

in trinsic. 



Figure 18. 

FGF-2 release and FGF-2 transcription in the isolated mouse heart. 

(A) Profile of FGF-2 release fkom a pilot experiment in which perfusates nom four hearts 

were assayed separately. Two of these h e m  (square and circle symboIs) were 

normal mice and the other two (triangle and diamond symbols) were h m  a 

transgenic Iine which, upon subsequent investigation, was also shown to produce 

normal levels of FGF-2 in the myocardium. Perfusates were coiiected on ice for 1 

min imrnediately upon starting the flow (tirne==), and every 10 min up to 50 min 

after hanging. FGF-2 was subsequently detected using an immunoassay kit (see text). 

Values shown are raw data fiom each heart. 

(B) FGF-2 transcription during global ischemia and reperfusion. Hearts fiom 

- 1058FGFp.l~~ transgenic mice, line P300, were subjected to 30 min global ischemia 

and 30 min reperfusion as descnbed in the text. At the tune points indicated, hearts 

were removed fiom the apparatus and assayed for luciferase activity. Mean values (* 

standard error, where possible) are shown for the following time points: Excision, 

kediate ly ,  with no perfusion (n=3); Pre-isch., a f k  a 30-min equilibration period 

(n=3); Ischemia, 20 min into a 30-min period of global ischemia (n=2); Eariy reper-, 

after 5 min of reflow (n=2); Late reper., after 30 min of reflow (n=l). FGF-2 

transcription increased during the equilibration penod (P<O.OS) but appeared to be 

downregulated during ischemia and reperfusion. 



a Animal ID 

Time after hanging (min) 

Excision Pre-isch. lschemia ' Early reper. ' Late reper. 

T irne Point 



Chapter 6. Discussion and Future Directions 

6.1. Adrenegie slinulutibn of the rat FGF-2promoter Lr mediizfedprimariiy by ar- 

adrenergiè receptors. 

Previously it was reporteci that FGF-2 is released corn adult rat heart with every 

contraction of the myocardium (McNeil and Steinhardt, 1997), and both contraction and 

F G F -  release can be increased with f3-adrenergic (isoproterenol) stimulation (Clarke et 

al., 1995). We have used RNA blottuig and gene transfer to demonstrate that FGF-2 

transcription is under positive regulation by norepinephrine (NE) after 6 h (Figure 5). 

Cardiac myocyte responses to this endogenous catecholamine are mediated by both al- 

and B adrenoceptors (Skomedal et al., 1997; Yamazaki et aI., 1996)- The response of both 

endogenous mRNA levels and FGF-2 promoter activity in reporter gene assays to NE 

was fully blocked with the al-specific antagonist, prazosin (Figure 5). Also, endogenous 

FGF-2 RNA accumulation and transfected FGF-2 promoter activity were stimulated by 

the a 1 -speci fic agonist, pheny lephrine (PE, Figure 7). Although P-adrenergic stimulation 

was implicated in the regulation of  FGF-2 release fkom cardiac myocytes (Clarke et al., 

1999, we were unable to show a direct link between B-adrenergic activity and FGF-2 

transcription, since the B-speci fic antagonist atenolol did not signi ficantly decrease the 

NE-induced response of FGF-2 promoter activity (Figure 5). Indeed, the P-agonist, 

isoproterenol, failed to elicit an increase in FGF-2 promoter activity in transient 

transfection assays @etillieux, Meij, and Cattini, unpublished results). Of course, this 

does not rule out the possibility that p-stimulation exerts its effect elsewhere in the 

synthetic pathway (Figure 1) or that the 1,058 bp of FGF-2 5'-flanking DNA contains 



uinifficient information to evoke a rêspoose. In any case, the data with PE alone (Figure 

7) as well as that with NE in the praence of pwosin (Figure 9, strongly implicate the 

ai-adrenergic signaling pathway in the regdation of FGF-2 transcription. 

6.2. Rule of the MG-n'ch region in regulaîing the rat FGF-2 pronroter 

6.2.1. The NGrich region and the pbenylepbrine respoise 

The rat FGF-2 promoter region contains a 74 bp region which is 97% NG-nch, located 

between nucleotide positions -793 and -720 (Figure 6). At the core of this region there is 

a tandem repeat sequence of an 8-bp element, 5'-AGGGAGGG-3'. This element is nearly 

identical to an 8 bp region within the AM promoter, 5'-gGGGAGGG-3*, which was 

shown to be at l e s t  partly responsible for the al-inducible expression of ANF (Ardati 

and Nemer, 1993; Sprenkle et al., 1995). This element was conserved among the human, 

murine, and bovine ANF genes, and similar elements are also present in other al- 

inducible genes, such as skeletal a-actin and fi-myosin heavy chah (Table 5, Ardati and 

Nemer, 1993). The AC-rich region in the FGF-2 promoter was thus a candidate for 

mediating the observed PE response. However, using Skieletion analysis of the rat FGF- 

2 promoter, we showed that the AIG-nch region was not necessary for the PE response to 

occur (Figure 7). Indeed, the responsive DNA appears to be contained within 3 13 bp of 

sequence upstrearn of the transcription start site (+l, Figure 6). The A/G-nch region, as a 

37 bp oligonucleotide, also could not confer any additional PE response on a 

heterologous (HSV-TK) promoter (Figure 14). Thus, the AGGG repeat elements from the 



FGF-2 promoter do not appear to be either necessary or sufficient to mediate a response 

to ai -adrenergic activity. 

6.2.2. Enhancer effect of the AIG-rich regi~a 

Although unable to madiate a response to PE, the AG-nch region did confer enhancer 

activity on a heterotogous promoter, in both neonatal rat cardiac myocytes and in human 

and rat glial tumour ceii lines (Figure 1 1). The enhancer eEect was stronger in glial cells 

than in cardiac myocytes, suggesting tissue- or cell-specific regulation by this element. 

However, dthough the NG-rich oligonucleotide was able to stimulate promoter activity 

in the context of a heterologous promoter and reporter gene (Figure 1 l), deletion analysis 

of the rat FGF-2 5'-fianking DNA does not support a major role for the AGGG repeats by 

themselves in the regulation of the FGF-2 promoter in cardiac myocytes or glial cells 

@etillieux, Meyers and Cattini, unpublished observations). This does not d e  out the 

possibility that additional elements andor factors participate in conjunction with the 

NG-nch region, thereby modimng their action and, thus, relative importance. 



Table 5. Nuclcotlde Seqaeace of the Rat ANF PE Responsive Element 

- -  - -  

accagaaaG GGGGAGGG Gtgggctggc 

~ o s i  tioa 

-85 

-85 

-85 

-85 

-130 

Gene Nuc1eotide Sequence 

aagtgacagaat GGOOAGGG ttcctgctct 

aagtgacagaat GGGGAGGG ttctgtctct 

aagtgacagaat GGGGAGGG ttctagcccc 

aagtgacagaat GGGGAGGG ttccgtccct 

cggccg AGGGAGGG GGctcta 

rANF, hANF, mANF, and bANF correspond to rat, human, murine, and bovine atriai 

natriuretic factor, respectively; SKA, human skeletal a-actin; BMHC, rat B-myosin heavy 

chah; and Car& human cardiac actin- The conserved AG-rich motif is in bold type. 

Adapted fiom Ardati and Nemer, 1993. 

-125 atacgt gtGGAGGG GGccagtt 



6.2.3. DNA-protein in teractions at the A/Grich region 

While the exact fhctional significance of the AG-rich region remains unclear in the 

context of FGF-2 transcriptional regdation, the data h m  gel mobility shifl assays 

indicate multiple protein/DNA interactions. Four complexes (Cl -4) behueen neonatal rat 

heart nuclear protein and the NG-rich oligonucleotide were identified (Figures 12 and 

13). The same pattern of complexes was also observed with nuclear protek isolated Corn 

cultureci neonatd rat cardiac myocytes (Figure 15), indicating that these proteins are 

contained in muscle as well as perhaps non-muscle ceils of the hem, Al1 four complexes 

were specific as they were competed by increasing amounts (25-100 fold molar excess) 

of unlabeled A/G-rich oligonucleotide, but not by equivalent amounts of the unrelated 

RF-1 DNA element (Lytras and Cattini, 1994). The cornplete competition of C2 and C4 

with a 25 fold molar excess of cold specific competitor indicates that these complexes 

possess a higher a& ty andior specificity than do C 1 and C3, which required a 100 fold 

rnolar excess to be efficiently competed. hterestingly, an increase in CL and C3 was 

suggested with complete competition of C2 and C4 in the presence of 25 fold molar 

excess of competitor (Figure 12). By reducing the amount of competitor, we could 

observe a ciifference in the relative afkïties of C2 and C4 (Figure 1 3). C2 and C4 were 

e fficiently competed with a 2 and 10 fold molar excess, respectively, confinning that 

these represent very high atlkity and specificity interactions, where C2X4. Figure 13 

also con£irms that there is a transient increase in Cl and C3 binding corresponding to the 

competition of C2 and C4. This suggests that the proteWDNA interactions represented 

by C llC3 and CZC4 are mutually exclusive, with a preference, under the experimental 

conditions used, for C m 4  to form. Thus, when the higher affinity Cm4 events are 



made invisible with low levels of cold cornpetition, there is an increased opportunity for 

C 1 and C3 to bind to labeled probe. The ability to detect al1 four complexes (Cl-4) 

simultaneously suggests that the proteins involved in C l/C3 are present in excas in the 

neonatal rat heaxt Thus, there is potentiai for regulation of nuclear protein bhding to 

occur in this region. However, stimulation of cultured cardiac myocyta for 6 h with NE 

gave no change in the pattern of complexes formed (Figure 15). Thus, any regdation that 

may occur in this region appears to be independent of adrenergic activity, and may 

instead be involved in other cellular responses. 

6.2.4. Localuation of the FGF-2 transcriptioaal response to phenylepbrine 

The rat genomic clone containing FGF-2 5'-fianking DNA contains consensus elements 

which suggest that a wide varïety of mechanisms rnay control FGF-2 transcription 

(Figure 6). The abiiity of the -1058FGFp.h~ gene to respond to PE in the same positive 

manner as observed with the endogenous FGF-2 gene suggests that the genetic 

information contained within the region -1 ,OS8/+% of the FGF-2 gene is sufficient for 

this response. Indeed, the 5 '-deletion containing only 3 13 bp of promoter sequence 

(-3 13FGFp.k; Figure 7) also responded to PE, indicating that the sequences necessary 

for the response of FGF-2 to such treatment are contained proximal to the transcriptional 

start site, within -300 bp of position + 1. This excludes the NG-rich region nom 

involvement in the ai-adrenergic response observed. However, multiple elernents, aside 

fiom the A/G-nch element (Ardati and Nemer, 1993) have been hplicated in the ai- 

adrenergic response of ANF as well as other cardiac genes (Table 3). Two CArG serum 

response elements were shown to play a role in the PE-induced expression of ANF, in 

addition to the A/G-rich element (Sprenkle et al., 1995). The rat FGF-2 gene contains a 



CArG-like element (CCTATTAgGG) at position 4 7 5  (Figure 6)- However, this element 

falls outside of the 3 13 bp of PE-responsive FGF-2 5'-flanking DNA The M-CAT 

element (consensus CATNC[c/tJ [t/a]) which binds TEF- 1 and related factors, has been 

shown to mediate al-adrenergic-inducible expression of rat brain naaiuretic peptide 

(Thuerauf and Glembotski, 1997). rat p-myosin heavy chah (Kariya et al., 1994), and 

murine skeletal a-actin (Karns et al., 1995) (see Table 3). The rat FGF-2 p u e  contains a 

consensus M-CAT element at position -277 (CATTCCT, Figure 6), which is exactiy 

identical to the M-CAT element characterized in the BNP promoter (Thuerauf and 

Glembotski, 1997; see also Table 3). 'This elernent fdls within the 3 13 bp of FGF-2 5'- 

flanking DNA shown to mediate a PE response (Figure 7). In addition, there is an Afï- 

nch region which is conserveci between the rat and human FGF-2 genes, at position -1 14 

of the rat FGF-2 promoter (Figure 6). An A/T-rich region was s h o w  to mediate the at- 

adrenergic inducibility of ANF (Harris et ai., 1997; see also Table 3). This is also 

contained within the 3 13 bp of PE-responsive FGF-2 5'-flanking DNA. Further deletion 

and perhaps mutational analysis would be required to elucidate the role of the elernents in 

the FGF-2 PE response. 

Though not directly associated with ai -adrenergic inducibility of cardiac genes, Egr- 1 

mRNA (detemined by RNA blotting) and protein immunofluorescence are upregulated 

b y ai - but not P-adrenoceptor stimulation (Iwaki et al., 1990). The Egr- 1 protein binds to 

and upregulates the human FGF-2 promoter in astrocytic cells (Biesiada et al., 1996). 

Egr-1 was also shown to be required for autoregulation of the human FGF-2 gene (Wang 

et al., 1997). The rat FGF-2 promoter contains one Egr-1 site (spanning the 



transcriptional start site [Hl), which is identical to the consensus Egr-1 site 

(GCGGGGGCG) and two, just downstream, which differ in only one base pair each 

(Figure 6). Two of these three sites overlap with a consensus Spl binding site 

(GGCGGG, Figure 6)- Xnterplay of Spl and Egr-1 at overlapping sites has been 

demonstrated in the regdation of the human platelet-denved &ni- factor gene promoter 

(Khachigian et al., 1995). Egr-1 binds to a 49-bp oligonucleotide which encompasses 

these sites (Jin, DetiIlieux, and Cattuii, unpublished obsemations). It rem* to be seen 

whether Egr-1 plays a mle in the inducible expression of FGF-2. 

6.3. ReguIaîÏon of FGF-2 gene expression in relation to its reiease /rom cardiuc 

myoqves 

AIthough cardix myoc yte contractility c m  be increased by NE through both a 1 - and B- 

adrenoceptors (see section 1.5.3.), our data indicate that adrenergic stimulation of FGF-2 

promoter activity is not dependent on myocyte contraction. Arrest of contraction using 

hi& extracellular KCl or 2,3-butanedione rnonoxirne (BDM) did not interfere with the 

abili ty of NE to upregulate FGF-2 transcription (Figure 8A). Interestingly, when KC1 was 

used alone, FGF-2 promoter activity increased significantly by 1.5 fold @etillieux, Meij, 

and Cattini, unpublished observations). KCl causes a slow, permanent depolarization 

which results in an increase in intracellular ca2'. Therefore, it was thought possible that 

changes in inhacellular ca2' associated with a 1 -adrenergic activity (Figure 3, section 

1.5.2) would be a component of the FGF-2 response to aàrenergic stimulation. However, 

blocking of the major (L-type) ca2+ channels with nifedipine had no effect on PE- 



induced FGF-2 promoter activity (Figure 8B). Even so, this does not nile out the possible 

contribution of ca2+ via other chme1 types and intracellular stores. 

Knowuig the relationship between intracellular ca2+ and FGF-2 gene expression would 

be very beneficial in light of the "Wound homone" hypothesis (McNeil and Steinhardt, 

1997). With every contraction of a cardiac myocyte, molecules may enter as well as exit 

the cell. It has been suggested thaî Ch2+ may enter a ceIl this way (McNeil and Steinhardt, 

1997). ca2+ entry could then potentially serve as a centrai mediator for both 

neurohormonai and mechanical signaling. Such an entry of caZf is a candidate signal for 

regulation of FGF-2 expression. As mentioned above, the failure of nifedipine to block 

PE-induced FGF-2 expression does not nile out the potential involvement of ca2+ 

entering the intracellular space thmugh plasma membrane disruptions or nom 

intracellular stores such as the sarcoplasmic reticulum. In order to t d y  block the action 

of intracellular ~ a ' r  regardless of its origin, a membrane-permeable chelating 

compound, such as BAPTA-AM (Sadoshima et al., 1995), would have to be used. It is 

also worth noting that a given gene may be regulated differently by hormonal vs. 

mechanical stimuli, as has been demonstrated for B-myosin heavy chain: The M-CAT 

element, central to al-adrenergic stimulation of P-MHC expression, is not involved in 

increased expression associated with hypertrophy induced by aottic banding in vivo 

(Hasegawa et al., 1997). 

The ai-adrenergic induced expression of FGF-2 did not disappear in the absence of 

contraction. If FGF-2 release fkom cardiac myocytes is dependent on contraction (McNeil 



and S teinhardt, 1 997). then a -admergic regulation of FGF-2 transcription may be 

independent of release of FGF-2. It has been suggested that since FGF-2 autoregulation 

through FGFRl does occur, then release of FGF-2 nom injured cells may ûigger an 

autocrine response that feeds back on FGF-2 synthesis. However, in endothelial cells, 

FGF-2 mRNA accumulation triggered by non-lethal scrape injury was f o d  to occur 

independently of FGF-2 signaling through its receptors, since addition of neutralizing 

antibodies to FGF-2 did not block the increase in mRNA (Ku and D'Amore, 1995). Thus, 

it appears that although FGF-2 can regulate its own synthesis at the mRNA level in both 

endothelial cells (Fisher et al., 1997; Weich et al-, 1991) and cardiac myocytes (Fisher et 

al., 199 7), other stimuli such as mechanical (scrape injury) or hormonal (adïenergic 

activity) operate through mechanisms independent of FGF-2 autoregulation. 

6.4. Regulation of FGF-2 transcription in vivo: -2058FGFp.k îransgenic mice 

Transgenic mice were used to show that FGF-2 synthesis can be regulated at the 

transcriptional level by ai-adrenergic stimulation in vivo (Figure 10). The rat FGF-2 

promoter, like its human cornterpart, possesses properties associated with a 

housekeeping gene, and its product is ubiquitously distributed (Bikfalvi et al., 1997; 

Kardami and Fancirich, 1989). This was reflected in the detection of Iuci ferase activity in 

borh brain and heart of transgenic mice (Figure 9A). The inccease in endogenous mouse 

FGF-2 mRNA levels observed 24 h after administration of PE is consistent with the 

stimulation of FGF-2 promoter activity at this time and preceding this event at 6 h 

(Figure 1 O, A and B). The loss of increased FGF-2 promoter activity as well as the 

decrease in FGF-2 RNA levels observed at 48 h likely reflects metabolism and clearance 



of the PE and a corresponding reduction in adrmergic stimulation. Regardless, the 

accumulation of FGF-2 RNA anâ, more specifically, the stimulation of FGF-2 promoter 

activity via ai -adrenoceptors in the transgenic mice indicate a role for this regulaîory 

pathway in vivo, 

The presence of ubiquitous luciferase activity in the -1058FGFp.l~~ transgenic mice 

suggests that this region of rat genomic DNA (-1058/+54) contains sufficient genetic 

information to drive FGF-2 gene expression in vivo. This rodent reporter gene mode1 for 

FGF-2 transcription has the potential to provide uisight into FGF-2 transcription in any 

number of ce11 or tissue types. The presence of luciferase activity fiom line P300 has 

been detected in various neural and endocrine tissues such as spinal cord dorsal root 

ganglia, sciatic nerve and adrenal gland (Figure 9C). In addition, luciferase activity is 

present and c m  be regulated by adrenergic stimulation in adult cardiac myocytes isolated 

kom line P300 or P66 transgenic mice (Sheikh and Cattini, unpubiished observations). 

Luci ferase activity c m  also be detected in isoIated p e f i e d  hearts (Figure 18). In this 

way, the response of FGF-2 promoter activity under conditions of ischemia and 

reperfusion, or with the infusion of pharmacological agents, could be monitored in whole 

hearts. A major limitation of the luciferase reporter gene, however, is the difficulty 

associated with in situ localization of expression. Detection of luciferase mRNA by in 

silu hybridization, aithough it appears in the literature (Magness et al., 1998), has been 

unsuccessful in our hands (Grothe, Detiliieux, and Cattini, unpublished observations). 

Also, although results using a commercially available anti-luciferase antibody have been 

published (Agah et al., 1 997), reporter genes such as chlorarnphenicol acetyl tram ferase 



(CAT) or P-gaiactosidase are more fkequently wd for in situ IocaIization of gene 

expression (Thomas et al., 1995; Kelly et aï., 1995; Rivkees et al., 1999). Therefore, in 

order to study FGF-2 transcription in vivo and its locaiïzation relative to, for example, 

areas of tissue damage, a different reporter gene may prove to be more wful ,  such as 

CAT, green fluorescent protein or B-galactosidase. 

6- 5- FGF-2 transcription: Regdation in c o n t a  

The question remaïns, then: how does adrenergic regulation of FGF-2 transcription mlate 

to the role of FGF-2 in normal maintenance and in the injury response? FGF-2 mRNA 

and protein levels do change in response to a variety of stimuli- In section 12, the 

upregulation of FGF-2 mRNA was discussed in relation to ischemic injury. The release 

of catecholamines in the heaR during ischemia and infarction was discussed in section 

1.4. The data presented in Chapter 3 give evidence for stimulation of FGF-2 gene 

expression through the action of a i-adrenoceptors. The upregulation of Egr- 1 mRNA by 

al-adrenergic activity (Iwaki et al., 1990), and the binding of Egr-l to the rat FGF-2 

prornoter (Jin, Detillieux and Cattini, unpublished results) point to tfiis transcription 

factor as a potential mediator of ai-induced FGF-2 gene expression. Indeed, Egr-1 is a 

stress response protein, its synthesis and activity being increased by a range of 

physiological stresses (in cardiovascular cells as well as in other tissues), including 

physicaVmechanica1 factors such as shear stress (Schwachtgen et al., 1998), hypoxia 

(Yan et al., 1998), and cardioplegic arrest and reperfiision (Aebert et al., 1997), or 

chernicaVendocrine signals such as phorbol esters (Cheng et al., 1994; Monta et al., 

1995; You et al., 1997), angiotensin II or endothelin 1 (Neyses et ai., 1993). Interestingly, 

many of these stimuli have been observed to upregulate FGF-2 mRNA levels in cardiac 



cells (see Table 3), perhaps indicating that Egr-1 can act as a central mediator of the 

FGF-2 response to s e v e d  stress-induced stimuli. The identification of cis-acting 

elements in the rat FGF-2 promoter which are responsible for the response to stimuli 

listed in Table 3 may reveal converging pathways for a generic "stress response" of 

FGF-2. 

If FGF-2 is indeed involved in stress response, then auother context m which regdation 

of FGF-2 gene expression could be exploreci is in the realrn of ischemic preconditioning. 

This is a clinical phenornenon whereby a short pend  of ischemia enables the 

myocardium to build up uicreased resistance to a subsequent long ischemic period, as 

would occur during cardiac surgery (Li et al., 1990). Signai transduction in ischemic 

preconditioning has been shown to be mediated by PKC (Ladilov et al., 1998; Yang et 

ai., 1997)- Given the evidence for FGF-2 in cardioprotection (section 1.2), and the 

regulation of FGF-2 transcription by phorbol esters (Pasumarthi et al., 1997). which are 

potent activators of PKC, one may wonder if FGF-2 plays a role in ischemic 

preconditioning. The FGFp.luc transgenic mouse may prove to be a usehl tool in this 

context, to study FGF-2 transcription in isolated hearts in a system where ischemic 

preconditioning can be modeled. Also, if the response of FGF-2 to transcriptional stimuli 

is delayed, as it appears to be (see discussion immediately following), then the 

upregulation of FGF-2 transcription could play a role specifically in the "second 

window" or late phase of preconditioning, about 24 h after the short burst of ischemia 

(Carroll and Yellon, 1999). 



Thus, the relationship between the biological roies of FGF-2 and its regdation by 

adrenergic activity may be linked by physiological stress. In terrns of adrenergic 

stimulation, however, an important question rernains outstanding: The rcJponse to 

norepinephrine and phenylephruie were observeci in vitro at 6 and 48 4 respectively 

(Figures 5 and 7). In vivo, the response to phenylephrine was observed at 6 h and 

penisted at 48 h (Figure 10). In contrast, Egr-1 mRNA and binding activity are 

upregulated much eariier, at 30 min to 2 h foilowuig addition of agent (Iwaki et al., 1990; 

and our unpublished results). mus, Egr-l may represent an immediate change which is 

then followed by a set of events which elicit a more chronic response. Indeeâ, given the 

variety of levels at which control over FGF-2 production and activity is exerted (Figure 

l), it is quite possible that immediate responses requiruig FGF-2 action involve 

recmitrnent of active FGF-2 fiom uihaceilular stores (release/export), and binding of 

ligand to receptor, rnediated by heparan sulfate proteoglycans in the extraceiiular ma&. 

Transcription, then, would represent a process activated quickly (perhaps by Egr- 1) but 

maintained longer-term, as a more chronic response to the depletion of intracellular 

stores. Further work would be required to elucidate the identity of the players and the cis- 

acting elements in the rat FGF-2 promoter involved. 

Finally, it is worth noting that the regulation of FGF-2 in response to injury (section 1.2 

and Table 1, section 1.4.3), rnay be tissue specific. In the heart, FGF-2 accumulates at 

focal regions of isoproterenol-induced injury (Padua et al., 1993), and FGF-2 expression 

is upregulated during ischemic injury in rat brain (Lin et al., 1997) and retinal tissue 

(Miyashiro et al., 1998). However, in skeletal muscle, both FGF-2 protein (Fu et al., 



1995) and mRNA (Fu et al., 1998) are diminished in ischemia and reperfüsion. Thus, 

understanding how various stimuli work to control FGF-2 transcription may point to 

novel mechanimis for tissue-specific regulation of an otherwise ubiquitously expressed 

protein. 

6.6. Conciuding Remurks 

Figure 19 gives a schematic, overail view of the ideas presented so far in this discussion, 

To sumrnarize, rat FGF-2 gene expression at the level of transcription is increased by 

norepinephrine specifically through ai-adrenergic receptors in cardiac myocytes, and this 

effect is mediated by regdatory sequences contained within about 300 bp upstream of a 

primary transcription start site. The ai-induced increase in transcription occurs - 

independently of two AG-nch, putative phenylephrine response elements Iocated at 

positions -780 and -762 in the rat FGF-2 S-flanking DNA. The al-adrenergic regulation 

of FGF-2 transcription also occurs independently of myocyte contraction or ca2' entry 

via L-type ca2' channels. Potential mediators of thÏs response (protein kinase C, Egr-1), 

DNA elements playing putative roles, and the relative importance of FGF-2 transcription 

in the context of injury and stress responses have been discussed. 



Figure 19. 

A working mode1 for transcriptional regdation of rat FGF-2 gene expression in 

cardiac myocytes. 

This figure summarizes the discussion in sections 5.2.4 and 5.5. Both physical factors, 

such as shear stress, injury or hypoxia (as would occur in ischemic preconditioning), and 

endocrine factors, such as angiotensin II (AngII), endotheh- 1 (ET-1), or 

catecholamines such as norepinephrine acting through al-adrenergic receptors (ai-AR), 

act tu increase FGF-2 transcription. as demonstrated by data in this thesis and elsewhere 

(see text). Protein b a s e  C (PKC) and the zinc finger transcription factor Egr-1 are likely 

intermediaries for many of these pathways. While phenylephrine (PE) does invoke an 

increase in Egr-1 binding to the FGF-2 promoter in the short temi, other factors may also 

be involved in prolonging the increase in transcription. The region of 5'-fianking DNA 

korn the rat FGF-2 gene that is responsive to PE lies between positions -3 13 and +54, 

and possible participants in this response are marked: an M-CAT element at position 

-277, a conserved (human vs. rat) A/T-rich region at -1 14, and a G/C-rich island 

containing a series of overlapping Spl (underlined) and Egr-1 (bold type) binding sites. 

Outside the PE-responsive region, the AIGricb elements @old type), although not 

involved in the PE response, bind protein with high aanity and specificity. As well, a 

CArG s e m  response element (SRE) lies outside the PE-responsive region at position 

-463. DNA-protein interactions outside the PE-responsive region may mediate responses 

to other physical or endocrine stimuli. 



Ang Il? 
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In closing, it is worth considering the possibility of £inthering the investigation of FGF-2 

transcription through the sequencing of rat genomic DNA which lies fiutber upstream 

than the 1,058 bp of sequence characterized hem In spite of the fact that a phenylephrine 

response was localized to within 3 13 bp of 5 '-flanking DNA there are several reasons 

why it rnay be a valuable endeavour to clone and characterue additionai sequences. First, 

a 34 kDa, very hi* molecular weight FGF-2 was recently characterized in human HeLa 

cells (Arnaud et al., 1999). Transiatim of tbis isoform is initiateci at a fourth CUG start 

codon, 86 nt fiom the FGF-2 mRNA 5' end- An i n - m e  CUG codon is containeci in the 

rat 5 '-flanking sequence îhat, if included in protein translation through the FGF-2 open 

reading fiame, would yield a 35 D a  protein. However, the situation is complicated by 

the fact that (a) two in-fhme stop codons lie upstrearn of the second CUG start codon 

(yielding 21 kDa FGF-2), and (b) the upstream CUG codon Lies more than 200 bp 

upstrearn of the major transcription start site. Stop codon read-through has been 

demonstrated for at least one marnmalian gene (Chittum et al., 1998). Also, an alternative 

promoter and first exon have been described for avian FGF-2 (Bo rja et al., 1996). The 

characterization of upstream sequence in the rat genome may lead to uiforrnation about 

how additional FGF-2 isofoms may be generated, and the tissue specific regulation of 

such novel isofoms. It is aiso interesting to note that the start site for FGF-2 cDNA 

cloned fiom gonadotropin-stimulated rat ovaries (Shimasaki et al., 1988) lies at position 

-284 relative to the major transcription start site indicated for rat brain (Pasumarthi et al., 

1997). Thus, tissue-specific regulation of FGF-2 transcription by homones or other 

factors may well result in the generation of transcnpts fiom upstrearn start sites, and the 



cloning of additional upstream sequences may reveal regulatory regions involved in these 

processes. 

Finally, we must consider the stmigth of the FGF-2 response to al-adrenergic 

stimulation relative to other genes which have also been characterized for al-adrenergic 

inducibility. Al1 promoters used in the studies descnbed here responded to some degree 

to phenylephrine stimulation. This inciudes viral "controt" promoters, nich as herpes 

simplex vins thymidine kinase (Figure 14), as well as Rous sarcoma virus and 

cytomegalo virus promoters (not shown). Indeed, Rous sarcoma virus was reporteci to 

respond positively to stimulation through ras and rd-dependent mechanisms (Cosgaya et 

al., 1997). Since ai-adrenergic receptors operate through ras and raf (LaMorte et al., 

1 994; Yamazaki et al., 1 997). it is not surpnsing that they would elicit such a basai 

stimulatory response. Since the stimulation of viral promoters was significant (4 fold, 

see Figure 14), these promoters were not used as interna1 controls in the transient 

transfection assays using FGF-2 promoter, Instead, luciferase activity was normalized 

against the total protein content of the sample. Even so, the level of stimulation of FGF-2 

promoter activity (-7 fold with PE after 48 h) was lower than that of myosin light chain-2 

(-10 fold under similar conditions). Qtùer promoters, such as ANF or P-myosin heavy 

chah, gave 5- 10 fold stimulation even d e r  nomalization against a viral promoter 

(Sprenkle et ai., 1995; Kariya et al., 1994). Thus, the attinduced increase in activity of 

these promoters seems considerably stronger than that of FGF-2. Two reasons may 

explain this observation. Firs?, transcriptional regulation of FGF-2 represents a low-level, 

chronic effect which does not require a huge increase in activity. Results with FGF-2 



mRNA, however, indicate that the induction is large (Figure 7). Other agents, such as 

angiotensin II or endothelin-1, invoke an increase in FGF-2 mRNA as high as 47 fold 

(Peifley and Winkles, 1998). Thus, it is possible that the 1,058 bp of FGF-2 5'-flanking 

DNA is enough to evoke a basal response, but that additionai upstream sequences may 

contain regulatory information that would enable an even greater magnitude of response. 

The 1058FGFp.k transgenic mice dso support this idea Aithough the 1 ,OS8 bp of 5'- 

flanking DNA was sufncient to drive luciferase activity ubiquitously in two independent 

lines (P300 and P66). the relative levels arnong tissues dinered in these two lines (Figure 

9, A and C), indicating that the expression of the transgene is being uifluenced by 

surrounding DNA at the site of insertion. Indeed, two other independent lines (P61 and 

P89) showed expression almost exclusively in neural and neural-denved tissues (Table 

4). It would appear, then, that the -1,058/+54 rat FGF-2 promoter is "guliible", in the 

sense that it is easily ïnfluenced by sequences which are in close proximity. For this 

reason, the cloning and characterization of additional sequence upstream of -1.058 may 

reveal enhancers or suppressors which regulate FGF-2 transcription in situ. 

In any case, with the available 5'-flanking DNA we were able to establish and 

characterize the ai-inducible expression of the rat FGF-2 promoter. FGFd transcription 

is part of a vast anay of regulatory processes goveming FGF-2 production and 

bioactivity. From the data presented here, we can conclude that FGF-2 transcription can 

respond to cellular changes whic h would demand the replenishing of FGF-2 intracellular 

stores following a physiological stress. 
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