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Abstract 

Closure of the ductus artenosus @A) at term requires prenatal formation of intimal cushions, by a 

process of smooth muscle ce11 (SMC) migration into the subendothelium as observed in occlusive 

vascular disease. Migration of DA SMC in culture depends on increased fibronectin synthesis 

regulated by a post-transcriptional mechanism involving interaction of a microtubule-associated 

protein, LC-3, with an AU-rich element (ARE) in the 3'-untranslated region of fibronectin rnRNA. 

In this thesis, we establish a critical role for post-transcnptional upregulation of fibronectin in DA 

intima1 cushion formation in the intact animai. Fetal lamb DAs transfected in utero (90 days) with 

plasmid encoding decoy RNA to sequester fibronectin M A  binding protein, LC-3, show 

inhibition of fibronectin rnRNA translation and, at term (145 days), lack of intimal cushion formation 

with increased lumenal patency. Since NO is implicated in post-transcriptional bene regulation and 

DA physiology, we investigated its mechanistic role in LC-3-dependent fibronectin synthesis. NO 

production was 7-fold higher in DA versus aortic SMC associated with increased nNOS expression. 

The NOS inhibitor L-NMMA decreased fibronectin synthesis by -4550% , whereas the NO donor, 

SNAP increased DA fibronectin synthesis -1-fold without affecting mRNA levels. Immunoblotting 

revealed that SNAP increased and L-NMMA reduced membrane-associated phosphorylated LC-3 

involved in mRNA translation. RNA gel mobility shift assays demonstrated NO-dependent LC-3 

binding to fibronectin mRNA ARE. Since TNF-a induced iNOS and fibronectin expression is 

implicated in vascular disease, we investigated whether an NO-dependent post-transcriptional 



mechanism was involved. TNF-a induction of fibronectin synthesis in coronary artery SMC 

correlated with enhanced NO production, was abrogated by the NO synthase inhibitor, L-NMMA, 

and reproduced with the NO donor, SNAP. TNF-u had no effect on fibronectin rnRNA levels but 

increased LC-3 expression and LC-3-ARE binding in an NO-dependent manner. These data 

dernonstrate a critical role for post-transcriptionai upregulation of fibronectin in DA intima1 

formation, show that this process is regulated by NO, and extend this paradigm to the mechanism of 

TNF-cc mediated occlusive vascular disease. 
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GENERAL INTRODUCTION 

In this thesis we demonstrate a successful gene transfer approach to inhibit neointimal 

formation during ductus artenosus (DA) development irz rttero. which may also have 

implications for the prevention of other vascular diseases such as the coronary 

arteriopathy that occurs after cardiac transplant. The mechanism of post-transcriptional 

upregulation of fibronectin synthesis in smooth muscle cells at the onset of neointimal 

formation in the fetal lamb DA is examined and similarities to post-cardiac transplant 

coronary arteriopathy are established. Elevated nitric oxide (NO) production as a result 

of increased neuronal nitric oxide synthase (nNOS) expression in the 100 day gestation 

DA is shown to regulate increased smooth muscle ce11 fibronectin synthesis through 

increased binding of the fibronectin mRNA binding protein, LC-3, to the fibronectin 3'- 

untranslated region (3'-UTR). In a ce11 culture model, a similar NO-dependent 

mechanism is elucidated for TNF-a induction of coronary artery smooth muscle ce11 

fibronectin synthesis, a feature of post-cardiac transplant coronary arteriopathy. 

The following Introduction is therefore divided into five sections. The first section 

describes the DA' its role in the fetal circulation, the regulation of its closure following 

birth and current approaches to the maintenance of ductal patency in infants with duct- 

dependent congenital heart disease. In the second section, the rnorphological, cellular 

and molecular changes associated with vascular neointimal formation are described, with 

specific emphasis on the developing DA and diseased coronary arteries following cardiac 

transplant. The third section describes the structure and function of the extracellular 

matrix glycoprotein fibronectin and reviews evidence supporting a central role for 

fibronectin in facilitating smooth muscle ce11 migration into the neointirna. The fourth 

section sumrnarizes post-transcriptional mechanisms of gene regulation involving AU 

rich elements, emphasizing recent studies from Our group demonstrating the role of 

microtubule-associated protein LC-3 binding to the ARE of fibronectin mRNA and 



facilitation of fibronectin translation in DA srnooth muscle cells. NO synthases and NO 

are introduced in section five, including the roie of NO as a potential mediator of 

pathological neointimal formation in occlusive vascular disease and as a signaling 

molecule in post-transcriptionat gene regulation. 

1. Ductus Arteriosus: 

The ductus arteriosus (DA) is a fetal anery onginating from the 6th branchial arch during 

development. It shunts blood of relativefy low oxygen saturation from the pulmonary 

anery into the descendin; aona, bypassing the fetal lungs and aortic branches leading to 

the heart and brain and allowing for delivery of this blood to the lower body and to the 

placenta for oxygenation. In the last third of gestation (100 days of a 135 day gestation in 

fetal larnbs) structural changes in the DA result in the formation of intima1 cushions. 

Following physiological constriction of the DA in the first few days of iife, these 

cushions facilitate anatomical closure of this vesse1 and thus are necessary for remodeling 

during the neonatal period. A fibrosed remnant of the closed DA, the ligamentum 

arteriosum, can be observed in the adult. 

Physiological Roles 

The Fetal Circulation 

The DA is one of three fetal vascular shunts including the ductus venosus and forarnen 

ovale which facilitate streaming of placental blood, such that the most highly oxygenated 

blood cornin; from the placenta is made available to the myocardium, brain, head, neck 

and upper torso, and less highly oxygenated blood is shunted to the lower body and back 

to the placenta (Friedman and Fahey 1993). Figure 1, a diagram modified from 

(Friedman and Fahey 1993), demonsuates the normal fetal circulation with flow patterns 

and blood oxygen saturation indicated as measured from fetal larnbs. A description of the 

fetal circulation and the role of the ductus artenosus is surnrnarized below (reviewed 



Figure 1. Diagram illustrating normal fetal circulation with flow patterns and blood 

oxygen saturation as measured from fetal Iambs and descnbed in the text. (Modified 

from (Friedman and Fahey 1993)). CircIed numbers represent percent oxygen saturation 

of hemoglobin and bold numbers represent percentages of the combined ventricular 

output. 





in (Friedman and Fahey 1993) and (Smith 1998)). The placenta receives 45% of the 

combined ventricular output (CVO) (blood ejected by both ventricles in one minute) from 

the fetus for oxygenation. Fetal hemoglobin has a higher affinity for oxygen than the 

adult isoform, allowing for higher oxygen saturation of hemogiobin for a given oxygen 

content of the blood (PO?_). This facilitates transfer of oxygen from rnaternal hemoglobin 

to fetal hemoglobin at the placenta (Teitel and Rudolph 1985). 

Oxygenated blood (80% to 90% hemoglobin saturation) frorn the placenta is retumed to 

the fetal body through the umbilical vein. Approximately 50% of blood from the 

umbilical veins (-23% of CVO) is delivered to the liver via the portal vein, while the 

other -50% (23% of CVO) bypasses the liver via the ductus venosus which directs this 

blood into the inferior vena cava leadinp it  to the right atrium. Deoxygenated venous 

retum from both the liver and lower body of the fetus is also delivered to the inferior vena 

cava. However. there is streaming of the placenta-derived ductus venosus blood alon; 

the left dorsal wali of the infenor vena cava (Edelstone and Rudolph 1979) and this blood 

(approximately 27% of the CVO) is specifically directed across the nght atrium through 

the foramen ovale and into the left atrium. The other source of flow to the left atrium is 

blood retuming from the pulmonary vasculature via the pulmonary veins which 

represents only 8% of the CVO in the fetus. Thus, in total, the left atrium receives 35% 

of total venous return to the heart and the blood is well saturated with oxygen 

(hemoglobin 60% saturated with oxygen). This blood is directed into the left ventricle 

through the mitral valve and is ejected into the ascending aorta. 

Blood flow into the nght ventncle frorn the right atrium (representing 65% of total 

venous return or CVO) is received from the inferior vena cava draining the abdominal 

organs and lower limbs (-67% of right atrial venous return), the superior vena cava 

delivering blood from the head and upper torso (-33% of nght atrial venous return), and 



the coronary sinus from the myocardium (-3% of right atnd venous retum). In the fetal 

lamb there is less flow to and from the head because the head represents a smaller 

proportion of total body weight compared to the human fetus (Rudolph 1985). Since 

there is preferential streaming of blood in the right atrium, there is little mixing of 

deoxygenated venous retum with highly oxygenated ductus venosus blood directed via 

the ripht atrium and through the foramen ovale to the left atrium, and thus blood directed 

to the right ventricle from the right atrium is of a decreased oxygen saturation (50% 

hernoglobin saturation) relative to the Ieft ventricle. 

BIood from the right ventricle is ejected into the pulmonary artery which divides into the 

lett and right main branches and the DA. The lungs receive a total of 8% of the CVO via 

the left and right branches of the pulmonary artery. The rnajority (57% of CVO) is 

delivered via the DA to the descending aorta where it mixes with a small proportion of 

more highly oxygenated blood coming via the ascending aorta from the left side of the 

hean (10% of CVO), resulting in a slightly increased hemoglobin oxygen saturation of 

55%. The junction of the aorta with the DA at a point distal to the right innorninate artery 

allows for the majority of highly oxygenated blood from the left side of the heart to reach 

the brain without rnixinp with less oxygenated bIood coming through the DA on its way 

to the lower body and placenta. 

Maintenance of Dzxtal Paterlcy in Utero 

Patency of the DA in zrtero is an active process which involves vasodilation by 

prostaglandins. Prostaglandins E l  is a potent dilator of the isolated DA in several species 

including lambs (Coceani et al. 1975, Smith 1998) and appears to be the main 

prostaglandin regulating DA tone (Coceani et al. 1978). The DA is exposed to both 

locally released prostaglandins as well as circulating prostaglandins, believed to be 



synthesized rnainly in the placenta (Thorburn 1992), although circulating prostaglandins 

are proposed to be of prirnary importance in maintaining DA patency (Clyman 1987). 

The known vasodilator, nitric oxide (NO), has also been proposed to play a role in 

maintaining DA patency since the NO donors, sodium nitroprusside and glyceryl 

tnnitrate dilate both the lamb and rabbit DA in vitro (Smith and McGrath 1993, Walsh 

and Mentzer 1987) and the larnb DA in the intact animal (Walsh et al. 1988). Inhibitors 

of NO synthase cause the DA to contract in vitro (Coceani et ai. 1994) and in vivo (Fox et 

al. 1996), an effect that could not be abolished by removing the endothelium, suggesting 

a non-endothelial source of NO in the DA (Coceani et al. 1994). Furthemore, expression 

of the NO producing enzymes (described in section V of this Introduction), endothelid 

constitutive nitric oxide synthase (ecNOS) and inducible nitric oxide synthase (iNOS) has 

been demonstrated in the endothelium of the fetal DA during late gestation and ecNOS 

has also been detected in the endothelium of vasa vasorum in the ductus wali (Clyman et 

al. 1998). However, Fox et al. (Fox et al. 1996) demonstrated in fetaI larnbs in Lirero that 

an inhibitor of NO synthases, NO-nitro-L-arginine, decreased both main pulmonary artery 

(rnPA) and aortic pressures but did not change the pressure gradient between the rnPA 

and aorta, and only caused a slight decrease in DA flow and resistance across the DA. In 

contrast, the cyclooxygenase inhibitor indomethacin, an inhibitor of PGE2 production, 

significantly increased the pressure gradient between the mPA and aorta and caused 

decreased DA flow and increased resistance. Thus in the fetal lamb in utero it appears 

that prostaglandins play a more important role than NO in regulating DA tone (Fox et al. 

1996). This was further supported by the finding in indomethacin treated and 

endothelium-denuded rabbit DAs in vitro, that the maximal effect of the NO donor, 

sodium nitroprusside was only 4% of the maximal relaxation caused by PGEZ (Smith and 

McGnth 1993). indicating that NO on its own can not overcome vasoconstriction caused 

by indornethacin. 



Transition from Fetal to Neonatal Circulation 

With air ventilation of the lungs at birth, as well as decreased pulmonary artery pressure 

and increased aortic pressure resulting from increased systernic vascular resistance due to 

loss of the low resistance placental circulation, the pressure gradient across the DA is 

reversed (TeiteI and Rudolph 1985). Within minutes foliowing birth, blood flow in the 

DA is reversed such that it is directed from the aona into the pulmonary mery (Dawes et 

al. 1955, Drayton and Skidmore 1987, Smith 1998) and this increases pulmonary blood 

flow to the lungs (Dawes et al. 1955). This left to right shunt across the DA appears to 

improve arterial oxygenation in the imrnediate newborn period when the lungs have not 

fully expanded, since ligation of the DA in lambs at term has been shown to decrease 

arterial oxygenation (Dawes et al. 1955, Smith 1998). 

Closzdre of the Dzutrts Arterioszds 

Closure of the DA involves two phases, physiological constriction and structural 

remodeIing. Physiological closure of the DA mediated by constriction of the vessel 

occurs in  90% of human newborns by 72 hours of neonatal life (Alenick et al. 1992, 

Drayton and Skidmore 1987) and within the first 18 hours of life in lambs (Dawes et al. 

1955). Both increased oxygen tension and loss of the vasodilatory effect of circulating 

prostagiandin Ez and locally produced prostaglandin E2 and E l  contribute to induce 

constriction of the DA in the neonate (reviewed in (Smith 1998)). Clyman et al. (Clyman 

et al. 1980) demonstrated that circulating levels of PGE2 decrease 10-fold by 1 hour, and 

20-fold by 3 hours after birth in the newbon lamb. Furthemore, treatment of hurnans as 

well experimental anirnals with prostaglandins alone prevents postnatal closure of the DA 

(Host et al. 1988, Jarkovska et al. 1992, OIIey et al. 1976). Loss of the prostaglandin 

vasodilatory effect is central to constriction of the DA in the neonate, however the major 

active stimulant of vessel contraction appears to be increased arterial oxygen tension 

esperïenced by the DA shortly after delivery due to flow coming from the aorta (Smith 



1998). The mechanism involves cytochrome P450 mediated release of the potent 

vasoconstrictor endothelin-1 from endothelial and smooth muscle celis (Coceani et al. 

1992). 

Complete anatomical closure of the DA involves endothelial destruction, apoptosis and 

necrosis of smooth muscle cells. loss of elastin and connective tissue deposition (Clyman 

1987, Slomp et al. 1992). This usually occurs within the first two weeks of life and 

requires the prior formation of intimal cushions during fetal life which are proposed to 

facilitate fibrotic remodeling of the vesse1 in the neonate (Gittenberger-de Groot et al. 

1985). 

Patent Ductus Arteriosus 

Although a patent DA is of physiological importance in facilitating oxygenation of the 

blood rit the lungs during the irnmediate newborn period when the lungs are not yet fulIy 

inflated, if the duct remains patent beyond this time it is called a persistent or patent 

ductus artenosus (PDA). Depending on the level of continued patency, the resuitant left 

to right shuntinp can lead to pulmonary hypertension, congestive heaxt failure and cardiac 

hypertrophy. 

Patent ductus artenosus is commonly observed in  premature infants (Gittenberger-de 

Groot et al. 1980b) and can further complicate the respiratory distress syndrome found in 

these infants (Friedman and Fahey 1993, Kitterman et al. 1972). The persistence of 

ductal patency in  premature infants is associated with incomplete intimal cushion 

formation dunng late gestation. A PDA is also found in infants with congenital rubella 

syndrome associated with Iack of intimal cushion formation (Gittenberger-de Groot et al. 

1980a). These clinical observations suggested that intimal cushions formed in Iate 

gestation may be required for complete postnatal anatomical closure of the DA. This was 



further supported by studies of a strain of poodle dogs with congenitally persistent DAs 

in which intimal cushion formation does not occur. Lack of elastin fragmentation, 

smooth muscIe migration and subendothelial expansion associated with lack of 

hyaluronan and chondroitin sulphate accumulation were observed in DAs from this strain 

of dogs at terrn (De Reeder et al. 1988, Gittenberger-de Groot et al. 1985). 

It is of interest that PGE2 expression was markedly reduced in PDA tissue from these 

dogs suzgesting that it might be required for intimal cushion formation (De Reeder et ai. 

1989), however, a role for PGE3 in neointimal formation has yet to be established. The 

cycIooxygenase inhibitor, indornethacin, has been used to achieve closure of the DA due 

to its effects on prostaglandin synthesis (Gersony 1986). However, in premature infants, 

reopening of the DA after initial closure with indomethacin can occur when neointimal 

formation is incomplete (Gittenberger-de Groot et al. 1980b), thus supporting the 

importance of prenatal intimal cushion formation for anatomical closure of the DA. 

Interestingly, ante natal administration of indomethacin to mothers prior to premature 

delivery is associated with a "paradoxical" increased risk of PDA and increased necessity 

of surgical treatment of PDA (Norton et al. 1993), also indicating a potential mechanistic 

role for prostaglandins in neointimal formation. 

Duct-Dependent Congenital Heart Defects 

Congenital heart defects in which shunting of blood through a patent ductus artenosus is 

required for survival of the neonate are defined as "duct-dependent" (Freed et al. 198 1, 

Gersony 1986). The DA can serve three different roles in neonates with congenital heart 

defects (reviewed in (Friedman and Fahey 1993)). In conditions such as pulmonary 

stenosis or complete atresia where blood supply to the lungs is lirnited, the DA acts as a 

shunt to maintain blood flow to the lungs by allowing flow from the aorta across the DA 

and into the branches of the pulmonary artery. The DA can also serve to maintain blood 



flow to the systemic circulation in conditions such as aortic stenosis or atresia, or 

hypoplastic left heart in which the blood must traverse a patent forarnen ovale and ductus 

artenosus to get back to the systemic circulation. The DA can also act as a shunt to allow 

for mixing of blood from the artenal and venous circulations as observed in transposition 

of the great arteries. In this condition the aorta arises from the right ïentricular outflow 

tract and the pulmonary artery arises from the left ventride. 

To date rhese defects have been treated with E type prostaglandin infusion to establish 

ductal patency and sustain life until corrective heart surgery can be performed (Host et al. 

1988, Olley et al. 1976). However, prostaglandins are not effective when closure of the 

DA is complete and are most effective in cases where the extent of DA closure is the least 

(Cl yman et al. 1983). Furt hermore, treatrnent of neonates wi th prostaglandins is 

associated with severe side effects including hypotension, cardiac rhythm and conduction 

disturbances, hypoventilation and apnea, and pyrexia (Hallidie 1984). 

II. Neointirnal Formation in Vascular Development and Disease 

In preparation for its closure following birth, the DA undergoes changes in late gestation 

which are very similar to those observed in occlusive vascular disease including 

atherosclerosis (Ross 1986), pulmonary hypertension (Rabinovitch 1998), restenosis 

(Gravanis and Roubin 1989) and post-cardiac transplant coronary arteriopathy 

(Billingham 1992). Elastic laminae appear fragrnented and a neointima is formed by 

smooth muscle ce11 migration and accumulation in a glycosaminoglycan-enriched 

subendothelium. The biochemical and cellular mechanisms of intima1 cushion formation 

in the DA are also sirnilar to pathologic neointimal formation: They include increased 

expression of growth factors, specific alterations in extracellular matrix production and a 

phenotypic change in smooth muscle cells from a "contractile" phenotype, characteristic 

of normal quiescent medial smooth muscle cells containing an abundance of contractile 



proteins but little rough endoplasmic reticulurn to a de-differentiated "synthetic" and 

migratory phenotype, characterized by the presence of a rich endoplasrnic reticulurn and 

increased synthesis of extracellular matrix components and growth factors (Charnley et 

al. 198 1, Mosse et al. 1986, Nilsson 1993). Smooth muscle ce11 proliferation within the 

expanding subendothelium is another cornrnon feature of occiusive neointimal formation 

in vascular disease (Libby et al. 1992, Ross 1986, Schwartz 1998) which may also 

contnbute to intimal cushion formation in the developing DA (Yoder et al. 1978). 

While occlusive neointimal formation of vascular diseases as well as developmental 

intimal cushion formation in the DA share cornmon mechanistic features, the inducing 

processes for each of these conditions are distinct. High circulating cholesterol levels in 

atherosclerosis, injury to the vesse1 wall in restenosis following angioplasty and chronic 

rejection of donor tissue in post-cardiac transplant coronary arteriopathy al1 involve 

activation of endothelial and smooth muscle cells, resulting in inflammatory cell 

infiltration and release of growth factors and cytokines. These include basic fibroblast 

growth factor-3 (FGF-7). platelet derived growth factor (PDGF), interleukin-lB (IL-IB), 

tumour necrosis factor-u ( T m - a )  and transfomiing growth factor43 (TGF-O), produced 

by T lymphocytes, monocytes, macrophages and smooth muscle cells and acting by 

autocrine and paracrine mechanisms (Libby et al. 1992, Ross 1986). In the DA, 

neointimal formation is not associated with monocyte migration into the subendothelium. 

Furthemore, the primary initiating stimulus for the onset of intimal cushion formation 

appears to be controlled by a developmental program. 

Balloon catheter injury of the rat carotid artery is a mode1 used to reproduce certain 

features of restenosis after coronary angioplasty and to examine the cellular and 

molecular mechanisms involved. The protooncogenes c-fos and c-myc, which have roles 

in promoting ce11 proliferation and differentiation in other systems (Lemaitre et al. 1996, 



Liebermann et al 1998), are upregulated in the rat carotid artenes following balloon 

injury, peaking respectively by 30 minutes and two hours following injury (Miano et al. 

1990, Miano et al. 1993). Expression of c-fos is stimulated by oxidized low density 

lipoprotein in Ao smooth muscle cells (Chatterjee et al. 1997). Furthermore, the 

protooncogenes c-myc, c-myb, and c-fos have been shown to be involved in the 

regulation of vascular smooth muscle ce11 prolifention and migration in response to 

mitogens (Biro et al. 1993, Shi et al. 1993, Simons et al. 1992, Simons and Rosenberg 

1992, Sylvester et al. 1998). Smooth muscle ce11 proliferation appears to be the major 

mechanism determining subendothelial accumulation of smooth muscle ceIls in this 

balloon injury mode1 and therefore it is limited with respect to examination of 

mechanisms regulating smooth muscle cell migration into the intima, a feature 

particularly prominent in atherosclerosis, post cardiac transplant arteriopathy and 

pulmonary hypertension. 

The importance of smooth muscle proliferation in the development of intima1 cushions in 

the DA has not specifically been examined. However, Yoder et al. (Yoder et al. 1978) 

described occasional mitotic cells among smooth muscle cells in the early stages of 

neointimal formation in the 26 day rabbit DA (term 31 days gestation) which were 

extremely rare later in gestation between 39 to 3 1 days. In contrast, Yoder et al. (Yoder 

et al. 1978) demonstrated a layer of radially oriented 'migratory-appeanng' smooth 

muscle cells in the innennost media at 26 days gestation in the rabbit ductus, which 

expanded to involve the inner third to one half of the circumference of the vesse1 by 28 

days gestation. Furthermore, electron microscopic studies demonstrated that many 

smooth muscle cells of the radially onented innermost media at 26 days gestation, 

protruded through gaps in  the intemal elastic lamina (Yoder et al. 1978) giving the 

appearance of an early stage of smooth muscle ce11 migration as previously descnbed in 

atherosclerosis (Geer and Haust 1972). These data indicated an important role for smooth 



muscle ce11 migration in intimal cushion forrnation in the DA and demonstrate the 

feasibility of using the DA as a model in which to examine the role of smooth muscle ce11 

migration in neointimal formation. 

Intimal Cushion Formation in the Ductus Arteriosus: Morphologic Changes 

The formation of intimal cushions in the DA has been studied in humans (Gittenberger-de 

Groot et al. 1980b, SiIver et al. 1981) and in animal models including the lamb (Boudreau 

et al. 1993, Boudreau and Rabinovitch 1991, Boudreau et al. 1991, Hinek et al. 1991, 

Hinek and Rabinovitch 1993, Rabinovitch et al. 1988, Strengers 1988, Zhu et al. 1993), 

dog (De Reeder et al. 1988, De Reeder et al. 1989, Gittenberger-de Groot et al. 1985), 

and rabbit (Yoder et al. 1978), where it exhibits similar histologic features including 

fragmentation of elastin laminae, subendothelial accumulation of gIycosarninoglycans 

and apparent smooth muscle ce11 migration into the subendothelium. The fetal lamb is 

the animal mode1 used for both the intact animal studies which required surgical 

manipulation of the fetal DA and the smooth muscle ce11 culture studies presented in this 

thesis. This animal model was chosen because it most closely resembles the human DA 

and it has been the model used for the majonty of mechanistic studies to date, exarnining 

both intimal cushion formation as well as the physiology of the fetal and perinatal ductal 

circulation. 

This review will focus mainly on studies of intimal cushion formation in the fetal lamb, 

comparing it to man and providing relevant information from studies in different animal 

species. Intimal cushion formation begins at the pulmonic end of the DA and proceeds 

towxds the aortic end in humans and in animals (Gittenberger-de Groot 1985, Silver et al 

1981). Based on observations of developing DAs from human pre-term infants 

Gittenberger de Groot et al. (Gittenberger-de Groot et al. 1980b) have divided DA 

development in the human fetus into four stages: In the human fetus at four to five 



months gestation, as in the fetal lamb prior to 100 days gestation, the stage 1 DA was 

observed and resembles a normal muscular systemic artery containing a thin intima 

consisting of endothelial cells and basernent membrane surrounded by intemal elastic 

lamina, Iayers of longitudinally oriented mediai smooth muscle cells and elastic laminae, 

and an outer connective tissue adventitial layer. In stage II and III of ductal development 

progressive intimal thickening caused by accumulation of smooth muscle celIs within an 

expanded subendothelial space was observed, however, a definitive relationship between 

gestational age and ductal developmental stage was not demonstrated. Small intimal 

cushions were observed as early as 17 weeks of gestation; however, intimai cushion 

formation could be absent for up to 36 weeks of gestation (Gittenberger-de Groot et al. 

1980b). The final stage (IV) of ductal development involves the fusion of intima1 

cushions dunng anatomical closure after birth and included filling of the lumen with 

loose tïbrous tissue. 

In term infants wi th PDA, an alternative DA rnorphology was observed and called stage 

IIIa. In these ducts, a subendothelial elastic lamina still bordered the lumen 

(Gittenberger-de Groot et al. 1980b) which might represent either the intemal elastic 

larninae or another elastic Iaminae on top of the intimal cushions (Gittenberger-de Groot 

and De Reeder 1977). 

Ducts in pre term and term infants which were functionally constricted at the time of 

death exhibited either a KI, III or IV maturation stage. In infants with a clinically patent 

DA beyond one week, the ducts exhibited either stage 1 with complete lack of intimal 

cushion formation or a stage ILIa alternative rnorphology. In these cases, anatomical 

sealing of the DA did not occur and reopening was observed after initial constriction by 

indomethacin treatment (Gittenberger-de Groot et al. 1980b). These data further indicate 

the importance of intimal cushion formation in postnatal closure of the DA. 



In the fetal lamb the apparent onset of intimal cushion formation in the DA is at 100 days 

gestation (term = 145 days). Although Iittle or no evidence of intimai cushion formation 

is detectable by light microscopy at 100 days gestation, impaired assembly of elastic 

laminae in the DA compared to the aorta is apparent by electron rnicroscopy nt this time 

(Zhu et al. 1993). Developmental studies of intima1 cushion formation in the human and 

dog demonstrated that the first morphologic change observed in the DA is the deposition 

of extracelIular matrix components, mainIy consisting of glycosaminoglycans but also 

including fibronectin and collagen type III resultin; in sepantion of endothelial cells 

from the interna1 elastic lamina (De Reeder et al. 1988, De Reeder et al. 1989, 

Gittenberger-de Groot et al. 1985, Rabinovitch et al. 1988, Slornp et al. 1992). De 

Reeder et al. (De Reeder et al. 1988) demonstrated increased hyaluronic acid and 

chondroitin sulphate as major components of extracellular matrix accumulated in the 

subendothelium of the beagle DA apparent prior to the appearance of intimai thickening. 

These features were found to be absent or dirninished in a strain of dogs with congenitally 

patent DA which exhibited decreased subendothelial accumulation of hydrophilic 

glycosaminogIycans and the extracellular matrix proteins, fibronectin and coIlagen type 

III. Loss of the basement membrane components of the intima, laminin and collage type 

1 was also detected (De Reeder et al. 1989). In the fetal lamb DA, accumulation of 

glycosaminoglycans is visible by light microscopy by 115 days gestation (Boudreau and 

Rabinovitch 199 1). 

The media1 changes which follow these early changes, include a progressively 

fragmented appearance of elastic laminae and smooth muscle ce11 migration into the 

subendotheIium, both initially visible by light microscopy by 115 days in the fetal lamb 

DA (Boudreau and Rabinovitch 1991, Zhu et al. 1993). By 138 days gestation, full 

formation of intimal cushions is observed in DAs from fetal lambs (Boudreau and 

Rabinovitch 199 1). 



Cellular and Molecular Mechanisms of Intima1 Cushion Formation in the Ductus 
Arteriosus 

The accumulation of extracellular matrix components in the subendotheliurn early in the 

development of intimal cushions of the DA and the pnor implication of these molecules 

in ce11 proliferation, differentiation and migration suggested that these molecules may 

play a role in facilitating smooth muscle ceIl migration andor proliferation. Furthemore, 

cornparison of extracellular matrix production by DA cells at 100 days gestation, the 

onset of intimal cushion formation in the fetd larnb, and DA cells at a Iater gestation (138 

days), when intimal cushions have formed, has offered mechanistic insights into the 

developmental program specific to neointimal formation. 

Rabinovitch et al. (Rabinovitch et al. 1988) developed primary cultures of DA endothelial 

and smooth muscle cells which maintained phenotypic characteristics associated with 

these cells in the intact vesse1 and exhibited quantitative and qualitative differences from 

aortic and pulmonary artery cells. A 52 kD protein found only in conditioned medium 

from DA smooth muscle cells, but not from aortic or pulmonary artery smooth muscle 

cells, was purified and identified as a truncated form of tropoelastin (Hinek and 

Rabinovitch 1993). In conditioned medium from DA endothelial cells a 43 kD protein 

which exhibited increased expression compared to aortic or pulmonary artery endothelial 

cells was iater identified as SPARC (Rabinovitch et al, unpublished data), an extracelluIar 

rnatrix protein implicated in ce11 motility (Murphy-Ullnch et al. 1995). Furthemore 

these cells maintained functional responses characteristic of the DA in vivo as indicated 

by increased prostaglandin synthesis in response to hyperoxia (Rabinovitch et al. 1989). 

Since morphological studies indicated that intimal cushion formation in the DA invoives 

fragmentation of elastin laminae and migration of smooth muscle cells into a 

glycosaminoglycan enriched subendothelial cornpartment, further ce11 culture studies 



have been aimed at determining the cellular and rnolecular rnechanisms mediating these 

processes (summarïzed in Figure 3). Studies from Our laboratory have demonstrated 

increased production of glycosaminoglycans as well as elevated fibronectin synthesis in 

DA cells in vitro (Boudreau and Rabinovitch 1991, Boudreau et al. 1991): Boudreau and 

Rabinovitch (Boudreau and Rabinovitch 199 1) examined the synthesis of extracellular 

matrix glycoproteins, fibronectin, laminin and type IV collagen and the 

_olycosaminoglycans, chondroitin sulphate, hyaluronic acid and heparan sulphate in 

endothelial cells and srnooth muscle cells from the DA and aorta of larnbs at 100 and 138 

days gestation (once fully developed cushions have formed). Synthesis of fibronectin, 

but not laminin or type IV collagen, was significantly increased in DA relative to aortic 

srnooth muscle cells from larnbs at 100 days gestation (the onset of intimal cushion 

formation), however, no differences were detected in vessels from 138 day gestation 

larnbs (in which fully developed intimal cushions had formed). Incorporation of 

hyaluronic acid and heparan sulphate in DA endothelial ce11 derived extracellular 

matrices was significantly increased at both 100 and 138 days compared to the aortic ceIl 

matrices, however, DA levels were significantly reduced at 138 days. Matrices from 100 

day gestation DA smooth muscle cells incubated with endothelial ce11 conditioned 

medium exhibited increased chondroitin sulphate levels relative to aortic smooth muscle 

cells. These studies demonstrated that there are developmentally regulated patterns of 

extracellular mavix production which are specific to the DA and appear to coïncide with 

the onset of neointimal formation at 100 days gestation in the feta1 lamb. 

Fragmentation of elastin laminae in the DA in vivo correlated with the finding that DA 

smooth muscle cells in culture exhibit reduced ce11 surface elastin binding proteins 

(Hinek et al. 1991) of a complex proposed to mediate elastin fibre assembly at the ceil 

surface (Hinek et al. 1988). This was consistent with the finding of Zhu et al. (Zhu et al. 

1993) that the striking fragmentation of elastin laminae observed in the 100 day gestation 



Figure 2. Schematic summary of characterized mechanisms of intima1 cushion formation 

in the DA as described in the text. 





lamb DA (Rabinovitch et al. 1988) is associated with increased levels of monomeric 

tropoelastin reflecting its decreased assernbly into elastin fibres. The  increased 

chondroitin sulphate secretion from DA smooth muscle cells may play a role in this 

process since it has been shown to remove elastin binding proteins from the surface of 

these cells W n e k  et al. 199 1). In addition, the tnincation of tropoelastin in DA smooth 

muscle cells to a 52 kD form lacking the carboxy terminis of the 68 kD f o m  produced by 

aortic smooth muscle cells may play a role in impaired elastin fibre assernbly in the DA. 

This truncated form of tropoeiastin is a product of intracellular degradation. It results 

frorn a deficiency in the expression of elastin binding protein which normally protects 

uopoelastin from cleavage during intracel lular transport. S ince the DA-speci fic 52 kD 

tropoelastin displays decreased insolubilization into elastin fibres (Hinek et al. 1991), it is 

also likely chemotactic to smooth muscle cells (Mecham et al. 1984, Senior et al. 1984). 

In addition, reduction in elastin binding proteins in DA smooth muscle celis has been 

shown to result in their increased migration through assembled elastin membranes (Hinek 

et al. 1991). 

Regulation of Ductus Arteriosus Smooth Muscle CeIl Migration 

Further studies addressed the mechanistic role of these observed extracellular mattix 

alterations, in DA smooth muscle ce11 migration. The hydroscopic properties of 

hyaluronic acid were known to allow it to bind large amounts of water which, after 

disruption of established connections between cells, can cause expansion of a tissue space 

and thus physica1Iy facilitate ce11 movement (Toole et al. 1984). In addition, however, 

the interaction of hyaluronic acid with the hyaluronan binding protein (now called 

RHAMM, receptor for hyaluronan mediated ce11 motility) had been shown to promote 

cell migration in hyaluronan-nch extracellular matrix (Docherty et al. 1989, Turley et ai. 

1991, Turley and Torrance 1985). Increased fibronectin had also previously been 



implicated in ceIl migration associated with organogenesis and wound healing (Hynes 

1990, Linask and Lash 1988)- 

Boudreau et al. (Boudreau et al. 1991) subsequently demonstrated that DA-specific 

increases in hyaluronan and fibronectin regulated enhanced migration of DA smooth 

muscle cells (Toole et al. 1984). In comparïson to aortic cells, DA smooth muscle cells 

exhibited an increased capacity to migrate in collagen gels which was associated with a 

more elongated morphology with peripheral larnehe as well as leading edge lamellipodia 

(Boudreau et al. 199 l), features descnbed in other migrating cells (Heath and Holifield 

1991). Inclusion of hyaluronan in the collagen gels enhanced the capacity of DA, but not 

aortic, smooth muscle cells to migrate, an effect which was blocked by antibodies to the 

hyaluronan binding protein (RHAMM) (Boudreau et al. 1991). In ras transformed 

fibroblasts, hyaluronan has been shown to facilitate migration in response to fibronectin, 

through the stimulation of focal adhesion contact turnover (Hall et al. 1994). The 

enhanced migratory phenotype of DA smooth muscle cells was in fact dependent on 

elevated fibronectin since addition of function blocking antibodies or RGD-containing 

synthetic peptides which block ce11 surface integrin interaction with fibronectin, 

decreased DA smooth muscle cell migration, reverting the cells to a more stellate 

phenotype but had no effect on the slower aortic smooth muscle ce11 migration (Boudreau 

et al. 1991). Later studies (described in detail later in this Introduction) elucidated a post- 

transcriptional mechanism of fibronectin upregulation operative only in DA smooth 

muscle cells which accounts for their increased fibronectin synthesis as well as enhanced 

migration, since blocking this mechanism also reverts their phenotype to that of an aortic 

smooth muscle ceIl (Zhou et al. 1997). 

In the context of these data, the previous observation that chondroitin sulphate production 

by DA smooth muscle cells is stimulated by endothelial conditioned medium (Boudreau 



and Rabinovitch 1991) suggests that the process of srnooth muscle ce11 migration into the 

intima may be initiated by signals from the endothelium. This is intriguing because it 

suggests that intimal cushion formation in the DA is sirnilar to neointimal formation of 

occlusive vascular disease with regard to the location of the initiating stimulus. 

Further studies have examined the factors initiating intimal cushion formation in the DA. 

Since TGF-P had been shown to stimulate synthesis of hyaluronan, sulfated glycosamino- 

glycans and fibronectin transcription (Penttinen et al. 1988). Bsudreau et al. (Boudreau et 

al. 1992) examined TGF-beta expression in the 100 day gestation DA and its role in the 

extracellular matrix changes observed. Increased expression of TGF-P in the DA was 

shown to regulate endotheliai ce11 glycosaminoglycan synthesis but it was not determined 

whether i t  repulated D A  smooth muscle ce11 fibronectin synthesis. It was further 

demonstrated that fibronectin rnRNA levels were not increased in DA compared to Ao 

smooth muscle cells, suggesting that a post-transcnptional mechanism was involved in 

the uprepulation of fibronectin synthesis observed in the DA ceHs (Boudreau et al. 1992). 

This mechanisrn, elucidated by Zhou et al. (Zhou et al. 1997, Zhou and Rabinovitch 

1998) is discussed later in this Introduction. 

Cellular and Molecular Mechanisms of Neointirnal Formation in Post-Cardiac 

Transplant Coronary Arteriopathy 

Occlusive neointimal formation in the donor heart coronary arteries is a major 

complication affecting the long term survival of cardiac transplant recipients (Bieber et 

al. 198 1, Uretsky et al. 1992). Intravascular ultrsound studies have demonstrated that 

occlusive graft artenopathy occurs in greater than 50% of these patients by the fifth post- 

operative year (Billingharn 1994). A mechanistic role for an immune-inflamrnatory 

response in post-cardiac transplant arteriopathy (PCTA) was first indicated by the finding 

that neointimal lesions are only observed in the donor vessels and not in the host arteries 

(reviewed in (Libby and Tanaka 1994)). Studies examining the pathogenetic role of the 



immune response in neointimal formation in the coronary arteries have demonstrated 

endothelial activation resulting in inflammatory ce11 recmitment associated with release 

of growth factors and cytokines and deposition of newly formed extracellular matrix in 

the subendothelium which act to promote smooth muscle ce11 migration and proliferation 

(Clausell and Rabinovitch 1993, Hayry et al. 1993, Libby et al. 1992, Molossi et al. 1993, 

Molossi et al. 199Sa). Increased breaks in the interna1 elastic Iaminae is also a key 

feature of this coronary arteriopathy (Ardehali et al. 1993, Billingharn 1994) and is 

associated with increased activity of a senne elastase demonstrated in donor coronary 

arteries following heterotopic heart transplant in piglets (Oho and Rabinovitch 1994). 

Infiltration of T-lymphocytes and macrophages into the subendotheliurn in the donor 

heart coronary vasculature (Gassel et al. 1990, Gassel et al. 1989, Hayashi et al. 1991, 

Oho and Rabinovitch 1994) is associated with increased expression of the cytokines 

TNF-u (Arbustini et al. 1991, Imagawa et al. 1991) and IL-1P (Clausell et al. 1993, 

Stossel 1993). The immune inflammatory response in the donor coronary artenes is also 

associated with increased fibronectin expression particularly in the subendothelium and 

inner media, as confirmed by quantitative immunoelectron microscopy (Clausell et al. 

1993). This is similar to the increased subendothelial expression of fibronectin observed 

at the onset of intima1 cushion formation in the Iamb DA at 100 days gestation (Chapter 

2). Molossi et al. (Molossi et al. 1993) demonstrated that increased endothelial 

expression of IL-lB mediates enhanced fibronectin production by an autocrine 

mechanism. Increased cytokine and fibronectin expression appears to result in 

transendothelial trafficking of inflammatory cells which are key to the inflarnmatory 

response mediating PCTA (Molossi et al. 1995a, Molossi and Rabinovitch 1995): 

Blockade of the fibronectin binding VLA-4 (a401) integrin on lymphocytes with CS-1 

peptides in rabbits which have undergone heterotopic cardiac transplant results in 

decreased T ce11 infiltration associated with decreased subendothelial and inner media1 



expression of fibronectin and a >50% reduction in the severity of coronary artery intima1 

lesions (Molossi et al. 1995a). These studies therefore also indicated a role for 

subendothelial and inner media1 fibronectin expression in facilitating the migration of 

smooth muscle cells into the intima. 

In vivo blockade of TNF-a was shown to cause inhibition of subendothelial fibronectin 

accumulation and abrogate neointimal formation induced by balloon anpioplasty which is 

associated with a sirnilar inflarnmatory cascade (Clausel1 et al. 1995, Clause11 et al. 1994). 

In vitro studies confirmed that increased fibronectin synthesis by coronary artery smooth 

muscle cells was reciprocally CO-induced by endogenously produced cytokines TNF-a 

and IL-LP, since exogenous TNF-cx or IL-If3 induction of fibronectin synthesis was 

reduced to host levels by antibodies to either cytokine (Molossi et al. 1995). TNF-(x has 

previously been shown to induce IL-@ synthesis by stabilizing IL-lP mRNA (Gorospe et 

al. 1993). 

Increased steady state IeveIs of fibronectin mRNA were demonstrated in smooth muscle 

cells from donor coronary artenes cultured in serurn containing media, which could be 

reduced to host coronary artery smooth muscle ce11 levels by neutralizing antibodies to 

IL-LI3 associated with a decrease in fibronectin synthesis to host ce11 levels. This 

suggested that increased fibronectin transcription is involved in IL-IP induction of 

fi bronectin synthesis (Clausel1 and Rabinovitch 1993). However, the mechanisrn of 

fibronectin induction by TNF-cx has not previously been examined. 

The mechanism of IL-lB induction of fibronectin has also been closely linked to 

increased elastase activity in neointimal formation in post cardiac transplant artenopathy 

(Cowan et al. 1996, Oho and Rabinovitch 1994). Elastin peptides act synergistically with 

exogneous IL- 1 B to induce fibronectin synthesis possibly by facilitating IL- 1B receptor 



interactions (Hinek et al. 1996). However, Our recent data suggest that elastin peptides 

mediate an increase in fibronectin synthesis by a post-transcriptional mechanism (Cowan, 

B. et al. 1998, manuscript in preparation)- The selective elastase inhibitor, elafïn, reduces 

elastin mediated IL-LB induction of fibronectin synthesis without affecting steady state 

mRNA levels. Elafin also abrogates the development of post-cardiac transplant coronary 

arteriopathy in expenmental animals (Cowan et al. 1996), suggesting that post- 

transcriptional induction of fibronectin gene regulation is important in neointimal 

formation of occlusive vascular disease. 

III. Fibronectin 

Structure 

Fibronectin is a homodirneric glycoprotein composed of subunits of 220-250 kD linked 

by disulfide bonds which is found in plasma and within extracellular matrix associated 

with cells. AH characterized isoforms of fibronectin are encoded by a single gene 

(Kornblihtt et al. 1996, Komblihtt et al. 1983, Schwarbauer et al. 1983). The -71 kB 

primary transcript of the n t  fibronectin gene contains one transcription initiation site at 

the 5' end and one polyadenylation signal at its 3' end (Patel et al. 1987). This transcript 

is spliced into a 7.5-8.0 kB messenger RNA which contains 45 constitutively spliced 

exons and three exons which are altematively spliced, resuiting in the formation of 

different fibronectin isoforms (Kornblihtt et al. 1996). The fibronectin coding region 

consists of a series of repeats of three different domains (1, II and III) of 40 to 90 arnino 

acids (Figure 3). The three altematively spliced domains include the EIIIA and EIIIB 

regions which are identical to the type III repeat sequence, and the variable (V) region, 

also called type III connecting segment (IIICS), near the carboxy terrninis in which there 

is variable insertion of sequence fragments. The EIIIA and ELIIB regions are spliced out 

in many cell types and are found only in the cell associated and not plasma fibronectin 



Figure 3. Schema of fibronectin subunit structure as described in the text. Diagram 

reprinted from (Zhou 1998) as rnodified from (Kornblihtt et al 1996). 
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(Norton and Hynes 1987). The central segment of fibronectin is the ce11 binding domain 

and is composed of type III repeats (Hynes 1990). 

Fibronectin and Ce11 Migration 

Fibronectin functions as an adhesive protein in the extracellular matnx. Ce11 adhesion to 

the extracellular matrix involves attachment and spreading as well as cytoskeletaI 

reorganization and the formation of focal adhesion contacts (Couchman et al. 1983, 

Grinnell 1978, Thom et al. 1979). These processes are al1 required in ce11 movement. 

The current mode1 of ce11 rnig-ration, based predominantly on studies exarnining fibrobiast 

motility, involves initial extension of the leading edge of the ce11 to f o m  a 

lamellipodium, which is stabilized by cell-substratum adhesion and followed by release 

of adhesions at and retraction of the back end of the ce11 (Stossel 1993). Fibronectin 

plays a role in these steps through its interaction with transmembrane extracellular matrix 

binding proteins, the integrins. Integnns comprise a family of aB heterodimeric 

transmembrane receptors which mediate cell-ce11 adhesion as weIl as cell-extracellular 

matrix interactions (Albelda and Buck 1990) through extracellular domains and are 

linked via intraceilular domains to actin associated proteins and thus to the actin 

cytoskeleton (reviewed in (Juliano and Haskil1 1993)). 

A specific RGD (arginine-glycine-aspartate) sequence located in the 10th type III repeat 

of fibronectin is recognized by ujBl and a$; integrins (Pierschbacher and Ruoslahti 

1984, Ruoslahti and Pierschbacher 1987). An LDV (lysine-aspartate-valine) sequence 

present in the IIICS domains is a cell binding domain which interacts with a& integrins 

characteristic of lymphoid cells (Guan and Hynes 1990). The integrins mediating DA 

smooth muscle ce11 migration on fibronectin are likely a& and a,B3 since their 

interaction is disnipted by RGD peptides (Hynes 1990). Futhermore, ce11 culture studies 

using function blocking antibodies demonstrated that p l  integrins were specifically 



required for adhesion and the onset of DA smooth muscle ceil migration on fibronectin 

while further migration required C X , ~ ~  integrins (Clyman et al. 1998). Clyman et al. 

(Clyman et al. 1996) has also dernonstrated expression of asPl and avP3 integins dunng 

intimal cushion formation in the DA. 

Fibronectin Variant Expression in VascuIar NeointimaI Formation 

Increased expression of the ElIIA fibronectin variant has been demonstrated in 

atherosclerotic tesions where it was expressed specifica!ly in "synthetic" smooth muscle 

cells in the neointima and not i n  "contractile" smooth muscle cells of the media1 layer 

(Shekhonin et al. 1987, Glukhova et al. 1989). Elevated fibronectin synthesis has also 

been dernonstrated in restenotic artenes following angioplasty (Clausell et al. 1995), post 

cardiac transplant arteriopathy described above (Clausell and Rabinovitch 1993) and also 

in the neointima induced by endothelial denudation in which both EIIIA and EIIIB 

fibronectins were expressed (Bauters et al. 1995, Dubin et al. 1995, Ishiwata et al. 1994, 

Madri et al. 1989). The fibronectin EIIIA is also expressed in the arterial neointima 

formed in hypertension where it was mainly associated with intimal smooth muscle cells 

(Pauletto et al. 1994). Although expression of these isoforms is associated with intimal 

smooth muscle cells, their functional significance has not been established. 

Role of Fibronectin in Neointimal Formation 

In vascular neointimal formation fibronectin has been implicated in smooth muscle ce11 

migration as well as in the change in to a 'synthetic' smooth muscle ce11 phenotype. In 

response to fibronectin, cultured smooth muscle cells exhibit loss of myofilaments, 

increased formation of rough endoplasmic reticulum and prominent golgi bodies 

associated with increased RNA and protein synthesis (Hedin et al. 1988, Hedin and 

Thyberg 1987). This effect is blocked by RGD peptides indicating that it is mediated 

through integrins (Hedin et al. 1989). 



With regard to fibronectin-mediated cell migration, it has been proposed that smooth 

muscle celIs miprate d o n g  a gradient of fibronectin concentrations into the 

subendothelium via their interactions with integrins (Thyberg et al. 1990). Fibronectin 

gradient-dependent cell migration has been demonstrated in the formation of the heart 

during embryogenesis (Linask and Lash 1988, Linask and Lash 1988a, Linask and Lash 

1988b). The direction of migration of avian cardiac precursors is dong a fibronectin 

gradient and can be abrogated by antibodies to fibronectin or RGD peptides, resulting in 

inhibition of cardiac development (Linask and Lash 1988, Linask and Lash 1988a, Linask 

and Lash 1988b). This hypothesis for smooth muscle ce11 migration into the 

subendothelium in neointimal formation is supported by the observation that increased 

fibronectin synthesis occumng following vascular injury, is deposited largely in the 

subendothelium (Jones et al. 1997). Furthermore we dernonstrate in the 100 day gestation 

DA that fibronectin expression is rnost intense in the subendothelium (Chapter 2). 

Regulation of Fibronectin Synthesis 

Regulation of fibronectin synthesis by growth factors and cytokines such as EGF, TGF-B, 

PDGF and IFN-y has been shown to involve transcriptional activation (Blatti et al. 1988, 

Chen et al. 1977, Diaz and Jirnenez 1997). However, growth factors and cytokines have 

also been shown to regulate fibronectin expression at a post-transcriptional level through 

modulation of mRNA stability or translational efficiency. TGF-P both increases 

fibronectin gene transcription and mRNA stability (Raghow et al. 1987). IFN-y 

mediated decreased fibronectin synthesis is associated with decreased fibronectin mRNA 

levels by a mechanism which involves increased transcription but destabilization of 

fibronectin mRNA and repression of its translation (Diaz and Jimenez 1997, Levine et al. 

1990). 



Previous studies from our laboratory on the mechanisms of intima1 cushion formation in 

the DA used metabolic labeling to demonstrate an -3-fold increase in secretion of newly 

synthesized fibronectin from DA compared to aortic smooth muscle cells after serum 

stimulation (Boudreau et ai. 1992, Boudreau et al. 1991). Degradation rates of 

fibronectin protein were not specifically examined, however, no differences in relative 

levels of selatin binding fibronectin fragments could be detected between the DA and 

aortic cells. Increased fibronectin synthesis in the DA smooth muscle cells was not 

associated with increased fibronectin mRNA levels or with differences in mRNA stability 

or splicin; in DA as compared to aortic smooth muscle cells (Boudreau et al. 1992), 

suggesting that it may be the result of increased translational efficiency in these cells. 

Zhou et al. (Zhou et al. 1997, Zhou and Rabinovitch 1998) then elucidated a role for an 

ARE (5WUAULTUAU-3') in the 3'-untranslated region (3'-UTR) of fibronectin rnRNA in 

enhanced recruitment of fibronectin mEWA into polyribosomes in DA smooth muscle 

cells, which is described below. 

IV. Topics in Post-transcriptional Regulation of Gene Expression 

Role of 3'-UTR AU-rich EIements (ARE) in mRNA Translation 

AU-rich elements are common regulatory regions within the 3'-untranslated regions of 

mRNAs encoding cytokines and signaling molecules involved in cell growth and 

di fferentiation. These elements have been shown to modulate both mRNA stability and 

translational efficiency. Kruys et al. (Kniys et al. 1987, Kmys et al. 1988) first uncovered 

an inhibitory role for AREs in translational regulation by demonstrating that removal of 

AREs from the 3WTR of F N - P  rnRNA increased its translation - 100-fold in xenopus 

oocytes or  -10-fold in ceIl free translation using reticulocyte lysates, without affecting 

mRNA stability. Further studies demonstrated significant inhibition of recombinant IFN- 

p translation by a single copy of the ARE octanucleotide (5'-UUAUUUAU-3') in its 3'- 

UTR, that was further enhanced when the number of ARE copies was increased (Kruys et 



al. 1989). Similarly AREs from c-fos and GM-CSF 3'-UTRs exhibit an inhibitory effect 

on translation (Kruys et al. 1989). 

Studies using somatic cells have employed chlorarnphenicol acetyl transferase (CAT) 

reporter gene constructs in which the CAT 3'-UTR is replaced with 3'-UTRs containing 

AREs or control 3'-UTRs lacking AREs or in which the AREs have been deleted. This 

methodology was use to assess the role of AREs in the 3'-UTR of TNF-a. Measurement 

of CAT activities demonstrated decreased CAT expression in cells transfected with a 

CAT construct containing the wild type 3WTR of TNF-a. Translation of CAT was 

increased when the ARE elements were deleted from this construct indicating that the 

AREs were inhibiting translation. When mRNA is translated it is recruited into large 

polyribosomes representing multiple ribosornal subunits associated with translation of a 

single rnRNA. Kmys et al. (Kmys et al. 1990) demonstrated less wild type IFN-p mRNA 

associated with polyribosomes compared to recombinant IFN-P mRNA in which the 

ARE was deleted suggesting a role for the ARE in inhibiting IFN-fi mRNA translation 

through decreased recruitment into pol yri bosomes. 

It has been proposed that binding of the mRNA polyadenosine (A) tail to AREs in the 3'- 

UTR of rnRNAs could inhibit poly A binding protein interaction with the poly A tail 

required for translational initiation (Sachs and Davis 1989, Tarun and Sachs 1996). 

Addition of increased poly A tail length to IFN-P mRNA was shown to significantly 

decrease its translational efficiency in reticulocyte lysates while shortening the poly A tail 

or removing the ARE frorn the 3'-UTR as described above enhanced translation (Grafi et 

al. 1993). Furthemore wild type IFN-p mRNA containing AREs failed to form large 

polyri bosomes associated 

mRNA with a shortened 

polynbosomes (Grafi et al. 

with rnRNA translation, in contrast to the mutated IFN-B 

poly A tail which was more efficiently recruited into 

1993). A potential role for binding of the ARE to the poly A 



tail in inhibiting translational initiation and thus mEWA recruitment into poIyribosomes 

was further supported by the observation that the poly A tail inhibits binding of cytosolic 

factors to the ARE. Thus it is hypothesized that the binding of regulatory factors to 

ARES could facilitate release of the poly A tail, allowing for binding of poly A binding 

protein and translational initiation (Grafi et al. 1993). 

Post-transcriptional Regulation of Fibronectin Synthesis in Ductus Arteriosus 

Smooth Muscle Cells 

Early studies had demonstrated an AU rich element (ARE) (5'-UUAUUUAU-3'), now 

known to play an important role in rnRNA stability and translation, in the 3'-untranslated 

region (3'-UTR) of fibronectin mRNA which was conserved among various species 

(Caput et al. 1986, Kornblihtt et al. 1983, Schwarbauer et al. 1983). Zhou et al 

investigated whether the ARE in the 3'-UTR of fibronectin mRNA was involved in 

fibronectin upregulation in D A  smooth muscle cells (Zhou et al, 1997, Zhou and 

Rabinovitch 1998). Primary cultured DA and aortic smooth muscle cells from 100 day 

gestation fetal lambs were transfected with expression plasmids containing the coding 

region of chloramphenico1 acetyl transferase (CAT) reporter gene with its 3'-UTR 

replaced by the fibronectin 3WTR containing wild type or mutated ARE (Zhou et al. 

1997). The translational efficiency of CAT-fibronectin 3'UTR fusion mRNA bearing the 

wild type ARE was sipnificantly greater than that of the mutated ARE containing fusion 

mRNA in both ce11 types. However, the ARE-specific effect was enhanced in DA 

smooth muscle cells which exhibited an -10 fold difference as cornpared to aortic smooth 

muscle cells which exhibited an -6 fold difference. Interestingly, DA smooth muscle 

cells expressin; the wild type but not the ARE-mutated fusion mRNA exhibited a change 

in phenotype to that of the more stellate aortic srnooth muscle ce11 (Figure 4), and also 

exhibited decreased fibronectin synthesis (Zhou et al. 1997). This suggested that the 

ARE of the CAT-fibronectin 3 ' C T R  fusion mRNA was competing for regulatory RNA 



Figure 4. Alteration of cultured DA smooth muscle ce11 phenotype in response to 

transfection with pECE-CAT-FN encoding 'decoy' RNA. Photornicrograph reprinted 

from (Zhou et al. 1997) showing irnrnunofluorescence labeling (red) of CAT in DA 

smooth muscle cells in cuIture (A) after transfection with contro1 plasrnid, pECE-CAT, 

(B) fi bronec tin ARE containing plasmid pECE-CAT-M or (C) ARE-rnutated plasrnid, 

pECE-CAT-FNA. 





binding factors with endogenous fibronectin mRNA, thus resulting in its decreased 

translation. 

Three proteins with molecular masses of -15 kD, 30 kD and 60 k D  were purified from 

sheep aorta on the basis of binding to the fibronectin ARE (Zhou et al. 1997). The -15 

kD band was subjected to partial arnino acid sequencing and was identified as light chah 

3 (LC-3) of microtubule associated protein complexes 1A and B. LC-3 was shown to be 

expressed at greater Ievels in cytosolic extracts from DA compared to aortic smooth 

muscle cells. In RNA gel mobility shift assays in which a [3'~]-1abeled 18-mer 

oligonucleotide probe containing the fibronectin ARE or a [32~]-labeled full length 

fibronectin 3'-UTR probe were incubated with cytosolic proteins from DA smooth muscle 

cells, three binding complexes were identified which were also formed when the probes 

were incubated with recombinant LC-3. Furthemore following W crosslinking, RNAse 

digestion and separation of the complexes on non-reducing SDS PAGE three  PI- 
labeled bands were also distinguished with approximate rnolecular masses of -15, 30 and 

60 kD which could be reduced to a single highly prominent band at -15 kD when 

separated under reducing conditions (with Laemmli SDS PAGE sample buffer containing 

B-mercaptoethanol or DTT) or when incubated with the alkylating agent N- 

ethylmaleimide. Thus it appeared that the higher rnolecular mass binding proteins (-30 

and 60 kD) could represent multimers of the -15 k D  LC-3. A role for LC-3 in post- 

transcriptional fibronectin upregulation was then confirmed by demonstrating that 

transfection of aortic smooth muscle cells with LC-3 results in enhanced fibronectin 

translation to levels observed in DA smooth muscle cells (Zhou et al. 1997). 

The identification of the fibronectin RNA binding protein as LC-3, a protein known to be 

a component of microtubule associated protein complexes 1A and B which co- 

precipitates with in vitro assembled microtubules (Mann and Hammarback 1994) 



suggested that microtubules might play a role in the translational regulation of fibronectin 

(Zhou and Rabinovitch 1998). Microtubule networks have been implicated in storage, 

polarized transport and translational control of rdUJAs (Singer 1992, St Johnston 1995, 

Suprenant 1993). Since fibronectin is a secreted extracellular matrix glycoprotein it must 

be synthesized at rough endoplasmic reticulum bound polysomes and packaged into 

secretory vesicles for Iater reiease. It was thus hypothesized that rnicrotubules may play a 

role in fibronectin rnRNA targeting to membrane bound polysomes for translation. 

Zhou and Rabinovitch (Zhou and Rabinovitch 1998) demonstrated that disruption of 

rnicrotubules with colchicine results in specific inhibition of fibronectin translation in 

cuftured DA smooth muscle cells associated with a shift in fibronectin mRNA 

localization away from membrane bound polysomes into a free ribosome-containing ce11 

fraction, without affecting steady state levels of fibronectin mRNA. This suggested that 

intact microtubuIes play a role in docking of fibronectin mRNA on membrane bound 

polysomes. Furthemore by sucrose density gradient centrifugation and analysis of 

fractions for fibronectin mRNA and LC-3 relative to the polysome distribution, they 

demonstrated that al1 of the fibronectin mRNA was associated with the more dense 

polyribosomes associated with ce11 membranes in untreated DA smooth muscle cells but 

that it  shifted into fractions containing iess dense free ribosomes when the cells were 

treated with colchicine (Zhou and Rabinovitch 1998). This indicated that association of 

fibronectin mRNA with translationally active polynbomes is dependent on intact 

microtubules (Zhou and Rabinovitch 1998). In the untreated DA smooth muscle ce11 

fractionation, LC-3 was found both in the lightest fractions which contained no 

fibronectin rnRNA and at the opposite end of the gradient in association with fibronectin 

mRNA and membrane bound polyribosomes. In the gradient of fractions from colchicine 

treated cells, al1 of the LC-3 was found in the lightest fractions not associated with any 

fibronectin mRNA (Zhou and Rabinovitch 1998). In addition it was demonstrated that a 



higher proportion of total LC-3 was associated with fibronectin mRNA at the 

polyribosomes in DA compared to aortic smooth muscle cells (Zhou 1998). These data 

suggested the presence of a regulatory mechanism in the DA smooth muscle cells which 

modulates LC-3 association with actively translated fibronectin mRNA. 

Role of RNA Binding Protein Phosphorylation in the Regulation of Translation 

Translational regulation plays a key role in the earliest stages of development in which 

rnany mRNAs are stored in translationally inactive forrns for their future use at specific 

stages in development (Sommerville 1992). In xenoprts and clam (spisrda solidissima) 

oocytes serveral materna1 mRNAs are stored as rnasked mRNAs in messenger 

nbonucleoprotein particles (rnRNPs) in which bound proteins repress translation (Richter 

and Smith 1984, Rosenthal Hunt et al. 1980). Two such mRNAs encode the small 

subunit of ri bonucleotide reductase and cyclin A, which are quiescent in oocytes until 

after fertilization when a burst of phosphorylation is associated with recruitment of these 

mRNAs into polyribosomes where they are translated (Walker et al. 1996). Unmasking 

of these mRNAs can be achieved in ce11 free extracts of clam oocytes by addition of 

antisense RNA oligonucleotides which bind to a 130-140 base pair sequence in their 3'- 

UTRs (Standart et al. 1990), a sequence which is also bound by an 82 kD oocyte protein 

in RNA gel mobility shift assays (GMSA). Phosphorylation of this 82 kD protein 

following fertilization is associated with altered migration of ribonucleoprotein 

complexes in the RNA GMSA and with an altered apparent molecular weight of the 

protein in UV crosslinking assays. This alteration in ribonucleoprotein complexes 

containing the nbonucleotide reductase and cyclin A rnRNAs is proposed to cause the 

obsewed recruitment of these complexes into polyribosomes following fertilization. 

Interestingly post-transcriptional regulation of fibronectin has also been dernonstrated in 

early xenopus development in which fibronectin translation is turned on immediately 



after the transition to the rnid-blastula stage (Lee et al. 1984). The mechanism has been 

related to translational activation of previously 'masked' matemal-derived fibronectin 

&NA since inhibition of RNA polymerase II with alpha-aminitin has no effect on the 

activation of fibronectin synthesis at this point in development. Unmasking of 

fibronectin mRNA may be related to phosphorylation of an mRNA binding protein 

resulting in its altered conformation which could conceivably result in unmasking of the 

rnRNA, allowing its recruitment into membrane bound polyribosomes. In Chapter 2 of 

this thesis we examine whether phosphorylation of LC-3 might be associated with 

fibronectin mRNA recruitment to membrane bound polyribosomes. 

Phosphorylation of RNA binding proteins has also been shown to regulate their ability to 

bind to regulatory elements in 3'-UTRs. During mid spermiogenesis in mamrnals, 

haploid germ ce11 transcription is halted as the cells undergo a process of reorganization 

in which somatic and testicuiar histones are replaced by protamines, the arginine rich 

chromosomal proteins found in spermatozoa (reviewed in (Kwon and Hecht 1993)). This 

occurs a time at which major changes in cellular protein synthesis are required for 

spermiogenesis. Thus, just prior to this process, numerous rnRNAs are transcribed and 

stored in the cytoplasm, including the protamines. Masking of the protamine mRNA 

untiI its translation is required, appears to involve binding of an 18 kD protein to 

elements in the 3'-UTR of this mRNA (Kwon and Hecht 1993). Phosphorylation of this 

protein is required in order for it to bind to the mRNA (Kwon and Hecht 1993). Later in 

sperm development when protamine is translated, binding of the 18 kD protein can no 

longer be detected and this is proposed to be the result of dephosphorylation causing 

release of the protein and de-repression of protamine translation (Kwon and Hecht 1993). 



Reactive Oxygen Intermediates and Nitric Oxide in Post-transcriptional Gene 
Regulation 

Increasing evidence supports a role for oxidative stress and NO in modulation of post- 

transcriptional gene regulation. For example, reactive oxygen intermediates produced in 

ischemic hypoxia appear to regulate expression of vascular endothelial derived growth 

factor (VEGF) in vitro and in the intact animal (Kuroki et al. 1996). Levy et al 

demonstrated that VEGF mRNA stability was increased by incubation with extracts from 

hypoxic versus normoxic PC12 cells and was related to increased binding of proteins of 

-17, 28 and 37 kD to a region in the 3'-untranslated region of VEGF mRNA which 

contains two AU-rich elements (5'-UUAUUUA(U/A)(U/A)-3') (Levy et al. 1996a, Levy 

et al. 1996b). This induction of VEGF mRNA stability as well as protein binding to the 

3'-UTR were blocked by genistein, a non-specific tyrosine kinase inhibitor (Levy et al. 

1996b), shown to inhibit hypoxic induction of VEGF expression through its effects on 

srdraf activation (Mukhopadhyay et al. 1995), a cascade which has been shown to lead to 

MAP kinase activation in other systems (Daum et al. 1994). Stimulation of MAP kinase 

activi ty by reac ti ve oxygen intermediates has also been demonstrated (Fial kow et al. 

1994, Abe et al. 1997). It has therefore been proposed that hypoxia induction of VEGF 

mRNA stability may be through MAP kinase phosphorylation of an rnRNA binding 

protein which binds to the VEGF 3'-UTR (Levy et al. 1996b). 

Nitnc oxide has been implicated in the regulation of rnRNA stability and translational 

efficiency. Studies to date have exarnined NO modulation of regulatory factor binding to 

iron response elements (IRES) in the 3' and 5' untranslated regions of mRNAs encoding 

proteins involved in iron metabolism, femtin and the transfemn receptor (Hentze and 

Kuhn 1996. Pantopoulos and Hentze 1995). Iron response elements within the transferrin 

3'-untranslated region increase transferrin mRNA stability by interacting with iron 

regulatory protein 1 (TRP-l), which correlates with induction of transfemn mRNA and 



protein levels after iron deprivation (Koeller et ai. 1989, Mullner et al. 1989). Nitric 

oxide has been shown to increase IRE binding by IRP-1, thus increasing transferrin 

expression through increased mRNA stability (Pantopoulos and Hentze 1995). In 

addition NO has been shown to increase hemoxygenase-1 gene expression through 

increased transcription and mRNA stability (Hartsfield et al. 1997). 

V. Nitric Oxide 

Nitric oxide, N=O., (NO) is a lipid soluble inorganic free radical molecule which has been 

shown to act as an intraceilular and transcellular signaling molecule as well as a cytotoxic 

molecule involved in host defence (reviewed in (Moncada and Higgs 1991)). It is 

produced by a family of NO synthases (NOS) by the oxidation of the terminal nitrogen of 

the amino acid L-arginine to form L-citnilline and NO. The reaction involves molecular 

oxygen and NADPH as CO-substrates as well as several other CO-factors involved in 

oxidation and reduction including heme, reduced thiol groups, FAD, FMN and 

tetrahydrobiopterin (reviewed in (Knowles 1997)). 

In the vasculature, NO has been shown to act dong one of two characterized principal 

pathways which can to date loosely be described in relation to their downstream effects, 

as vaculoprotective or pro-atherogenic. NO activates guanylate cyclase resulting in the 

formation of cyclic GMP, a signaiing molecule which mediates the effects of nitnc oxide 

as a vasodilator and inhibitor of platelet aggregation and thrombosis, inflammatory ce11 

adhesion to the endothelium as well as smooth muscle ce11 proliferation (reviewed in 

(Cohen 1995)) Conversely, when NO is exposed to superoxide (Oz--), they easily 

undergo a reaction to produce peroyxnitnte (ONOO-) which has been shown to proceed 

at three times the rate for superoxide reaction with the superoxide disrnutases (Harrison 

1997, Thomson et al. 1995). Peroxynitrite c m  covalently modifiy nucleic acids, proteins, 



carbohydrates and lipids (reviewed in (Darley-Usrnar et al. 1997)) and has thus been 

proposed to play a role in occlusive vascular disease. 

Nitric Oxide Synthases 

Of the three chmcterized NOS isoforms, two are commonly constitutively expressed 

isoforms and are calcium-calmodulin dependent: Neuronal NOS was first detected in 

neurons where it is involved in neurotransmission (Mayer and Hemmens 1997). 

However, it is also expressed in other cell types including cardiac muscle (Ursell and 

Mayes 1995) and skeletal muscle (Silvagno et al. 1996) in which NO has been shown to 

facilitate myoblast fusion dunng development (Lee et al. 1994). Endothelial constitutive 

NOS (ecNOS) was first identified in vascular endothelial cells and has been shown to be 

involved in the regulation of vesse1 tone and blood pressure as well as inhibition of 

adhesion of platelets and polymorphonuclear granulocytes to the endothelium (Huang et 

al. 1995, Moncada and Higgs 1991). A third isoform, iNOS is not calcium dependent and 

is inducible by a variety of pro-inflammatoiy agents and cytokines including endotoxin, 

IFN-y, TNF-a and I L 1  B. It is expressed in several ce11 types including macrophages, 

endothelial celk and smooth muscle cells (Nathan 1992)- and has been implicated in 

vascular inflammatory responses and associated pathological neointimal formation 

(Akyurek et al. 1996, Beckman and Koppenol 1996, Fellstrom and Larsson 1993, 

Ischiropoulos et al. 1992). Inducible NO synthase (iNOS) expression is increased in cells 

of the neointima forrned in post cardiac transplant coronary arteriopathy (Akyurek et al. 

1996, Ravalli et al. 1997, Russell et al. 1995) as well as in atherosclerosis (Luorna et al. 

1998, Sobey et al. 1995, Wilcox et al. 1997). 

Thus, until recently, ecNOS and iNOS have been the isoforms of interest to vascular 

biologists. However, Wilcox et al. (Wilcox et al. 1997) further demonstrated that while 

iNOS and nNOS are not detected by in situ mRNA hybridization or 



immunohistochernistry in normal human aorta, they are both expressed in endothelial 

cells, macrophages and 'mesenchymal-appearing' intima1 cells of atherosclerotic lesions, 

indicating a potential role for nNOS as well as iNOS in the pathobiology of 

atherosclerosis. 

Nitric Oxide in Neointimal Formation of Vascuiar Disease 

NO can play a protective role against occlusive vascular disease through its cGMP- 

mediared inhibitory effects on platelet adhesion (Gries et al. 1998, Radomski et al. 1987) 

and activation (Diodati et al. 1998) as well as vascular smooth muscle ce11 proliferation 

(Garj and Hassid 1989). However. there is increasing evidence that NO plays a 

pathogenic role in vascular diseases in which the development of intima1 lesions is 

associated with inflammatory processes in which superoxide levels are elevated (Akyurek 

et al. 1996, Arthur et al. 1997, Darley-Umar et al. 1997, Hogp et al. 1993, Ravalli et al. 

1997, White et al. 1994). NO can readily combine with superoxide (Oz-.) to form 

peroxynitrite anion (ONOO-), which can cause LDL and VLDL oxidation (Hogg and 

Kalyanaraman 1998, Thomas et al. 1998) leading to Iipid accumulation in macrophages 

of the vesse1 wall (Fujiwara et al. 1998, Kita et al. 1990, Roma et al. 1990, Whitman et al. 

1998), as well as macrophage apoptosis (Sandoval et al. 1997, Szabolcs et al. 1998). 

Both iNOS expression and superoxide generation (Nunes et al. 1997) are characteristics 

of neointimal formation in occlusive vascular disease. As mentioned above, iNOS 

expression is elevated in atherosclerotic Iesions (Buttery et al. 1996, Luoma et al. 1998, 

Sobey et al. 1995), as well as in PCTA of hurnan (Ravalli et al. 1997) and animal cardiac 

allografts (Akyurek et al. 1996, Russell et al. 1995). Furthemore, the cytokines TNF-a 

and IL-10 induce iNOS expression and nitrïc oxide (NO) reiease in vascular smooth 

muscle cells in culture (Kanno et al. 1993, Koide et al. 1994, Koide et al. 1993). 



Superoxide can be produced by several enzymes including NAD(P)H oxidases, xanthine 

oxidase and NO synthases thernselves. 

Endothelial and smooth muscle cells use membrane bound oxidases which employ 

NADH and NADPH for electron transfer to oxysen which are sirnilar to the neutrophil 

NADPH oxidase (Gnendling et al. 1994, Hamison 1997, Mohazzab et al. 1994, Pagano et 

al. 1995). S uperoxide production by NADPH oxidase in neutrophils plays a bac tericidal 

role and has been shown to occur within 20-40 seconds following the interaction of a 

neutrophil with various inflammatory activators (reviewed in (Rossi 1986)). In contrast, 

NAD(P)H oxidases expressed by vascu1a.r endothelial and smooth muscle celis do not 

exhibit bursts of activity (Mohazzab et al. 1994) and instead have a lower output. These 

oxidases are proposed to play a role in the modulation of NO activity, a hypothesis 

supported by the demonstration that the activity of the vascular NAD(P)H oxidases is 

regulated by the vasoconstrictor angiotensin II as well as several cytokines (Griendling et 

al. 1994, Harrison 1997). 

Xanthine oxidase has been shown to bind to plycosaminoglycans in the extracellular 

matrix as well as on the ce11 surface where it converts xanthine to the oxidants O?-- and 

hydrogen peroxide. Under inflarnrnatory conditions it  has been proposed that xanthine 

oxidase acti vi ty may be increased due to mi tochondrial ATP degradation (reviewed in 

(Darley-Usmar et al. 1997)). Furthemore, the level of xanthine oxidase is increased in 

the plasma of cholesterol-fed rabbits where it associates with heparin binding sites on the 

vesse1 walI and produces excess superoxide (White et al. 1994). 

Superoxide can also be produced by NO synthases (Xia et al. 1998a, Xia et al. 1998b) 

and its production is increased when levels of the tetrahydrobiopterin CO-factor are 

decreased (Xia et al. 1998a). In  inflarnrnatory States where levels of superoxide are 



increased (Koide et al. 1994) peroxynitrite formation may represent one of the earliest 

changes in the pathophysiology of occlusive neointimal formation. The demonstration 

that antioxidants illicit beneficial effects in inhibiting coronary artery disease which 

correlates with their ability to inhibit superoxide production in injured vessels (Nunes et 

al. 1997), supports this proposal. 

Several key observations support the hypothesis that the level of Oz-- relative to NO 

determines whether NO can play a vasculoprotective or pathogenic role in occlusive 

neointimal formation observed in atherosclerosis, PCTA and arterial injury. Both 

overexpression of ecNOS and iNOS in vivo (Fukumoto et al. 1997, Tzeng et al. 1996, 

Varenne et al. 1998, Von der Leyen et al. 1995, Yan and Hansson 1998) or treatment of 

experimental animais with organic NO donors (Marks et ai. 1995) inhibits occlusive 

neointimal formation of vascular disease. However, interestinply, Tzeng et al (Tzeng et 

al. 1996) demonstrated the inhibitory effect of iNOS overexpression of vascular 

neointimal formation required the addition of exogenous tetrahydrobiopterin CO-factor. 

Tetrahydrobiopterin has been shown to inhibit NOS production of O?-- and stimulate NO 

release (Xia et al. 1998a) which might in this situation sway the balance of NO and 0 2 - -  

levels such that NO was in excess. 

The finding that NO dependent relaxation, a cGMP-rnediated effect of NO, is impaired in 

atherosclerotic vessels (Freiman et al. 1986a, Verbeuren et al. 1986) supports the 

hypothesis that high Oz-. levels sequester NO into ONOO-, inhibiting its cGMP-mediated 

effects. Several groups have proposed that plasma cholesterol increases Oz-. production 

by the vesse1 wall which inactivates NO (Gryglewski et al. 1986, Ohara et al. 1993, 

White et al. 1994). Mugge et al (Mugge et al. 1991) demonstrated that endothelial 

dependent vasodilation could be improved by increasing superoxide dismustase levels in 

atherosclerotic aortic rings in organ culture. Furthemore, Pritchard et al (Pritchard et al. 



1995) dernonstrated that native LDL increases endothelial ce11 release of 02.- by greater 

than 4-fold and NO by 57% but increases total reactive nitrogen species by 20-fold. 

Addition of excess L-arginine in LDL or the NO synthase inhibitor, L-NAME, to LDL- 

treated endothelial celIs but not control untreated endothelial cells, inhibited the release of 

0 2 . -  indicatinp that LDL alters NO metabolism by increasing ecNOS generation of 02.- 

(Pritchard et ai. 1995). 

Nitric Oxide and Cell Migration 

Since iNOS is expressed in smooth muscle cells durinj neointimal formation it has also 

been proposed that NO rnay play a role in acquisition of the neointimal rnigratory smooth 

muscle ce11 phenotype (Yan and Hansson 1998). In ce11 culture NO has been shown to 

both increase (Brown et al. 1998, Ziche et al. 1994) or decrease &au and Ma 1996, 

Sarkar et al. 1996) migration of both endothelial and smooth muscle cells. These 

apparently conflicting results may be due to alterations in NO-dependent signaling in 

cells which have been subcultured. Activity of the cGMP dependent kinase, a NO 

signaling molecule, is down regulated in subcultured smooth muscle cells (Brown et al. 

1998) in which NO was shown to have no effect (Brown et al. 1998) or an inhibitory 

effecr on ce11 migration (Sarkar et ai. 1996). In pnmary cultured rat aortic smooth muscle 

cells which continue to express cGMP dependent protein kinase, the organic NO donor, 

S-nitroso-N-acetylpeniciliamine (SNAP) (100 PM), but not its inactive analogue (N- 

acetylpenicillarnine), caused a significant increase in migration in scratch gap assays over 

34 hours (Brown et al. 1998). NO may thus also play a role in the smooth muscle cell 

migration associated with vascular neointimal formation. 

In the studies examining the effect of NO on endothelial ce11 migration, when a HCTVEC 

(human urnbilical vein endothelial cells) ce11 line was used, NO elicited an inhibitory 

effect on migration in ce11 culture (Lau and Ma 1996) or only a permissive effect (Noiri et 



al. 1997). However, when angiogenesis was srudied in the rabbit cornea as an indicator 

of ce11 migration in vivo, the NO donor, sodium nitroprusside was shown to enhance 

endothelial ce11 migration while the NO synthase inhibitors, NO-monomethyl-L-arginine 

(L-NMMA), Na-nitro-L-arginine (L-NNA) or Nu-nitro-L-arginine methyl ester (L- 

NAME) abolished it (Ziche et al. 1994). Furthemore, aorta denuding expenments 

demonstrated increased ecNOS expression at the leading edge of miprating endothelial 

cells involved in wound healing, suggesting a role for NO in the migratory phenotype of 

these cells (Poppa et al. 1998). 

Interestingly in endothelial and smooth muscle cell CO-cultures, smooth muscle ce11 

migration is inhibited by an NO-dependent mechanism as one rnight expect in the healthy 

intact vessel. However, when oxidized LDL is added to the cultures at levels relevant to 

those rneasured in patients with coronary artery disease, the inhibitory effect of the 

endothelium is abolished (Gorog and Kovacs 1998). Since LDL has been shown to 

impair cGMP-dependent effects of NO (ie. vasodilation) (Freiman et al. 1986b, 

Verbeuren et al. 1986) and to increase ecNOS production of 02.- (Pritchard et al. 1995) it 

is possible that NO stimulation of smooth muscle cell migration occurs in vascular 

disease through the action of peroxynitrites. 



HYPOTHESES : 

1. Transfection of the 90 d. fetal lamb DA in utero with an expression plasmid construct 

containing the coding region of chloramphenicol acetyl transferase upstrearn from the 

wild type 3'-UTR of fibronectin M A  inhibition of fibronectin synthesis, and prevent 

neointimal formation in the DA. 

II. Increased NO production in DA as compared to aonic srnooth muscle cells regulates 

increased LC-3 expression and phosphorylation causing increased binding affinity for the 

ARE of the 3' UTR of fibronectin mRNA and enhanced translation of fibronectin. 

III. TNF-u stimulates NO production in coronary artery smooth muscle cells which 

regulates increased fibronectin synthesis by enhanced LC-3 expression and binding to the 

ARE of the 3' UTR of fibronectin W A .  



1. To use HVJ liposomes to tmnsfect the 90 d. fetal DA in utero with expression plasrnid 

encoding the CAT coding region linked to the 3' UTR for fibronectin mRNA, to inhibit 

fibronectin synthesis in the DA and inhibit neointimal formation. 

This will (a) establish the role of increased fibronectin synthesis in smooth muscle ce11 

migration in neointimal formation, and (b) test a novel form of gene therapy which could 

allow for the engineering of a patent DA in infants with ductus-dependent congenital 

heart disease. 

II. a. To demonstrate increased NO production in cultured smooth muscle cells from late 

gestation (LOO d.) and to determine which isoform(s) of NO synthase are upregulated in 

the 100 d. gestation DA and may be responsible for enhanced fibronectin synthesis in DA 

srnooth muscle cells. 

b. To determine whether NO regulates fibronectin synthesis in DA smooth muscle cells 

by a post-transcriptional mechanism involving NO induction of LC-3 expression, 

phosphorylation andor enhanced binding of LC-3 to the 3' UTR of fibronectin mRNA. 

III. To examine whether TNF-a induction of fibronectin synthesis in coronary artery 

smooth muscle cells is mediated by induction of NO production and NO-dependent 

increased LC-3 binding to the 3' UTR of fibronectin rnRNA. 



CHAPTER ONE 

GENE TRANSFER LN UTERO BIOLOGICALLY ENGINEERS A PATENT 

DUCWS ARTERIOSUS IN LAMBS BY ARRESTUVG FIBRONECTIN- 

DEPENDENT NEOINTIMAL FORMATION 



INTRODUCTLON 

Neointimal formation is common to vascular diseases but occurs as a normal 

developmental process in the ductus artenosus @A) in late gestation as a prerequisite for 

complete anatomical closure of this vessel following its constriction at birth 

(Gittenberger-de Groot et al. 1985, Silver et al. 1981). In a strain of dogs with hereditary 

persistent patent DA, neointimal formation does not occur (Gittenberger-de Groot et al. 

1985). Furthemore, in neonates exposed to rubella infection in utero (Gittenberger-de 

Groot et al. 1980a) and in prernature infants (Gittenberger-de Groot et al. 1980b), lack of 

intimal cushion formation is associated with postnatal patency of the DA. 

In neonates with congenitai heart defects involving severe right or left sided obstruction, 

maintenance of ductal patency is critical as a bridge to life-saving corrective surgery, and 

has been achieved with E type prostaglandins (Host et al. 1988, Olley et al. 1976). 

However, the use of prostaglandins is associated with many senous side effects including 

hypotension, cardiac rhythm and conduction disturbances, hypoventilation and apnea, and 

pyrexia (reviewed by (Hallidie 1984)). Therefore strategies aimed at preventing the 

formation of intimal cushions in the DA rnight be of advantage in maintaining postnatal 

patency of this vessel. 

Intima1 cushion formation in the DA involves fragmentation of elastic laminae, and 

upregulation of smooth muscle ce11 fibronectin synthesis which mediates their migration 

into a glycosarninoglycan-enriched subendothelium (Boudreau et al. 1992, Boudreau and 

Rabinovitch 199 1, Boudreau et al. 199 1). Our previous studies demonstrated that 

fibronectin synthesis is increased in fetal larnb DA smooth muscle cells at the onset of 

intimai cushion formation at LOO days gestation, and decreased to baseline levels at 138 

days gestation when the process is complete (term = 145 days) (Boudreau and 

Rabinovitch 199 1). 



We further showed that the increase in fibronectin synthesis is regulated by enhanced 

mRNA translation (Boudreau et al. 1992). The mechanism involves the interaction of an 

RNA binding protein, identified as light chah 3 (LC-3) of rnicrotubule associated protein 

IA and LB, with an AU nch element (ARE) in the 3'-un~anslated region (3'-WTR) of 

fibronectin rnRNA (Zhou et al. 1997). In these studies cultured DA smooth muscle cells 

were transfected with chloramphenicol acetyl transferase (CAT) expression plasmid 

encoding an rnRNA in which the 3'-UTR of CAT was repiaced with the 3'-UTR of 

fibronectin (pECE-CAT-FN). CAT activity was enhanced in rhese cells compared to 

those transfected with plasmid encoding a mutated ARE in the fibronectin 3'-UTR (pECE- 

CAT-FNA), which would no longer bind LC-3. At the same time, transfection with the 

wild type expression plasmid (pECE-CAT-FN) suppressed endogenous fibronectin 

synthesis and resulted in a switch from an elongate motile ce11 phenotype to a stellate 

phenotype. This suggested that the CAT-fibronectin 3'-UTR mRNA was acting as a 

'decoy RNA', sequestering LC-3 away from endogenous fibronectin rnRNA and thus 

inhibiting its translation (Zhou et al. 1997). 

These observations suggested a strategy whereby transfection of the fetal Iarnb DA in 

utero with pECE-CAT-FN plasmid would similarly result in sequestration of LC-3, 

reduction in fibronectin synthesis and inhibition of smooth muscle ce11 migration and 

intimd cushion formation. To test this, we uansiently isolated and transfected the DA of 

90 day gestation fetal lambs, with pECE-CAT-FN or with the mutant non-LC-3 

sequestering construct, pECE-CAT-FNA, and confirmed that fibronectin synthesis was 

inhibited with pECE-CAT-FN. The lambs survived to term (145 days) and delivered 

spontaneously. We confirmed abrogation of intima1 cushion formation and increased DA 

lurninal patency at birth. 



METHODS 

Preparation of HVJ-Liposomes 

Plasmid expression vectors were previously constructed in which the 3'-untranshted 

region of a reporter gene encoding the bacterial protein CAT (chloramphenicol acetyl 

transferase) was replaced with the 3'-UTR of fibronectin mRNA containing the AU nch 

element to which LC-3 binds (5'-UUAUUUAU-3') (pECE-CAT-FN) (Zhou et al. 1997). 

Expression vector constructs were also made in which the ARE of the fibronectin 3'-UTR 

was mutated to GGAGGGAG such that it would not bind LC-3 (pECE-CAT-FNA) (Zhou 

et al. 1997). HVJ liposomes were prepared as previously described (Kaneda et al. 1989). 

Briefly, lipid layers for liposome preparation were constructed by evaporation of lipid 

mixtures under nitrogen gas using a rotary evaporator (Yamato Scientific, Orangeburg, 

NY). For each liposome preparation, phosphatidylserine (6 mg) (Avanti Polar Lipids, 

Alabaster, AL), phosphatidylcholine (1.25 mg) and cholesterol (2.5 mg) (Sigma, St. 

Louis, MO), were dissolved together in chloroform and evaporated under nitrogen gas to 

forrn a thin film of lipid on a glass tube. Plasrnid DNA (200 pg in 80 pl) was pre- 

incubated for one hour at room temperature with 65 pg HMG (high mobility group)-1,-2 

protein (WAKO, Richmond, VA). HMG-1,-2 has been shown to facilitate plasmid DNA 

entry into the ceil nucleus (Kaneda et al. 1989). The DNA-HMG-1,-2 complex is added 

to the lipid layer, vortexed for 30 seconds and then incubated at 37 OC for 30 seconds. 

This cycle of vortexing and incubation was repeated eight times followed by sonication in 

a bath type sonicator and a fiml vortex for 30 seconds. 

UV-inactivated HVJ on the surface of the liposomes facilitates the transfer of DNA into 

the cells of the vascular wall (Monshita et al. 1995, Mann et al. 1997). HVJ was 

propagated in embryonated eggs in the laboratory of Dr. Y. Kaneda, Osaka University, 

Japan, and purified from chonoallantoic fluid as follows. Chorioallantoic fluid (100 ml) 

was centrifuged at lOOOg for 10 minutes at 4 OC. Supernatants were collected and 



pelleted at 27 0OOg in a Sorvail centrifuge using an SS34 rotor. Pellets were resuspended 

in 20 ml balanced salt solution (BSS) (137 mM NaCl, 5.4 rnM KCl, 10 mM TRIS-HC1 

pH 7.6) and pelleted again at 27 000g. The resultant pellet was kept in 2.5 ml fresh BSS 

at 4 OC for 12 hours and then gently resuspended in BSS and centrifuged at 1OOOg for 10 

minutes. The titer of virus in the supernatant was determined by spectrophotometry. An 

absorbante of 1.0 at 540 nm corresponds to 15 000 hemagglutinating units (HAU) of 

HVJ. HVJ was inacrivated by ultraviolet irradiation with 198 rnJ in a Stratalinker 1800 

UV crosslinker (Stratagene, La Jolla, CA). 

Liposomes containing 300 pg of DNA (pECE-CAT-FN or pECE-CAT-FNA) were mixed 

with 37 000 HAU of W-inactivated HVJ and placed on ice for 10 minutes. BSS (2.5 

mVHVJ-liposome mixture) was added and the mixture was incubated at 37 OC for 90 

minutes with shaking (120 rpm). HVJ-liposomes were then separated from free HVJ on a 

sucrose density gradient consisting of 30% and 60% sucrose. HVJ-liposomes were 

collected from the top of the 30% sucrose layer after ultracentrifugation at 62 800g for 3 

hours at 4 OC in a SWSS Ti rotor in an LS-65 ultracentrifuge (Beckman Instruments, 

Mississauga, ON). The HVJ-liposomes were then washed in BSS and pelleted again at 

27000g. 

Srrrgical Procedure 

Al1 experirnents were performed with either Dr. Jean-Luc Bigras or Dr. Stacy O'Blenes 

under a protocol approved by the Animal Care Cornmittee of The Hospital for Sick 

Children and in accordance with the guidelines of the American Physiological Society. 

Pregnant ewes at 90 days gestation were anesthetized with intravenous sodium thiopental 

(1 g intravenous), intubated and ventilated with halothane (1.5%) and oxygen. Midline 

laparotomies were camed out and the uterus incised to expose the left forelimb and chest 

of the fetus. A left thoracotomy was then performed and the pencardium incised to 



expose the great vessels and DA. The DA was first clamped at the aorta using a vascular 

microserrafine (Fine Science Tools, Vancouver, BC). The main pulmonary artery was 

clamped at its bifurcation and the right and left pulmonary arteries were then clamped at 

their origin (Figure 5). Pre-wmed saline (1 ml) was used to flush out the isolated area 

via a butteffly needle (22 gauge). The HVJ-liposome mixture or saline control (1 ml) was 

injected through the sarne needle and left for 10 minutes. The needle was then removed 

and the clamps were released. The chest of the fetus was closed, and the fetus was placed 

back into the uterus. Saline was used to replace losr arnniotic fluid before closure of the 

uterus. Penicillin (500 mg) and streptomycin (1 g) were adrninistered to the ewe before 

and at 2 and 4 days after surgery. To assess fibronectin synthesis and possible changes in 

the expression of other ARE containing genes, fetal larnbs from each transfected group 

were sacrificed at 100 days gestation and DA tissue obtained. To assess endpoints of 

neointimal and media1 thickening and lumen area, as well as CAT irnmunohistochemistiy 

described below, lambs were sacrificed following spontaneous delivery at term (145 days 

gestation). 

Artalysis of Fibronectin Synthesis 

One hundred day gestation DAs were cut into 1 mm square pieces and placed in organ 

culture for 1 hour with 2 ml senim-free and cysteinefmethionine-free medium 199 

containing 1% bovine serum albumin. The culture medium was replaced and 10 pCi/ml 

of [3sS]-methionine (Arnersham, Buckinghamshire, England) was added for four hours. 

Total secreted protein synthesis was then analyzed in tnplicate from 50p1 aliquots of 

culture medium by trichloroacetic acid precipitation followed by liquid scintillation 

spectrometry. To extract newly synthesized fibronectin, 1 ml aliquots of culture medium 

were incubated with 100 p1 gelatin 4B-sepharose beads overnight at 4 OC. The beads 

were washed three times in PBS. Bound fibronectin was then eluted from the beads into 

100 pl SDS PAGE sarnple buffer (5% B-mercaptoethanol, 2% SDS, 10% glycerol, 62.5 



mM TRIS-HCl pH 6.8) by boiling for five minutes and the sarnples were separated on 

6% SDS polyacrylarnide gels. Gels were fixed in 5% acetic acid/lO% methanol and 

soaked in Amplify (Amersham) for 15 minutes before drying under vacuum at 80 OC on a 

Mode1 443 slab dryer (Bio-Rad, Hercules, CA). Dned gels were exposed to Kodak X- 

OMAT AR film for two to four days and the 220 kD bands corresponding to fibronectin 

were compared using densitometric analysis with Molecular Analyst software for 

Macintosh cornputers. Identification of the 720 k D  band as fibronectin has been 

confirmed in Our Iaboratory by western immunoblotting(Boudreau and Rabinovitch 

199 1). 

Morphometry 

Image Pro Plus software was used to obtain measurements of DA intimal and medial 

thickness, luminal area and vessel perimeter from Movat pentachrome stained sections. 

Mean intimal and medial thickness were cdculated using the program based on the entire 

intimal and media1 area of the vessels, the latter corrected for vessel extemal perimeter. 

Because of the variability in vessel size, we calculated luminal area relative to media1 

area. 

Zmnzrinohisfochernisby 

Immunoperoxidase staining of DA and aorta from transfected and control sheep at birth 

was perfonned on 3% parafomaldehyde fixed tissue sections embedded in paraffin. 

Paraffin was extracted by two washes for 15 minutes in xylene. Sections were re- 

hydrated by successive 5 minute washes in decreasing concentrations of ethanol. The 

sections were then washed twice in 0.1%BSA/PBS and imrnersed in 1% hydrogen 

peroxide/methanol to block endogenous peroxidase activity. Following two washes in 

O.l%BSA/PBS, the sections were blocked for non-specific cross reactivity in normal 

horse semm (1:lO) (for fibronectin) or in normal goat serum (1:lO) (for CAT). The 



sections were then incubated ovemight at 4 OC in one of the following pnmary 

anti bodies: monoclonal antibody to human fi bronectin (Chernicon, Temecula, CA, 

1: 100), or polyclonal antibodies to CAT (5 prime-3 prime, Boulder, CA, 1:100). For al1 

immunohistochernical analysis, negative controls were incubated with mouse or rabbit 

IgG instead of the primary antibody. The sections were then washed and incubated for 

one hour at room ternperature in secondary antibody: goat anti-mouse horseradish 

peroxidase or goat-anti rabbit horseradish peroxidase (Vectastain, Burlingame, CA, 

1: 10000) before developing in 3,3'-diaminobenzidine (25 mg in 50 ml 0.006% HIO.>/ 50 

mM TRIS pH 7.6) and counterstaining with haematoxylin. 

Western lmrnunoblot Analysis 

Protein extracts (15 p; per lane) from DAs harvested at 100 days gestation were 

separated by SDS polyacrylamide gel electrophoresis and transferred to a PVDF 

membrane under non-reducing conditions. Blots were blocked for one hour in TRIS- 

buffered saline (TBS) containing 0.1% tween-30 and 5% non-fat dry milk and probed 

with monoclonal antibodies to fibronectin (Sigma, 1 :5OO), c-fos (1: 100) or c-myc 

(Oncogene Research Products, Cambridge, MA, 1: 100) for one hour at room ternperature. 

Blots were washed with TBS containing 0.1% tween-20 followed by incubation with 

peroxidase-conjugated goat anti-mouse IgG (Vectastain, 1 :3OOO). The blots were washed 

and developed using enhanced chemiIuminescence western blotting detection reagents 

(Amersharn). 

Stahahstical A nalysis 

A one way analysis of variance (ANOVA) was used to detect differences in DA 

fibronectin and morphometric assessments of intima1 and medial thickness and luminai 

area described above, and post-hoc comparison of individual groups was camed out 



using a Fisher's test. In al1 analyses, differences were considered statistically significant 

when p<O.O5. 

RESULTS 

To precede the upregulation of fibronectin synthesis observed at the onset of intima1 

cushion formation (100 days gestation in fetal larnbs) (Boudreau and Rabinovitch 1991), 

gene transfer was performed on 90 day gestation fetal lambs. Transient isolation of the 

DA was accomplished in utero by lateral thoracotomy, and hemagglutinating virus of 

Japan (HVJ)-liposomes containing pECE-CAT-FN or the mutant plasmid pECE-CAT- 

FNA were injected (Figure 5).  To control for effects related to the surgical procedure 

alone, the DA was isolated and injected with saline instead of liposomes in a third group 

of lambs. A fourth group consisted of untreated twins of the transfected and saline 

injected lambs. 

To confirm that transfection with pECE-CAT-FN inhibits fibronectin synthesis at the 

tirnepoint associated with its upregulation, transfected and twin untreated DAs were 

harvested at 100 days gestation and fibronectin synthesis was assessed by gelatin 

sepharose purification (Figure 6a and b). Relative to the twin untreated control lamb 

DAs, transfection with pECE-CAT-FN resulted in a greater reduction in fibronectin 

synthesis when compared ta pECE-CAT-FNA (p<0.05) (Figure 6a and b). 

Immunohistochemical analysis correIated with the biochemical assessrnents of 

fibronectin synthesis (Figure 6c). Expression of fibronectin was abundant in the 

subendothelium and throughout the media of control untreated DAs Figure 6c, untx) and 

was present in pECE-CAT-FNA transfected lamb DAs (Figure 6c, A), but was not 

detected in the media of DAs transfected with pECE-CAT-FN (Figure oc, wt). 



Figure 5 Transfection of the fetal lamb DA in utero at 90 days gestation. 

Photographs illustrating a, accessing the thorax of the fetal lamb with the forelimb 

exteriorized, b, isolation of the great vessels @A= ductus artenosus, Ao=aorta, mPA=main 

pulmonary artery), and c, microserrafine occlusion of the main PA, left and nght branches of 

the PA and distal DA ai the Ao, followed by injection of the HVJ-liposomes using a butteffly 

needle. 





Figure 6. Effect of pECE-CAT-FN transfection on fibronectin synthesis and 

distribution in the DA at 100 days gestation. A, Representative autoradiograph of afinity 

purified [%]-methionine labeled fibronectin separated by SDS PAGE from pECE-CAT-FN 

(Iane 2 )  transfected and pECE-CAT-FNA (Iane 4) transfected compared to twin untreated 

control (lanes 1 and 3) DAs, metabolically labeled for four hours in organ culture at 100 days 

gestation. B, Densitometric analysis comparing fibronectin synthesis from pECE-CAT-FN 

(wt) transfected to pECE-CAT-FNA (A) transfected DAs expressed as a percentage of 

synthesis in twin untreated controls. ReIative to twin untreated controls, fibronectin 

synthesis in DAs transfected with pECE-CAT-FN (wt) was less than in DAs transfected with 

pECE-CAT-FNA (A) (p<O.OS). Bars represent mean + SEM. (n=3 sets of twins). 

C ,  Immunohistochemical anaiysis of fibronectin expression in twin untreated (untx) 

compared to pECE-CAT-FN (wt) or pECE-CAT-FNA (A) transfected DAs shows that the 

abundant expression of fibronectin in the media of the untreated (untx) DA is lost in the 

pECE-CAT-FN (wt), but persists although somewhat less, in the pECE-CAT-FNA (A) 

transfected DA. 







Western immunoblotting confirmed that total fibronectin was reduced in pECE-CAT-FN 

transfected relative to pECE-CAT-FNA transfected and untreated controls (Figure 7). A 

reduction in fibronectin in pECE-CAT-FNA transfected relative to untreated controls was 

not, however, appreciated (Figure 7). The CAT-fibronectin 3'-UTR mRNA could aiso 

conceivably serve as a decoy RNA sequestering regulatory factors binding to other ARE 

containing mRNAs. Therefore we also used western immunoblotting to assess 

expression of proteins derived from ARE-containing mRNAs which might be relevant to 

intima1 cushion formation such as those involved in ce11 division and differentiation 

(Figure 7). Expression of c-myc and c-fos was unaffected by transfection with pECE- 

CAT-FN or the mutated control plasrnid pECE-CAT-FNA relative to twin untreated 

controls (Figure 7). 

Immuno histochemical anal ysis of bacterial reporter gene CAT at term reflec ted the 

sustained effect of gene transfer (Figure 8). In the pECE-CAT-FN transfected DAs 

harvested from term lambs, CAT protein expression was present throughout the 

endothelium and the media where the srnooth muscle cells were cimrnferentially oriented 

(Figure 8, wt). In pECE-CAT-FNA transfected DAs, CAS was largely absent in the fully 

formed neointima which may be due to loss of expression of the plasmid in actively 

proliferating smooth muscle cells (Figure 8, A). The distribution in the media was patchy 

but was evident in elongated smooth muscle cells oriented perpendicular to the intima 

and lumen of the vesse1 (Figure 8, A). 

Gittenberger-de Groot et al. (Gittenberger-de Groot et al. 1980b) and others (Homblad 

1967, Silver et al. 1981, Yoder et al. 1978) have previously described the rnorphologic 

features of the term DA associated with normal anatomical closure postnatally, including 

extensive intima1 cushions as well as the formation of media1 indentations (Hornblad 

1967) attnbuted to postnatal DA constriction (Gittenberger-de Groot et al. 1980b). In 



Figure 7. Effect of pECE-CAT-FN transfection on total fibronectin, c-rnyc and c- 

fos. Imrnunoblot analysis (representative of two experiments with similar results) of 

fibronectin, c-myc and c-fos expression in pECE-CAT-FN (lane 2) and pECE-CAT-FNA 

(lane 4) transfected DAs compared to twin untreated controls (lanes 1 and 3). Total 

fibronectin in the DA at 100 days gestation was markedly decreased following pECE- 

CAT-FN transfection, but not after transfection with the mutated ARE plasrnid, pECE- 

CAT-FNA. Transfection with pECE-CAT-FN or pECE-CAT-FNA did not appreciably 

alter c-fos or c-myc. 
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Figure. 8. CAT reporter gene expression in pECE-CAT-FN and pECE-CAT-FNA 

transfected DAs at term. Representative medium (10X) and high (40X) power photographs 

of CAT imrnunohistochemistry in term DAs transfected at 90 days gestation with pECE- 

CAT-FN (wt) or pECE-CAT-FNA (A), or saline injected (sal). CAT reporter gene expression 

was detected in both the endothelium (E) and media (M) of pECE-CAT-FN transfected DAs, 

while in pECE-CAT-FNA transfected DAs CAT was largely absent in the intima (1) and is 

patchy in the media (M). Note the circumferential orientation of CAT expressing smooth 

muscle ceils (arrow) from the inner media of the pECE-CAT-FN transfected DAs in contrast 

to the smooth muscle cerls from pECE-CAT-FNA or saIine injected DAs, which have their 

Iong axis oriented towards or perpendicular (arrowhead) to the lumen of the vessel. CAT 

imrnunoreactivity is absent from the saline control vessels. 





addition, the closing DA has a smaller lumen due to medial thickening as a result of 

increased number of smooth muscle ce11 laminae, during the second half of gestation 

(Silver et al. 198 1). Movat pentachrome staining of the pECE-CAT-FN transfected DA at 

term showed inhibition of intimal cushion (IC) formation (Figure 9a and b) and lack of 

rnedid indentations (MI), features observed in DAs transfected with mutant pECE-CAT- 

FNA as well as in saline injected or untreated controls (Figure 9a). The lumen was visibly 

larger in the pECE-CAT-FN transfected compared to pECE-CAT-FNA transfected, saline 

injected and twin untreated control DAs (Figure 9a) and distances between elastic larnellae 

were reduced (Figure 9b). 

Morphometric analysis revealed that intimal thickness was reduced by -60-70% in 

pECE-CAT-FN transfected DAs compared to pECE-CAT-FNA transfected, saline 

injected or untreated controls (p<0.05 for al1 comparisons) (Figure lOa). Media1 

thickness relative to vesse1 perimeter was decreased by -20-25% in pECE-CAT-FN 

transfccted DAs compared to pECE-CAT-FNA transfected, saIine injected and twin 

untreated control vessels (Figure lob). The difference between pECE-CAT-FN 

transfected and saline injected or untreated control vessels was significant (pc0.05) 

(Fisure lob). DA luminal area relative to media1 area was significantly increased in 

pECE-CAT-FN transfected vessels compared to both saline injected and untreated 

controls (pc0.05) (Figure 10c). 

DISCUSSION 

In this study we used a gene transfer approach in ufero to inhibit intimal cushion 

formation and achieve increased luminal patency of the DA at term. The fetal larnbs 

were able to survive the thoracotomy and extensive manipulation of the great vessels at 

90 days gestation, developed normally and deiivered spontaneously at term. Using a 

strategy which produced decoy RNA by transfecting with expression plasrnid encoding 



Figure 9 Representative photornicrographs of movat stained sections of pECE-CAT- 

FN transfected and control DAs at term. A, Representative low power (2.5 X) 

photornicrographs of Movat stained sections demonstrating a larger lumen and lack of media1 

indentation (MI) in pECE-CAT-FN (wt) transfected compared to pECE-CAT-FNA (A) 

transfected, saline injected (sal) or twin untreated (untx) DAs at term. B, Representative 

medium (10 X) and high (40 X) power photomicrographs of Movat stained sections 

demonstrating lack of intima1 cushion (IC) formation in pECE-CAT-FN (wt) transfected 

compared to pECE-CAT-FNA (A) transfected, saline injected (sal) and twin untreated (untx) 

control DAs at term. The interlamellar distances are also markedly reduced in the pECE- 

CAT-FN (wt) transfected DAs compared to the control proups. 
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Figure 10. Intima1 and medial thickness and Iumenal area in pECE-CAT-FN 

transfected and control DAs at term (145 days). Histograms demonstrating 

quantitative analysis of A, mean intimal thickness, B, mean DA medial thickness relative 

to vesse1 perimeter. and C, lurninal area relative to medial area at term in pECE-CAT-FN 

(wt) transfected compared to pECE-CAT-FNA (A) transfected, saline injected (sal) or 

twin untreated (untx) DAs. Transfection with pECE-CAT-FN causes a decrease in mean 

intimal thickness relative to pECE-CAT-FNA transfected, saline injected, and twin 

untreated controls (*pc0.05 for al1 comparisons) and a decrease in mean medial thickness 

relative to saline injected and twin untreated controls ( " ~ ~ 0 . 0 5  for both). Lurninal area 

relative to media1 area was increased in pECE-CAT-FN transfected vessels compared to 

saline injected and untreated controls (*pcO.OS for both). Bars represent mean t SEM, 

n=4 except for the twin untreated control group where n=7. 
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recombinant CAT-fibronectin 3'-UTR mRNA, we successfully targeted fibronectin- 

dependent smooth muscle cell migration at the onset of intimal cushion formation. In 

contrast, controls transfected with pECE-CAT-FNA in which the ARE site of the 

fibronectin 3WTR was mutated such that i t  wouId not bind LC-3, exhibited no 

significant difference in intimal cushion thickness or medial wdl  thickness compared to 

larnbs which had undergone the sarne surgery with saline injection. or no treatment of the 

DA. 

The HVJ-liposome transfection method was chosen because it is a highly efficient gene 

transfer technique in blood vessels (Kaneda et al. 1997, Mann et al. 1997, Morishita et al. 

1995). In this study we confirmed efficacy by showing CAT imrnunostaining at term, 55 

days after initial transfection. There was no evidence of inflammatory response or 

morphologie abnomalities in adjacent blood vessels such as the pulmonary artery or 

aorta, and there were no evident systemic effects which could be attributed to the HVJ- 

iiposomes. While we chose to use a direct surgical approach to isolate the DA, the same 

gene transfer strategy could be applied in rttero using a catheter based technique (Rome et 

al. 1994). This would require design of a double balloon catheter appropriately tailored 

to occhde both ends of the DA. 

Previousiy we had shown, in collagen gel assays, that migration of cultured smooth 

muscle cells harvested from the 100 day gestation larnb DA was increased relative to 

cells from the aorta and that the enhanced migration could be inhibited by disrupting cell- 

fibronectin interaction with either RGD peptides or fibronectin antibodies (Boudreau et 

al. 1991). Our present study establishes the critical importance of fibronectin-dependent 

smooth muscle migration in the formation of the DA intimal cushions. We also show 

that the previously demonstrated (Zhou et al. 1997) post-transcriptional mechanism 

responsible for upregulation of fibronectin synthesis in cultured DA smooth muscle cells, 



is operational in the intact animal. Further examination of this mechanism has 

demonstrated that by binding the ARE in the fibronectin 3'-UTR, the rnicrotubule 

associated protein LC-3 facilitates recmitment of fibronectin mRNA to the polyrïbosomal 

translational machinery, a process which requires an intact microtubule network (Zhou 

and Rabinovitch 1998). 

The ARE-specific effect of pECE-CAT-FN transfection on cell migration was 

particularly evident in the analysis of CAT expression by immunohistochernistry, where 

pECE-CAT-FNA-transfected smooth muscle cells expressed CAT but maintained a 

migratory phenotype in contrast to the pECE-CAT-FN transfected cells which becarne 

stellate. The ARE specificity was also demonstrated by the reduction in fi bronec tin 

synthesis caused by pECE-CAT-FN relative to pECE-CAT-FNb transfection. The small 

non-ARE selective effect of pECE-CAT-FNA on fibronectin synthesis relative to 

untreated control DAs may have been related to the transfection method. It was not 

evident when comparing total fibronectin leveis by western immuoblotting, which may 

reflect a lack of sensitivity of this method to detect small changes in protein expression. 

Since neointimal formation was unaffected by transfection with the control pECE-CAT- 

FNA plasmid, there may be a threshold of fibronectin synthesis needed to allow for 

smooth muscle ce11 migration which was still achieved in these vessels. 

We cannot exclude the possibility that sequestration of LC-3 affected other rnRNAs that 

rnight be important in the formation of the intima1 cushions, or that the decoy RNA 

sequestered other ARE binding proteins influencing the expression of other rnRNAs 

relevant to this process. Our recent studies have shown that LC-3 upregulates expression 

of apolipoprotein D but no other mRNAs have been identifi ed (Burry 1998). ARES are 

found in rnRNAs which encode proteins known to regulate cell differentiation as well as 

prohferation including c-rnyc, c-fos and others (Brewer 1991, Chen et al. 1995, Lemaitre 



et al. 1996, Liebermann et al. 1998, Veyrune et al. 1997). We therefore cornpared 

expression levels of c-myc and c-fos in pECE-CAT-FN and pECE-CAT-FNA transfected 

vessels, but found them to be similar. 

Media1 thickening in the DA rnay be responsible for the media1 indentations observed 

following ductal constriction at term in untreated, saline injected and pECE-CAT-FNA 

transfected vessels which were not apparent in pECE-CAT-FN trans fected DAs. 

Increasin; media1 thickness during late gestation has been documented in the developing 

human DA. This thickening of the DA wall contributes to lumen narrowing near term 

and would thus facilitate postnatal closure of the DA (Silver et al. 1981). In the pECE- 

CAT-FN transfected DA media1 thickness is decreased relative to pECE-CAT-FNA 

transfected and untreated control DAs, a feature which was associated with a reduction in 

the distances between elastic larnellae. This effect may be related to a difference in the 

orientation of the smooth muscle cells or to the reduced contribution of fibronectin to the 

extracellular matrix. 

Our gene transfer strategy was developed to test the role of fibronectin in DA intima1 

cushion formation. Increased fibronectin expression has also been s h o w  in human 

vascular diseases such as pulrnonary hypertension (Botney et al. 1992, Jones et al. 1997, 

Moiossi et al. 1993). restenosis (Clauseil et al. 1995), atherosclerosis (Forsyth et al. 1997, 

Sanders 1994, Shekhonin et al. 1987, Smith and Ashall 1986, Stenman et al. 1980), and 

post cardiac transplant coronary artenopathy (PCTA) (Molossi et al. 1993), the latter three 

involving fibronectin induction by cytokines. In an expenmental mode1 of PCTA, 

inhibition of fibronectin-T ce11 interactions, resulted in reduced neointimal formation 

(Molossi et al. 1995a). Since we have shown that cytokine-rnediated induction of 

fibronectin is also regulated by LC-3 (Chapter 3), the gene transfer strategy descnbed in 



this report has potentiai mechanistic and therapeutic implications for a variety of occlusive 

vasculopathies. 

In this study we have biologically engineered a developmental process in the DA by 

manipulating a program which regulates smooth muscle ce11 rnotility . While the direct 

therapeutic implications of our study address duct-dependent congenital heart defects, 

biological interventional cardiology could be useful in other settings where congenital 

h e m  defects alter vascular morphology as a primary or secondary feature of the disease. 

Our study should therefore lead to further approaches to treatment through biological 

intervention. 



CHAPTER TWO 

NITRIC OXIDE MEDIATES LC-3 DEPENDENT REGULATION OF 

FIBRONECTIN IN DUCTUS ARTERIOSUS SMOOTH MUSCLE CELLS 



INTRODUCTION 

Cellular fibronectin is an extracellular mauix glycoprotein secreted in situ by several ce11 

types including vascular smooth muscle celis (Farhadian et al. 1996). It plays a centrai 

role in regulating morphogenesis and functional maturation in developing tissues through 

its effects on ce11 adhesion, differentiation and migration (Farhadian et al. 1996, Hynes 

1990). In the DA (beginning at 100 days of a 145 day gestation in fetal lambs) 

(Boudreau and Rabinovitch 1991, Zhu et al. 1993) fibronectin-dependent migration of 

smooth muscle cetls into the subendothelium (Boudreau et al. 1991) results in the 

formation of intima1 cushions which protrude into the vesse1 lumen and ultimateIy are 

required for closure of the DA when it constricts in the postnatal period (Gittenberger-de 

Groot et al. 1985). 

We previously demonstrated that increased fibronectin synthesis in  smooth muscle cells 

from the neointima-forming DA compared to the aorta is regulated at the level of mRNA 

translation (Boudreau et al. 1992). An adenosine-uracil rich element (ARE) in the 3'- 

untranslated region (3'-UTR) of fibronec tin mRNA con fers increased trans lational 

efficiency in the DA smooth muscle cells. A 15 kD protein which binds to the ARE of 

fibronectin mRNA in RNA gel mobility shift assays was purified and identified as light 

chain 3 (LC-3) of microtubule associated protein complexes 1A and 1B (Zhou et al. 

1997). DA compared to Ao smooth muscle cells express increased Ieveis of LC-3 and 

enhanced LC-3/fibronectin mRNA complex formation. Transfection of Ao smooth 

muscle cells with LC-3 enhances fibronectin mRNA translation (Zhou et al. 1997). LC-3 

was shown to facilitate recruitment of fibronectin mRNA to polyribosomes, a process 

which requires intact microtubules (Zhou and Rabinovitch 1998). 

NO has been implicated as both a positive (Brown et al. 1998, Noiri et al. 1997, Poppa et 

al. 1998. Ziche et al. 1994) and negative (Lau and Ma 1996, Sarkar et al. 1996) regulator 



of migration for both smooth muscle cells and endothelial cells, and is a signalling 

molecule which has been shown to regulate gene expression at transcriptional (Janssen et 

al. 1997, Moms 1995) and post-transcriptional levels (Hartsfield et al. 1997, Hentze and 

Kuhn 1996' Pantopoulos and Hentze 1995). NO has been implicated in post- 

transcriptional gene regulation by modulating interactions between RNA binding proteins 

and regulatory elements in the untranslated regions of rnRNA thereby altering mRNA 

stability and translational efficiency (Hentze and Kuhn 1996, Pantopoulos and Hentze 

1995). However, studies ro date have been largely limited to analysis of regulatory 

factors binding to the iron response elements (IRES) in mRNAs encoding proteins 

involved in iron metabolism. 

There is increasing evidence that intracellular reactive oxygen intemediates regulate the 

binding of proteins to ARE elements in the 3'-UTRs of messenger RNAs (Kuroki et al. 

1996, Levy et al. 1996a, Levy et al. 1996b). Kuroki et al. (Kuroki et al. 1996) 

demons trated that vascular endothelial derived growth factor (VEGF) is increased in 

hypoxia and in response to reactive oxygen intemediates, largely due to increased VEGF 

mRNA stability. Increased VEGF mRNA stability under hypoxic conditions has been 

shown to be mediated by enhanced binding of proteins to an ARE in the 3WTR of 

VEGF mRNA (Levy et al. 1996a, Levy et al. 1996b). 

NO is produced in the developing DA, where it can act to decrease vascular tone 

(Coceani et al. 1994). However, its physiological role as a vasodilator in the DA has 

been shown to be less important than PGE2 (Fox et al. 1996, Smith and McGrath 1993). 

Thus we exarnined whether NO may play a roIe in remodeling of the developing DA 

dunng late gestation, through modulating post-transcriptional upregulation of fibronectin 

synthesis and the associated migration of smooth muscle cells into the subendothelium in 

the formation of intima1 cushions. 



In this report we demonstrate significantly increased NO production in primary cultured 

DA compared to aortic smooth muscle cells related to enhanced DA smooth muscle ce11 

expression of nNOS, which was also documented in the intact DA at 100 days gestation, a 

tirnepoint coincident with the initiation of intima1 cushion formation. We further show 

that NO enhances fibronectin synthesis, but not rnRNA levels in DA srnooth muscle cells. 

The post-transcriptional rnechanism of elevated fibronectin synthesis in DA smooth 

muscle cells is NO-dependent and involves increased expression, and binding to the 

fi bronectin rnRNA ARE of a membrane-associated phosphorylated form of LC-3. 

NLETKODS 

Cell Crrltrrre 

DA and aortic smooth muscle cells were isolated for primary cultures and characterized 

by smooth muscle actin imrnunostaining as previously described (Rabinovitch et al. 1988, 

Ross 1971). The DA and aortic arch were harvested from fetal lambs at 100 days of 

gestation. The vessels were opened, rinsed in Dulbecco's phosphate-buffered saline 

(PBS) containing 3% antibiotics/antimycotics (GIBCO BRL, Burlington, ON) and the 

adventitia was removed. Endothelial cells were removed with a No. 11 scalpel blade. 

The media was cut into 1 mm square pieces which were allowed to adhere to 100 mm 

culture dishes before the addition of Medium 199 (OCI, Toronto, ON) containing 1% 

antibiotics/antimycotics and 10% fetal calf serum (Intergen, Purchase, NY). DA and 

aortic smooth muscle celis propagiited from these explants were used after two passages. 

Spectrophotornetric Analysis of Nifrite le vels 

NO production was assessed in culture media from DA and aortic smooth muscle cells by 

measuring the accumulation of nitrite, a stable end product of NO. Nitrite concentration 

in  ce11 culture media was determined following a 24 hour incubation using 

spectrophotometry foollowing a Griess reaction as previously described (Green et al. 



1982). Experimental samples of culture medium (500 pi) and fresh culture medium 

containing standard levels of sodium nitrite were reacted with 500 pl 0.1% 

naphthylethylenediamine, 1 % sulfanilamide and 5% phosphoric acid for 10 minutes at 

room temperature and analyzed by spectrophotometry at 540 nm. A standard curve was 

constructed and used to detennine nitrite concentration in the culture medium from DA 

and aortic smooth muscle cells. 

Western Imnztrrtoblot Analysis 

DA and aortic smooth muscle cells cultured from 100 day gestation fetal lambs were 

harvested at semi-confluency by scraping into PBS, and pelleted at lOOOg in a TJ-6 

centrifuge meciunan, Mississauga. ON) for 10 minutes. Ce11 pellets were then dissolved 

in 1% SDS, 10 rnM TRIS-HCI pH 7.4. Intact vessels from DA and Ao of fetal lambs at 

100 days gestation were frozen in liquid nitrogen, ground into a fine powder with a 

mortar and pestle and dissolved in 1% SDS, 10 mM TRIS-HCL pH 7.4. Protein 

concentrations were rneasured by standard Bradford assay (Bio-Rad, Hercules, CA) 

followed by spectrophotometry at 595 nm. Protein extracts from cultured DA or Ao 

smooth muscle cells or intact vessels in Laemmli sample buffer (5% 8-mercaptoethano!, 

2% SDS, 10% glycerol, 62.5 rnM TRIS-HC1 pH 6.8) were separated by SDS PAGE and 

transferred to PVDF membranes. 

Membranes were blocked for one hour in 5% non-fat dry milk1TRIS-buffered saline 

(TBS) containing 0.1% tween-20 for imrnunoblotting of endothelial constitutive NO 

synthase (ecNOS) and neuronal NOS (nNOS), 0.5% for LC-3 and tubulin, or 1% for 

inducible NOS (NOS). Blots were then probed for one hour at roorn temperature with 

polyclonal antibodies to amino acids 1095-1289 of human nNOS (Transduction 

Laboratones, Lexington, KY, 1:500), polyclonal antibodies to the N-terminus of munne 

iNOS (Santa Cruz Biotechnology, Santa Cruz, CA, 1:200), a monoclonal antibody to 



amino acids 1030- 1309 of human ecNOS (Transduction Laboratories, 1 :3500), 

polyclonal antibodies to LC-3 (kindly supplied by Dr. J. Hammarback, Department of 

Neurobiology and Anatomy, Bowman Gray School of Medicine, Winston-Salem, NC, 

1:1000) or a monoclonal antibody to alpha-tubulin (Sigma, Mississauga, ON, 1:2000) . 

Blots were washed three times with TBS containing 0.196, 0.5% or 1% tween-20 as 

indicated for the blocking buffer, foliowed by incubation with peroxidase-conjugated 

goat anti-rabbit IgG or goat-anti mouse IgG (Sigma, both 1:3000)- The blots were 

washed as above three times before developing using enhanced cherniluminescence 

western blotting detection reagents (Amersham. Buckinghamshire, England). 

Imnr z u r  olzistochemisîy 

ImmunohistochemicaI analysis of ecNOS, nNOS and fibronectin expression in DAs and 

aortas from lambs at 100 days gestation and term (145 days) was performed on 3% 

paraformaldehyde-fixed tissue sections embedded in paraffin. Paraffin was extracted by 

two washes in xylene for 15 minutes. Sections were then re-hydrated by successive 5 

minute washes in decreasing concentrations of ethanol. The sections were then washed 

twice in water and immersed in 0.9% hydrogen peroxide/methanol to block endogenous 

peroxidase activity. Following two washes in O. 1 % bovine serum alburnin (BSA)/PBS, 

the sections were blocked for non-specific cross reactivity in normal horse serum (1: 10) 

(for ecNOS staining) or normal goat serum (1: 10) (for nNOS staining) prior to incubation 

with the pnmary antibody. The sections were then incubated ovemight at 4°C with either 

a monoclonal antibody to human ecNOS (Transduction Laboratories, 1200)  or 

polyclonal antibodies to the C-terminal of rat nNOS (Cedarlane Laboratories, Homby, 

Ontario, 1:1000). The polyclonal antibody to nNOS has been used previously to detect 

nNOS in sheep pineal gland (Lopez et al. 1996). For al1 irnrnunohistochemical analyses, 

negative controls (not shown) were incubated with mouse or rabbit IgG instead of the 

primary antibody. The sections were then washed and incubated for one hour at room 



ternperature in secondary antibody: poat-anti rabbit horseradish peroxidase or goat-anti 

mouse horseradish peroxidase (Vectastain, Burlingame, CA, both 1950) before 

developing in 3,3'-diaminobenzidine (25 mg in 50 ml 0.006% H202/ 50 mM TRIS pH 

7.6) and counterstaining with haematoxylin. 

Modulation of NO 

The influence of NO on fibronectin synthesis, steady state fibronectin mRNA levels and 

LC-3 expression and binding to the fibronectin MU5 in cultured smooth muscle cells was 

examined by modulating cellular levels of NO using diphenyleneiodonium (DPI) (Sigma) 

(2 PM), a non-specific inhibitor of flavonoid containing enzymes including NO synthase 

as well as NAD(P)H oxidases (Stuehr et al. 199 l), NO-monomethyl-L-arginine (L- 

NMMA) (Sigma) (250 PM) , a cornpetitive inhibitor of L-arginine for NOS, or S-nitroso- 

N-acetylpenicillamine (SNAP) (BIOMOL Research Laboratones, Plymouth Meeting, 

PA) (100 PM), an NO donor. In the expenments where DPI or L-NMMA was used to 

inhibit NO production, cells were pre-incubated for one hour in serum-free and 

cysteinelmethionine-free medium 199 containing 1% BSA alone or in the presence of 

DPI or L-NMMA followed by a 4 hour incubation in the presence of fresh media 

containing the inhibitors. When SNAP was used to examine the effect of NO addition to 

the cells, cells were first pre-incubated for one hour as above and then SNAP was added 

for 4 hours. 

Measrirement of Fibronectin Synthesis 

Semi-confluent DA and aortic smooth muscle cells plated in 35 mm dishes at passage 2 

were incubated in 2 mI serum-free and cysteinefrnethionine-free medium 199 containing 

1% BSA for one hour. This medium was replaced and 10 ~ C i / m l  of [%]-methionine 

(Amersham) were added for 4 hours. Triplicate assessrnents of total protein synthesis 

were obtained from 50 pl aliquots of culture medium precipitated in 2% BSA/25% 



trichloroacetic acid (TCA) and analyzed by liquid scintillation spectrometry. To measure 

fibronectin synthesis, 1 ml aliquots of culture medium were incubated with 100 pl gelatin 

4B-sepharose (Pharrnacia Biotech, Uppsala, Sweden) beads ovemight at 4OC. The beads 

were washed three times in PBS and bound fibronectin eluted from the beads into 100 pl 

SDS PAGE sample buffer (5% O-mercaptoethanol, 2% SDS, 10% glycerol, 62.5 mM 

TRIS-HC1 pH 6.8) by boiling for five minutes. The samples were then separated on a 6% 

SDS polyacrylamide gel. Gels were fixed in 5% acetic acid/lQ% methanol for 30 

minutes and soaked in Amplify (Amersham) for 15 minutes before drying under vacuum 

at 80°C on a Mode1 443 slab dryer (Bio-Rad). Dried gels were exposed to Kodak X- 

OMAT AR film for 2 to 4 days and the 220 kD band corresponding to fibronectin was 

excised from the gel and counted by liquid scintillation spectrometry. Identification of 

this 330 kD band as fibronectin was confirmed in Our laboratory by western blotting 

(Boudreau and Rabinovitch 1991). Fibronectin synthesis was standardized to total 

protein synthesis. 

Northern Blot Analysis 

Total RNA was isolated from cultured DA smooth muscle cells using TRIZOL reagent 

(Life Technologies, Grand Island, NY). CelIs were lysed in TRIZOL ( 2  m1/100 mm dish) 

by repeated pipetting, The ce11 Iysate was extracted with chloroform and RNA was 

precipitated with isopropyl alcohol and dissolved in 0.5% SDS in 0.1% 

diethylpyrocarbonate (DEPC)-treated water. RNA samples were separated in a 1% 

agarose gel containing 6% formaldehyde and transferred to a nitrocelIulose membrane. 

Membranes were probed with a [ 3 3 ~ ] - d ~ ~ ~  (Amersham) labeled hurnan fibronectin 

cDNA probe (1.4 kB) (GIBCO BRL) and a control hurnan GAPDH cDNA probe (1.2 

kB) (ATCC, Rockville, Maryland). 



~ntmzinofluorescence staining of LC-3 in DA Smooth Muscle Cells 

For staining of LC-3, cultured DA smooth muscle cells on glass coverslips were fixed in 

100% methanol at -20°C for 3 minutes and allowed to air dry. Following rehydration in 

0.1% BSAPBS, cells were probed with polyclonal antibodies to LC-3 (1:1000) in 

BSAIPBS for 30 minutes, washed 3X with BSA/PBS and incubated with fluoroscein 

isothioc yanate-conjugated goat anti-mouse IgG (Jackson ImmunoResearch Laboratories, 

West Grove, PA, 1: 100) followed by 3 washes in BSAPBS. 

DA Smooth Mziscle Ce11 Fractionution for Analysis of LC-3 and Trr bulin 

Pelleted DA smooth muscle cells from semi-confluent cultures in 100 mm culture dishes 

were resuspended in two volumes of hypotonic buffer (0.1 rnM EDTA, 25 mM TRIS- 

HC1 pH 7.9) and lysed by three cycles of freeze-thaw. Cytosolic extracts were isolated 

by centrifugation for one hour at 16 000g as previously described (Zaidi and Malter 

1995). Pellets were either soiubilized in Laernmli sarnple buffer directly for SDS PAGE 

or digested with RNAse-free DNAse I (Pharrnacia Biotech) for 30 minutes at 37 OC for 

RNA gel mobility shift assays. Protein concentration was determined using a standard 

Bradford protein assay kit (Bio-Rad) followed by spectrophotometry at 595 nm. 

Phosphatase Treafinerit of LC-3 

Cytosolic and membrane extracts (20 pg) isoIated from cuftured DA smooth muscle cells 

were incubated with potato acid phosphatase (0.24 units) (Calbiochem, Hornby, ON) at 

30°C for one hour as previously descnbed (Kwon and Hecht 1993, Malter and Hong 

1991) and analysed by SDS PAGE followed by western immunoblot for LC-3 

expression. 



RNA Gel Mobility S h i ?  and UV Crosslinking Assays. 

Cytosolic extracts and I M KCI extracts of membranes in lysed ce11 pellets were dialyzed 

against RNA binding buffer (5 mM MgCl?, 100 mM KCl, 10% glycerol, 15 mM Hepes 

pH 7.9 in DEPC treated water) and stored at -70 OC. As described by Zhou et al. (Zhou et 

al. 1997), for each assay, 20 or 30 pg of protein extract from DA smooth muscle cells 

was incubated with 105 cpm of [32~]-labeied rnRNA oligonucleotide probe containing 

the wild type fibronectin ARE (underlined), 5'-ACCUGUUAUUUAUCAAUU-3', or a 

mutated probe (mutation underlined) 5'-ACCUGGGAGGGAGCAAW-3' (synthesized 

by Biotechnology Centre, University of Calgary, Calgary, AB) in RNA binding buffer 

containing 2 pg e. coli transfer RNA (Sigma) in a total volume of 20 pl for 30 minutes at 

30 OC. The samples were then separated on a 6% native polyacrylamide gel in 0.25 X 

Tris-borate-EDTA (TBE) buffer (90 mM TRIS, 90 rnM boric acid, 3 mM EDTA). For 

UV crosslinking assays, protein-ARE binding was camed out as descnbed above 

followed by crosslinking with 254 nm UV radiation (120 m.I/cm2) in a UV 1800 

Stratalinker (Stratagene, La Jolla, CA) and analysis by SDS PAGE. 

RESULTS 

Increased NO Production in DA Compared to Aortic Smooth Muscle Cells 

To determine whether an increase in NO levels might regulate increased fibronectin 

synthesis in the neointima forming DA as cornpared to the aorta, pnmary cultured smooth 

muscle cells at passage 2 from 100 day gestation fetal lamb DA and aortic explants were 

used. Nitrites are stable end products of NO and their accumulation in culture medium is 

used as an indicator of NO production in cultured ceIls. Nitrite levels calculated based on 

a standard curve and normalized to cell number were seven-fold higher in DA compared 

to aonic smooth muscle cells (p<0.005) (Figure 1 1). 



Figure 11. NO production in DA compared to aortic smooth muscle cells. 

Graph representing nitrite accumulation (yM/lO X 104 cells) in culture media from DA 

and aortic smooth muscle cells. NO production as indicated by nitrite accumulation was 

7-fold higher in DA compared to aortic smooth muscle cells (*p<0.005). Bars represent 

mean values +- SEM from three separate experiments. 





Western Immunoblotting Indicates Increased RNOS and ecNOS in 100 day DA 

To determine the source of elevated NO in DA smooth muscle cells, we compared 

expression of the three characterized NO generating enzymes, nNOS, ecNOS and NOS, 

by western irnrnunoblotting and densitometric analysis in cultured DA cornpared to aortic 

smooth muscle cells (Figure 12) and in intact vessels (Figure 13) from 100 day gestation 

fetal larnbs. Expression of nNOS was increased in cultured DA relative to aortic smooth 

muscle cells (p<O.O5), whereas ecNOS and iNOS expression were similar in DA and 

aortic smooth muscle cells (Figure 12). Although iNOS appeared stightly decreased in 

DA relative to aortic smooth muscle cells, a statistically significant difference was not 

detected (Figure 12). Western immunoblots using tissue extracts from the 100 day 

gestation fetal lamb confirmed a one-fold increase in nNOS expression in the DA 

compared to Ao, but dso demonsuated a one-fold increase in ecNOS expression (pc0.05 

for both) (Figure 13). There was no appreciable difference in iNOS expression between 

the DA and Ao. The increase in DA ecNOS expression in tissue extracts but not in 

cultured celIs may have been related to the presence of endothelia1 cells in the intact 

vessel. We therefore used immunohistochernistry to verify the cellular source of the 

increased nNOS and ecNOS expression in the DA compared to Ao tissues (Figure 14). 

Irnmunohistochemical Analysis of ecNOS and nNOS in the Developing DA 

We analyzed cellular distribution and intensity of nNOS and ecNOS irnrnunostaining at 

the onset of increased subendothelial fibronectin expression in neointimal formation (100 

days gestation) (Figure 14) and after full intima1 cushions have formed at terni (145 days) 

(Figure 15). Expression of nNOS (Figure 14A and B) and ecNOS (Figure 14C and D) 

CO-distnbuted in the endothelium and smooth muscle ceIls of the DA and aorta at 100 

days gestation, but the intensity of imrnunostaining for both ce11 types was much greater 

in the DA. This suggests that while in primary cultured DA compared to aortic smooth 

muscle celis, the source of increased NO is nNOS, in the intact tissue, both ecNOS and 



Figure 12. Expression of nNOS, ecNOS and NOS in primary cultured DA and 

aortic smooth muscle cells €rom 100 day gestation fetal lambs. TOD: Representative 

western blots of nNOS, ecNOS and iNOS expression in positive controls (CON)(rat 

pituitary lysate (5 yg), human endotheliai ce11 lysate (4 pg), or lipopolysaccharide and 

IFN-y stimulated human macrophage lysare (5 pg) respectively) and cultured DA 

compared to aortic (Ao) smooth muscle cells (20 pgllane). Bottom: Densitometric 

analysis of nNOS, ecNOS and iNOS expression levels in DA smooth muscle cells 

relative to aortic smooth muscle ce11 control levels. Expression of nNOS is increased by 

- I fold in DA relative to aortic smooth muscle cells, whereas no significant differences in 

ecNOS or iNOS levels were detected. Bars represent mean band density expressed as 

percentage of aortic smooth muscle ce11 levels from three separate experiments k SD 

(*p<O. 05). 
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Figure 13. Expression of nNOS, ecNOS and iNOS in DAs compared to aortas €rom 

100 day gestation fetal lambs. Western irnmunoblot and densitometric analysis of 

nNOS, ecNOS and iNOS expression in three fetal lamb DAs and aortas. Densitomecric 

analyses revealed -2.5-fold increased nNOS expression and -2-fold increased ecNOS 

expression in the DA compared to the aorta but no difference in iNOS expression. Bars 

represent mean band density frorn the three different animais f SEM (*p<0.05). 





Figure 14. Irnrnunohistochemical analysis of nNOS, ecNOS and fibronectin 

expression in the lamb DA and Ao at 100 days gestation. Expression of nNOS (A,B) 

and ecNOS (C,D) was detected in both the endothelium and smooth muscle celis of the 

DA (A,C) at a significantly increased intensity compared to the Ao (B,D). Expression of 

fibronectin (E,F)  was detected at a greater intensity in the endothelium and 

subendothelium, but not srnooth muscle cells, in the DA (E) compared to the Ao (F). 





nNOS may contribute. Upregulation of fibronectin in the endothelium and sub- 

endothelium was apparent in the 100 day gestation DA (Figure 14E) relative to the aorta 

(Figure 14F), similar to ecNOS and nNOS, but it was not increased in association with 

media1 smooth muscle cells of the DA, suggesting that nNOS and ecNOS might begin to 

regulate elevated smooth muscle cells fibronectin synthesis at this time but that 

fibronectin accumulation is not yet apparent throughout the tissue. The intensity of 

nNOS and ecNOS staining was increased in the DA at 100 days gestation (Figure 14) 

compared to the DA at term (Figure 15) which exhibited similar nNOS (Figure 15A and 

B) and ecNOS (Figure 15C and D) imrnunoreactivity to that in the aorta. This was also 

confirmed by western irnrnunoblotting in larnb DAs and aortas at term (data not shown). 

Immunoreactivity of fibronectin was also similar between the DA and aorta at term 

(Figure 15E and F). 

NO Regulation of Fibronectin Synthesis 

Having correlated elevated DA smooth muscle ce11 NO production with nNOS expression 

in cultured cetls and with both nNOS and ecNOS in intact vessels at a cntical gestational 

time point where we have previously demonstrated elevated fibronectin synthesis 

(Boudreau and Rabinovitch 199 l), we next addressed whether NO regulates fibronectin. 

To this end we compared the influence of the organic NO donor, S-nitroso-N- 

acetylpenicillamine (SNAP) and inhibitors of NOS activity, DPI and N%-nonomethyl-L- 

larginine (L-NMMA) on fibronectin synthesis in DA and aortic smooth muscle cells 

(Figure 16). Treatment of DA smooth muscle cells with SNAP (100 FM) for 4 hours 

caused a greater than one-fold increase in fibronectin synthesis above basal levels 

(pc0.05). Furthemore, the non-selective NOS inhibitor DPI ( 2  FM) and the specific 

NOS inhibitor L-NMMA (250 rnM) both caused a -50% decrease in DA smooth muscle 

cells fibronectin synthesis relative to levels in control untreated DA smooth muscle cells 

(pc0.05) (Figure 16). While fibronectin synthesis in Ao srnooth muscle cells was 



Figure 15. ImmunohistochemicaI analysis of nNOS, ecNOS and fibronectin 

expression in the lamb DA and Ao at term. Fully formed intimai cushions (black Iine) 

were observed in the DA (A,C,E) compared to the Ao (B,D,F). In both vessels nNOS 

(A,B), ecNOS (C,D) and fibronectin (E,F) staining intensity were reduced cornpared to 

100 days gestation (Figure 4) and ecNOS could not be detected in the Ao (F) by this 

method. 





Figure 16. NO regulates enhanced fibronectin synthesis in DA smooth muscle cells 

but not basal levels in aortic smooth muscle cells. Graphs comparing fibronectin 

synthesis in untreated DA or aortic (Ao) smooth muscle cells (CON) to that following 4 

hour treatment with the NO donor, SNAP (100 FM), the NO synthase inhibitor, L- 

NMMA (250 PM), or  the general flavonoid enzyme inhibitor DPI (2 PM)- Bars represent 

the mean 2 SEM of 3 separate experiments. SNAP significantly increases (*pc0.05) 

fibronectin synthesis in DA smooth muscle cells and both L-NMMA and DPI 

significantly inhibit ( ip~0 .03)  enhanced DA smooth muscle ce11 fibronectin synthesis. 

SNAP significantly increases (*p<0.05) fibronectin synthesis in aortic srnooth muscle 

cells to a level equal to that found in DA smooth muscle cells. However, in contrast to 

their effects on DA smooth muscle cells, L-NiMMA and DPI do not affect basal levels of 

fi bronectin syn thesis in aortic cells. 
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significantly increased by SNAP to the level of fibronectin synthesis observed in DA 

smooth muscle cells (p<0.05), the already lower basal levels of fibronectin synthesis in 

Ao cells were not significantly affected by treatment with DPI or L-NMMA (Figure 16). 

Thus enhanced fibronectin synthesis in DA smooth muscle cells is regulated by increased 

NO, while basa1 levels of fibronectin synthesis in Ao smooth muscIe celIs are not 

regulated by NO. 

Previously we showed that despite increased fibronectin synthesis in DA compared to 

aortic smooth muscle cells, steady state levels of fibronectin mRNA were not elevated 

(Boudreau et al. 1992). Northern blot analyses also demonstrated no effect of SNAP or 

L-NMMA on steady state levels of fibronectin M A  in DA smooth muscle cells with 

respect to GAPDH mRNA levels or 18s and 38s ribosomal RNA (Figure 17). This 

suggested that NO might regulate the previously descnbed post-transcriptional control 

mechanism related to enhanced production and binding of LC-3 to the ARE in the 

fi bronectin mRNA 3'UTR. 

NO Regulation of LC-3 by Immunohistochemistry and Western Immunoblotting 

Irnmunofluorescence microscopy and western immunoblot analysis of DA smooth 

muscte cells treated with SNAP and L-NMMIA were used to examine whether LC-3 

expression is regulated by NO. LC-3, a component of microtubule associated protein 

cornpiexes 1A and 1B, binds to tubulin, and has been CO-localized with MAPlB and 

microtubules in cultured rat neurons (Mann and Hammarback 1994, Mann and 

Hamrnarback 1996). Localization of LC-3 in methanol fixed DA smooth muscle cells by 

immunofluorescence microscopy revealed a punctate 'beading' pattern of staining (Figure 

MA) which CO-distnbuted with alpha tubulin (data not shown), as well as a diffuse 

perinuclear staining (Figure 18A). Increasing NO levels with SNAP increased the 

intensity of punctate tubulin-associated LC-3 staining, as well as the diffuse perinuclear 



Figure 17. Steady state levels of fibronectin mRNA are not regulated by NO in DA 

smooth muscle cells. Top: Northern blot analysis of total RNA extracts from untreated 

DA smooth muscle cells (CON) and cells treated with SNAP and L-NMMA probed with 

[ ~ Z P ]  dCTP labeled hurnan fibronectin cDNA and human GAPDH cDNA. Ethidium 

bromide stained 18s and 38s ribosomal RNA from each sarnple demonstrate equal 

loading of the lanes. Bottom: Densitometric analysis of fibronectin mRNA levels 

illustrates that there is no significant difference in fibronectin &VA levels relative to 

28s ribosomal RNA following SNAP or L-NMMA treatment. 
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Figure 18. Immrnunofluorescence labeling of LC-3 in DA smooth muscle cells 

following treatment with SNAP or L-NMMA. LC-3 localization in A, control 

untreated DA srnooth muscle cells compared to cells treated with B, SNAP or C, L- 

M A .  LC-3 labeling is found in concise beads along microtubules (arrows) and in a 

diffuse perinuclear staining pattern (arrowheads) (A,B,C). SNAP (B) increases the 

intensity of perinuclear LC-3 staining and causes the cells to take on an elongate 

phenotype. Both SNAP (B) and L-NMMA (C) cause an increase in the intensity of 

beaded staining along microtubules (high mâgnification insets). 





LC-3 staining which could reflect polyribosome associated LC-3 (Figure 18B). 

Decreasing NO levels with L-NMMA also caused an increase in tubulin associated 

punctate LC-3 staining however, perinuclear staining appeared to be reduced (Figure 

18C). 

We therefore used freeze thaw and centrifugation of ce11 Iysates to separate tubulin 

containing cytosolic exuacts in the supematant from ce11 membranes in the remaining ce11 

pellet to verify the effect of NO on LC-3 and tubulin expression by western 

irnmunoblotting (Figure 19A) followed by densitometric analysis (Figure 19B). In the 

lysed ce11 pellets which contain cellular membranes including rough endoplasmic 

reticulum. the majonty of LC-3 was of a slightly lower molecular weight form (Figure 

19A). Treatment with SNAP caused an increase and L-NMMA a decrease in this form of 

LC-3 (Figure 19A and B) correlating with changes in fibronectin synthesis (Fig. 16) and 

intensi ty of perinuclear LC-3 immunostaining (Figure 18). This lower molecular weight 

forrn of LC-3 may be directly associated with fibronectin mRNA on poIyribosomes. Like 

other RNA binding proteins (Zaidi and MaIter 1995) LC-3 could also be removed from 

pelIeted cellular membranes in high saIt (1 M KCI) (data not shown). 

.4 slightly higher molecular weight fom of LC-3 (15 kD) was observed in cytosolic 

extracts where i t  CO-distributed with tubulin and exhibited increased expression following 

either SNAP or L-NMMA treatment (Figure 19A and B), correlating with Our 

observations on irnmunofluorescence microscopy (Figure 18). This could be the form of 

LC-3 described by Mann et al. (Mann and Hammarback 1994, Mann and Hammarback 

1996) which is thought to play a role in microtubule dynamics. Expression of this form 

might therefore be enhanced by either increased or decreased NO levels, both of which 

appear to signal changes in ce11 shape. Cells treated with SNAP exhibited a more motile 



Figure 19. Identification of cytosolic tubulin-associated and membrane associated 

forms of LC-3 which are differentially regulated by NO. A, Representative western 

blot of tubulin and LC-3 levels and coomassie blue stain of total protein in cytosolic (left) 

and cell membrane (right) protein extracts (20 pg loaded in each lane) from control DA 

smooth muscle cells (CON) and cells treated with SNAP ( S )  and L-NMMA (L) for 4 

hours in culture. B, Densitometric analysis of LC-3 expression in DA smooth muscle 

cells cytosolic and membrane extracts separately and C ,  expressed as a total. Total LC-3 

levels were significantly increased by SNAP (*p<0.05) but not affected by L-NMMA. 

Bars represent mean I SEM of three experïments. D, Representative western blot of 

three separate expenments demonstrating treatment of membrane associated LC-3 with 

potato acid phosphatase (PAP) results in a shift in apparent molecular weight of the lower 

band to the higher molecular weight band (arrowheads indicate the two LC-3 bands). 
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phenotype (Figure 18B) whereas cells treated with L-NMMA appeared less elongated 

(Figure 1 8 C) . 

Densitometnc analysis of LC-3 bands from both membrane and cytosolic fractions 

following SNAP or L-iNMMA treatment demonstrated that addition of excess NO to DA 

smooth muscle cells by SNAP significantly increases total expression of LC-3 (sum of 

both bands) wi thin four hours ( p ~ 0 . 0 5 ) ~  while inhi bition of endogenous NO production 

by L-NMMA does not affect overall LC-3 expression over four hours (Figure 19C), but 

instead appears to cause a shift in LC-3 localization away from the membrane-associated 

pool into the cytosolic pool (Figure 19A and B). 

We next investigated whether the two forms of LC-3 might represent different 

phosphorylation States, as this might influence localization and function. For exarnple, 

Walker et al. (Walker et al. 1996) demonstrated following oocyte fertilization that 

binding of a cyclin A mRNA binding protein to its 3'-UTR was altered by 

phosphorylation. Many phosphorylated proteins exhibit either upward or downward 

shifts in apparent molecular weight on SDS PAGE relative to their dephosphorylated 

foms (Payne and Dahmus 1993, Taleghany and Oblinger 1997, Yarnashita et al. 1995). 

We therefore treated DA smooth muscle ce11 cytosolic and membrane extracts with potato 

acid phospharase as previously described (Malter and Hong 199 1) and assessed changes 

in LC-3 molecular weights by western imrnunoblotting (Figure 19D). When membrane 

extracts containing both forms of LC-3 were treated with potato acid phosphatase, the 

lower molecular weight band disappeared and the higher molecular weight band was 

increased in intensity, whereas no effect on rnolecular weight of the cytosolic form of 

LC-3 was observed. These results suggested that the lower molecular weight form of 

LC-3 is a phosphorylated form of the higher molecular weight band (Figure 19D). 



NO Modulation of LC-3 Binding to the Fibronectin ARE 

To further confinn that the phosphorylated and membrane associated form of LC-3 

modulated by NO exhibits fibronectin mRNA binding affinity we carrïed out RNA gel 

mobility shift assays (GMSA) using an 18 mer oligonucleotide containing the wild type 

ARE or an ARE-mutated 18 mer oligonucleotide and cytosolic and membrane fractions 

from DA smooth muscle ceIls treated with SNAP or L-NMMA. From cytosolic extracts, 

three retarded complexes were detected after a four day exposure to film (Figure 20B). 

These complexes are also formed by incubation of wild type ARE probe with 

recombinant LC-3 (Zhou et al. 1997). The middle complex was increased by SNAP and 

decreased by L-NMMA (Figure ?OB). After a shorter exposure of an RNA GMSA to 

film, binding of the phosphorylated f o m  of LC-3 from pelleted ce11 membranes could be 

observed and was shown to be greater relative to LC-3 from cytosolic fractions, although 

also increased by SNAP and decreased by L-NMMA (Figure 20A). As previously 

demonstrated (Zhou et al. 1997) retarded binding complexes were not detected in an NO- 

dependent manner but far less binding complex formation is observed on the gels when 

the mutated ARE oligonucleotide probe was used or when the [s'Pl-labeled ARE was 

competed out with unlabelled ARE in excess (500:l) (data not shown). UV crosslinking 

assays resolved a -21 kD binding complex reflecting binding of a -15 kD protein (the 

rnolecular weight of LC-3) to the -7 kD fibronectin ARE which was increased by SNAP 

(Figure 20C). 

DISCUSSION: 

In this paper we investigated the developrnental program determining fibronectin 

upregulation in the ductus at the onset of intima1 cushion formation. We showed that NO 

production, as a result of nNOS and ecNOS expression in the intact DA, results in 

increased phosphoryiation and binding of LC-3 to the ARE of the fibronectin mRNA and 

enhanced fibronectin synthesis in DA relative to aortic smooth muscle celIs. 



Figure 20. RNA gel mobility shift and UV crosslinking assays show NO regulation 

of LC-3 binding to the fibronectin ARE. 

A, Representative autoradiograph demonstrating the results of an RNA gel mobility shift 

assay showing binding complexes of membrane associated proteins (20 pg) with the 

fibronectin ARE is enhanced compared to binding of cytosolic proteins (30 pg). Binding 

of the middle complex from cytosolic fractions and of the compIex from membrane 

extracts is increased by SNAP (S) and decreased by L-NMMA (L). B, A longer exposure 

of the RNA gel mobility shift assay to film reveals three cytosolic protein binding 

complexes from DA smooth muscle cells and dernonstrates that the middle complex is 

the one increased by SN@ (S) and decreased by L-NMMA (L) relative to the untreated 

cytosol (C). C ,  Representative UV crosslinking assay showing a 22 k D  complex 

(arrowhead) formed by membrane (memb) and cytosolic proteins from DA smooth 

muscle celIs with the -6-7 kD fibronectin ARE probe, indicating a 45-16  k D  molecular 

weight of the bound protein. Binding of this -15 kD protein frorn DA smooth muscle 

ce11 cytosolic exuacts (C) was enhanced by treatment with SNAP (S) and decreased by L- 

M4MA w- 
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NO production has previously been demonstrated in the endotheliai-denuded fetal DA 

(Coceani et al. 1994), presumably denved from smooth muscle cells, but was not 

examined in comparison to the aorta. Our demonstration of 7-foid enhanced release of 

NO from fetal DA cornpared to aortic smooth muscle cells suggests a specific role for 

NO in DA physiology or development. Endothelial-derived NO is a key regulator of 

smooth muscle tone in the systemic and pulmonary vasculatures (Abrnan et al. 1990, 

Huang et al. 1995). However, the physiological role of NO in maintaining DA vessel 

patency in fetal life has been shown to be less important, and PGEI appears to be the 

main vasodilator (Coceani et al. 1994, Fox et al. 1996, Smith and McGrath 1993). 

Treatment of fetal lambs with NOS inhibitors causes systemic and pulmonary 

hypertension but does not affect DA tone or the pressure gradient between the pulmonary 

artery and Ao, in direct contrast to inhibitors of prostaglandin production, implying lack 

of any significant effect of NO on DA relaxation in the intact animal (Cornfield et al. 

1993, Fox et al. 1996, Rairïgh et al. 1998). Thus the enzyme source and role of increased 

NO levels in the DA remained to be deterrnined. 

Until recently, the two NOS isoforrns of interest to vascular biologists have been ecNOS 

and iNOS. Endothelial constitutive NOS (ecNOS) has appeared to play a 

vasculoprotective role through its effect on vessel tone and blood pressure as well as 

inhibition of adhesion of platelets and polymorphonuclear granulocytes to the 

endothelium (Huang et al. 1995, lMoncada and Higgs 1991). Inducible NOS is expressed 

in several ce11 types including macrophages, endothelial and smooth muscle cells (Nathan 

1992), and has been implicated in vascular infiammatory responses and associated 

pathological neointimal formation (Akyurek et al. 1996, Beckman and Koppenol 1996, 

Fellstrom and Larsson 1993, Ischiropoulos et al. 1992). Inducible NO synthase (iNOS) 

expression is increased in cells of the neointirna fonned in post cardiac transplant 

coronary arteriopathy (Akyurek et al. 1996, Ravalli et al. 1997, Russell et al. 1995) as 



well as in atheroscierosis (Luorna et al. 1998, Sobey et al. 1995, Wilcox et al. 1997). 

However, Wilcox et al. (Wilcox et al. 1997) further demonstrated that while nNOS is not 

detected by in situ mRNA hybndization or irnmunohistochemistry in normal human 

aorta, they are both expressed in endothelial cells, macrophages and 'mesenchymal- 

appearing' intimai cells of atherosclerotic lesions, indicating a potential role for nNOS as 

well as iNOS in the pathobiology of atherosclerosis. Neuronal NOS was first detected in 

neurons where i t  is involved in neurotransmission (Mayer and Hemmens 1997). 

However, nNOS is also expressed in other ce11 types including cardiac muscle (Ursell and 

Mayes 1995) and skefetd muscle (Silvagno et al. 1996) in which NO has been shown to 

facilitate myoblast fusion during development (Lee et al. 1994). 

This is the first report demonstrating expression of nNOS in endothelial and srnooth 

muscle cells of the DA. Clyman et al. (Clyman et al. 1998) recently demonstrated 

ecNOS expression in the DA at 100 days gestation and immunostaining of both ecNOS 

and iNOS expression later in gestation at 136 days (term 145 days) in fetal lambs, but did 

not detect nNOS expression. For Our western imrnunoblotting studies, rabbit polyclonal 

antibodies to arnino acids 1095-1239 from human neuronal NOS (Transduction Labs) 

recognized a band 155 kD in rat pituitary tumour ce11 lysate (Figure 12) and in both 

primary cultured DA and aortic smooth muscle cells (Figure 12) and term larnb DAs and 

aortas (Figure 13) isolated at 100 days gestation. Using a standard imrnunostaining 

protocol on paraffin embedded sections. this antibody did not detect nNOS expression. 

However, poIyclonal antibodies to the C-terminal of rat nNOS from Cedarlane 

Laboratories, previously shown to label nNOS in sections of sheep pineal gland (Lopez et 

al. 1996), detected nNOS expression in both the developing DA and aorta correlating 

with western blot analysis. 



Our study further demonstrates that expression of nNOS and ecNOS in the DA is 

developmentally regulated since both NOS isofoms are increased in the DA at 100 days 

gestation relative to term vesseis and thus are increased at a time point coincident with 

the onset of intimal cushion formation and are down regulated when this process is 

complete at term. Similarly post-transcriptional upregulation of fibronectin in the 100 

day gestation DA is no longer operational Iater in gestation (at 138 days in the fetal larnb) 

when intimal cushions are fully forrned (Boudreau and Rabinovitch 1991). This is 

supported by Our recent finding that gene transfer into the DA of plasmid encoding decoy 

RNA which sequesters LC-3 away from fibronectin mRNA, inhibits fibronectin synthesis 

and expression at 100 days gestation, abrozating intima1 cushion formation (Chapter 1) 

but does not affect fibronectin expression levels in these DAs at term (data not shown). 

Thus there appears to be a developrnental program resulting in post-transcriptional 

upregulation of fibronectin synthesis and the onset of intimal cushion formation in the 

DA at 100 days gestation in the fetal lamb (Boudreau and Rabinovitch 1991) which 

correlates with deveIopmenta1 expression of ecNOS and nNOS isoforms. 

Our demonstration that endogenous NO regulates fibronectin synthesis in migratory 

smooth muscle cells of the 100 day gestation DA, but does not influence basal levels in 

the relatively quiescent aortic smooth muscle cells, also supports the proposed role of 

increased NO levels in regulating the formation of intima1 cushions at this time in the 

DA. In contrast to DA smooth muscle cells, basal levels of fibronectin synthesis in aortic 

smooth muscle cells, were not inhibited by L-NMMA or DPI. However, the finding that 

addition of an exogenous NO donor (SNAP) to aortic smooth muscle cells increased 

fibronectin synthesis: points to a potential role for NO in pathological neointimal 

formation of the systernic vascuIature. 



Our experiments indicating no change in steady state levels of fibronectin rnRNA 

following treatment with SNAP or L-NMMA support Our earlier work which showed that 

despite the relative increase in fibronectin synthesis, levels of fibronectin mRNA in DA 

smooth muscle ceils are sirnilar to those in aortic smooth muscle cells. In addition, these 

results suggested that NO affects post-transcriptional upregulation of fibronectin 

synthesis in the 100 day gestation DA srnooth muscle cells. 

NO has previously been shown to modulate post-transcriptional regulation of genes 

involved in cellular regulation of iron, ferritin and the transfemn receptor, by inducing 

binding of iron regulatory factors to iron response elements (IRES) in the untranslated 

regions of these mRNAs (Hentze and Kuhn 1996, Pantopoulos and Hentze 1995). 

Erythropoietin mRNA stability appears to be regulated by reactive oxygen intermediates 

in a sirnilar fashion since its stabilization by cornplexing of erythropoietin RNA binding 

protein (ERBP) with an element in its 3'-untranslated region is induced by hypoxia 

(McGary et al. 1997). Oxidation by reactive oxygen intermediates appear to inhibit 

binding and expression of ERBP (Rondon et al. 1995). Reactive oxygerz intermediates 

may also regulate ARE containing rnRNAs since binding of the AU rich element binding 

factor (AUBF) to an ARE common in many cytokines and growth regulatory proteins is 

inhibited by oxidation of free thiol groups which appear to be required for binding 

(Malter and Hong 199 1). However, this is the first report demonstrating NO modulation 

of RNA binding protein interaction with an ARE. Since ARES are present in many 

cytokines and signaling molecules involved in cell proliferation, these data provide 

insights into potential regulatory mechanisms in inflammation and ce11 proliferation. 

We previously showed that enhanced smooth muscle ce11 fibronectin synthesis involves 

increased mRNA translation through recruitment of fibronectin mRNA to the 

polyribosomes as a result of binding of the microtubule associated protein LC-3 to the 



ARE of fibronectin niRNA (Zhou et al. 1997, Zhou and Rabinovitch 1998). In this report 

we demonstrate that NO regulates phosphorylation of LC-3 associated with increased 

binding efficiency to the fibronectin ARE and localization to the membrane fraction of 

DA smooth muscle cells which contins rough endoplasmic reticulum. 

Our finding that the membrane-associated f o m  of LC-3 is phosphorylated and is 

increased by SNAP and decreased by L-NMMA suggests that this is the form directly 

involved in facilitating fibronectin mRNA translation. Since fibronectin is a secreted 

protein it would require translation at the rough endoplasmic reticulum to allow for 

packaging into secretory vesicles for release at the ce11 surface. Studies from Our 

laboratory demonstrated by polysomal analysis that the lower molecular weight form of 

LC-3, which we show here to be phosphorylated, is associated with fibronectin rnRNA in 

the polyribosomes where translation is occumng (Zhou and Rabinovitch 1998). 

A requirement for phosphorylation of an RNA binding protein to allow for translation of 

the mRNA with which i t  interacts has also been shown in the regulation of rnRNAs 

involved in developrnent. In garnetes, many rnRNAs are stored in transiationally inactive 

forms for their iater use at specific stages dunng development (Sommerville 1992). The 

mRNAs encoding cyclin A and the srnaII unit of ribonucleotide reductase are quiescent in 

oocytes until after fertilization when their translation is activated, a phenomenon 

associated with phosphorylation of an 82 kD RNA binding protein which binds to these 

rnRNAs (Standart et al. 1990, Walker et al. 1996). Similar to LC-3, phosphorylation of 

this protein is associated with altered migration of ribonucleoprotein particles formed by 

its complexing with cyclin A or nbonucleotide reductase 3'-untranslated regions in RNA 

gel mobility shift assays (Walker et al. 1996). Furthemore, redox regulation of AUBF 

binding to ARE elements has been shown to involve phosphorylation (Malter and Hong 

1991). 



LC-3 facilitation of fibronectin rnRNA translation has also been shown to require intact 

microtubules (Zhou and Rabinovitch 1998). Thus the form of LC-3 which is associated 

with tubulin in the cytosolic fraction from DA smooth muscle cells, may represent a form 

of LC-3 which binds translationally repressed fibronectin mRNA to the microtubules. 

NO may increase fi bronectin s ynthesis by phosphorylation of LC-3 which may facilitate 

fibronectin mRNA access to or translation at the rough endoplasmic reticulum. This 

could explain our observation that total LC-3 is unchanged in DA srnooth muscle cells 

treated with L-NMMA: Instead there appears to be a shift in LC-3 localization caused by 

L-NMMA, away from the membrane-associated phosphorylated pool and into the 

tubulin-associated cytosolic pool which could conceivably cause a shift in bound 

fibronectin mRNA away from the translational machinery on the rough endoplasmic 

reticulum. Our results indicate that regulation of LC-3 is sirnilar to other RNA binding 

proteins including erythropoietin RNA binding protein and AUBF in that their activity is 

not necessarily related to a change in synthesis but to post-translational modifications 

such as phosphorylation or sulfhydryl group modification (Malter and Hong 1991, 

Rondon et al. 1995). 

Han et al. (Han et al. 1995) demonstrated that a testis-brain RNA binding protein which 

suppresses protarnine-2, tau and myelin basic protein mRNA translation, also binds these 

rnRNAs to microtubules. Tau mRNA has been proposed to use microtubule tracks for its 

intracellular transport and hence its polarized expression (Litman et al. 1993). Sirnilad y, 

a polarized distribution of fibronectin synthesis could conceivably be required in 

rnigrating smooth muscle cells. 

The microtubule associated form of LC-3 may also play a role in microtubule dynarnics 

required for changes in ceIl shape associated with acquiring a rnotile or non-motile 

phenotype. Microtubule associated protein 1B (MAP 1B) of which LC-3 is a component 



in neurons, is expressed at high levels in growing axons of developing and adult nervous 

systems and has been proposed to play a specific role in cytoskeleton remodeling in 

neurons (Bloom et al. 1985, Bloorn et al. 1984, Calvert and Anderton 1985, Schoenfeld et 

al. 1989, Tucker et al. 1988). This is supported by the finding of Bmgg et al. (Brugg et 

al. 1993) that neurite outgrowth is inhibited by attenuation of MAPlB expression. Since 

both SNAP and L-NMMA cause increases in the level of the microtubule associated non- 

phosphorylated form of LC-3, this fonn could conceivably be required in microtubule- 

based cytoskeletal changes in DA smooth muscle cells, that is, an increase in NO might 

stimulate an elongated migratory phenotype, whereas a decrease in NO might induce the 

ce11 to become more stellate and less rnigratory. 

Although NO c m  play a vasculoprotective role in the vasculature, there is increasing 

evidence that it plays a pathogenic role in occlusive neointimal formation. The effect of 

NO on the vasculature appears to depend on the relative Ievels of superoxide (OZ--) in the 

vessel. Superoxide can inhibit the beneficial cyclic GMP-mediated effects of NO such as 

vasodilation and inhibition of smooth rnuscIe ce11 proiiferation, by reacting with NO to 

produce ONOO-, a reactive nitrogen intermediate which causes nitrosylation of proteins, 

lipids and DNA (Darley-Usmar et al. 1997, Graham et al. 1993), has been shown to 

stimulate platelet aggregation (Moro et al. 1994) and oxidize low densi ty lipoprotein, 

believed to result in its accumulation in macrophages in the vessel wall in atherosclerosis 

(Hogg and Kalyanaraman 1998, Thomas et al. 1998). Our data suggest a mechanistic 

role for NO in smooth muscle ce11 migration into the intima. We have not determined 

whether NO itself or ONOO- as the result of enhanced NO production in the DA, is the 

cause of increased fibronectin synthesis in DA smooth muscle cells. 

Our results not only support other evidence indicating the importance of NO in vascular 

neointimal formation but also provide novel insights into the mechanism involved, by 



elucidating the role of NO in post-transcriptional upregulation of fibronectin, an 

extracellular rnatrix gIycoprotein key to vascular srnooth muscle migration. Furthemore, 

our demonstration that NO can regulate fibronectin is exciting because it may also be 

relevant to a broad range of inflamrnatory disorders associated with induction of NO and 

extracellular matrix deposi tion. 



CHAPTER THREE 

TNF-cc INDUCES FIBRONECTIN SYNTHESIS IN CORONARY ARTERY 

SMOOTH MUSCLE CELLS BY AN NITRIC OXIDE-DEPENDENT POST- 

TRANS CRIPTIONAL MECHANISM 



INTRODUCTION 

Transplant coronary artery disease, a major complication of cardiac transplantation (Gao 

et al. 1990), is characterized by the development of occlusive intima1 lesions (Uretsky et 

al. 1997) formed by smooth muscle ce11 migration and proliferation as well as 

extracellular matrix deposition in the subendothelium (Libby et al. 1989). This 

neointimal formation appears to be regulated by an immune-inflammatory response 

involving adhesion and subendothelial accumulation of activated T cells (Salomon et al. 

1991), expression of the cytokines IL-lB (Clausel1 et al. 1993) and TNF-cc (Arbustini et 

al. 1991, Molossi et al. 1995), and subendothelial upregulation of fibronectin expression 

(Clausell et al. 1993). Furthemore, TNF-a and IL-lB reciprocally CO-induce fibronectin 

synthesis in cultured porcine coronary artery smooth muscle cells (Molossi et al. 1995). 

In a rabbit heterotopic cardiac transplant model, the number and severity of allograft 

coronary artery lesions was reduced by treatment with the TNF-a soluble receptor and 

this was associated with inhibition of the inflammatory infiltrate and reduced 

subendothelial fibronectin expression (Clause11 et al. 1994, Molossi et al. 1995b). 

Blocking the fibronectin interaction with integrin ~(401 (very late antigen-4) on smooth 

muscle cells and T lymphocytes using synthetic peptides from the connecting segment -1 

region of fibronectin also decreased neointirnal formation in this model and was 

associated with a decrease in the immune-inflammatory infiltrate and in fibronectin- 

dependent smooth muscle ce11 migration (Molossi et d. 1995a, Molossi et al. 1995b). 

Fibronectin-dependent smooth muscle ce11 misration has also been demonstrated in 

primary cuttured smooth muscle cells from the fetal DA (E3oudreau et al. 1991). In these 

studies decreased DA smooth muscle celi migration in collagen gels was demonstrated 

after addition of fibronectin peptides (GRGDS) or antibodies against fibronectin 

(Boudreau et al. 1991). lMore recently, we showed that increased fibronectin expression 

in DA smooth muscle cells is regulated at a post-transcriptional level by the interaction of 



light chain 3 (LC-3), a component of microtubule associated protein complexes 1A and 

1B (Mann and Harnrnarback 1994), with an adenosine-uracil (AU) nch element in the 3'- 

untranslated region of fibronectin rnRNA (Zhou et al. 1997) whicli enhances fibronectin 

mRNA recruitment to the polysomes (Zhou and Rabinovitch 1998). This post- 

transcriptional mechanism is regulated by NO levels which are elevated in DA smooth 

muscle cells, associated with increased smooth muscle ce11 expression of the constitutive 

nitric oxide synthase (NOS) isoforms, ecNOS and nNOS (Chapter 2). 

EnducibIe NOS (NOS) expression is elevated in atherosclerotic lesions (Buttery et al. 

1996) (Luoma et al. 1998, Sobey et al. 1995) as weIl as in the coronary arteries of humm 

cardiac allografts (Ravalli et al. 1997) and in animal models (Russell et al. 1995, Akyurek 

et al. 1996), and has been proposed to play a role in intima1 thickening (Russell et al. 

1995). Furthemore, the cytokines TNF-cc and IL-1B induce iNOS expression and nitric 

oxide (NO) release in vascular smooth muscle cells in culture (Koide et al. 1993, Kanno 

et al. 1993, Koide et al. 1994). 

We therefore examined whether TNF-a induction of fi bronectin synthesis in cultured 

primary coronary artery smooth muscle cells is regulated by NO. We show that TNF-a 

induction of fibronectin synthesis requires increased NO production which mediates 

expression and binding of LC-3 to the AU rich element in the 3' UTR of fibronectin 

rnRNA, a mechanism previously shown to facilitate fibronectin &VA translation (Zhou 

et al. 1997, Zhou and Rabinovitch 1998). These are the first experimental data 

demonstrating that modulation of intracellular NO levels by cytokines can orchestrate 

specific post-transcriptional mechanisms regulating extracellular matrïx gene expression. 



METHODS 

Cell Culture 

Porcine coronary artery smooth muscle cells were isolated for primary cultures as 

previously descnbed (Clausel1 and Rabinovitch 1993, Ross 197 1). Segments o f  anterior 

interventncular artery 1 cm from its origin at the aorta and approximately 4 cm in length 

were removed from porcine hearts and rinsed in Dulbecco's phosphate buffered saline 

containing 3% antibioticsl antimycotics. The endothelium and adventitia were removed 

and the media was cut into 2 mm square pieces and cultured to propagate smooth muscle 

cells. The cells were grown in Medium 199 containing 1% antibiotics/antimycotics 

(GIBCO BRL, Burlington, ON) and 10% fetal calf serum. Smooth muscle ce11 were 

allowed to grow out from the explants for two weeks in culture before passaging. Cells 

were used for the experiments described below at passage 2.  

Experimental Conditions 

Semi-confluent cultures of coronary artery smooth muscIe cells were pre-incubated for 

one hour in serum-free methioninekysteine free DMEM containing 1% bovine serum 

aibumin. To assess the role of ROI or R N  in TNF-a induction of fibronectin synthesis, 

diphenyleneiodonium (DPI) (Sigma Chernical Co., Mississauga, ON) (2 PM), a non- 

specific inhibitor of flavonoid containing enzymes including NAD(P)H oxidases and NO 

synthases (Stuehr et al. 1991), or No-monomethyl-L-arginine (L-NMMA) (Sigma) (250 

PM), a specific NO synthase inhibitor, were added during the one hour pre-incubation. 

The culture medium was then replaced and recombinant human TNF-ct (R & D Systems, 

Minneapolis, MN) (10, 30 and 100 nglrnl) was added alone or in combination with DPI 

or L-NMMA and incubated with the cells for four hours. To assess the effect of NO on 

coronary artery smooth muscie ce11 fibronectin synthesis, S-nitroso-N-acetylpenici11arnine 

(SNAP) (BIOMOL Research Laboratories, Plymouth Meeting, PA) (100 FM), an organic 

NO donor, was added to the cells for four hours. To assess fibronectin synthesis 10 



pCi/ml [%]-methionine (Amersham, B uckingharnshire, England) was added during the 

four hour incubations. To assess total ROI and EWI production, dihydrorhodamine 123 

( 2  pM) was added. The effect of TNF-a on steady state levels of fibronectin mRNA was 

assessed by northern blot analysis. 

Measrrrement of Fibronectin Synthesis 

Semi-confluent cultures of porcine coronary artery smooth muscle cells plated in 35 mm 

dishes were incubated in 2 ml serum-free and cysteinefmethionine-free medium 199 

containing 1% bovine serum dbumin for one hour. This medium was replaced and 10 

pCilml of [35~]-methionine (Amersham) was added for 4 hours. At the end of the 

incubation ce11 free culture supernatants were harvested. Total protein synthesis was 

assessed in triplicate with 60 pl aliquots of culture medium by TCA precipitation. TCA 

precipitated proteins were collected by vacuum filtration on glass fibre filters and counted 

by liquid scintillation spectrometry. A mean of the values for the three aliquots was used 

to obtain a quantitative assessrnent of total protein synthesis in each culture dish. To 

measure fibronectin synthesis, 1 ml aliquots of culture medium were incubated with 100 

pl gelatin 4B-sepharose beads overnight at 4OC. The beads were washzd 3 times in PBS. 

Bound fibronectin was then eluted from the beads into 100 pl SDS PAGE sample buffer 

(5% B-rnercaptoethanol, 2% SDS, 10% glycerol, 62.5 rnM TRIS-HCl pH 6.8) by boiling 

for five minutes. The samples were standardized to total protein synthesis for each 

condition and then separated on a 6% SDS polyacrylamide gel and the gels were fixed in 

5% acetic acid/lO% methanol for 30 minutes and soaked in Amplify (Amersham) for 15 

minutes before drying under vacuum at 80°C on a Mode1 443 slab dryer (Bio-Rad, 

Hercules, CA). Dned gels were exposed to Kodak X-OMAT AR film for two to four 

days and the 220 kD band corresponding to fibronectin was excised from the gel and 

counted by liquid scintillation spectrometry. Identification of this 220 kD band as 

fibronectin has been confirmed by western blottinp (Boudreau and Rabinovitch 1991). 



ROI + RNI by Flrtorescence-Activafed Cell Sortrrtrng (FACS) Analysis 

Production of ROI or RN1 in the ce11 results in the conversion of DHR 123 to the 

fluorescent compound rhodamine 133 (500-540 nm ernission spectrum). FolIowing DHR 

loading, ail manipulations of the cells were done in the dark. Coronary artery smooth 

muscle cells were rinsed in Dulbecco's phosphate-buffered saline (PBS), trypsinized 

(0.5% trypsin, 5.3 rnM EDTAa4Na)(GIBCO BRL) until floating and washed twice again 

in PBS. Cells were pelleted at 2000 rpm and fixed in 1.5% parafomaldehyde in PBS for 

20 minutes pnor to FACS analysis. Cellular fluorescence intensity was determined for 

5000 cells from each sample by flow cytometry using an argon laser with the excitation 

source emitting at 488 nm as descnbed by Lo and Cruz (Lo and Cmz 1995). 

Spectrofruorometric Analysis of Nitrate and N M e  

A nitratehitrite fluorometric assay kit (Cayman Chernical) was used to measure levels of 

the stable endproducts of NO, nitrate and nitrite, in culture media as previously described 

(Green et al. 1982, Misko et ai. 1993). Semi-confluent porcine coronary artery smooth 

muscle cells were plated in 35 mm plates and treated for four hours with TNF-a (100 

ndml) in the presence and absence of L-IYMMA (250 PM) or DPI (3  PM) and with L- 

NMMA or DPI alone in serum free media containing 0.1% BSA. Culture media was 

harvested and ce11 number was counted using a hemocytometer for each well. Culture 

medium from each well and standard concentrations (0.078 to 10 PM) of nitrate were 

incubated with nitrate reductase and CO-factors (Cayman Chernical) for 30 minutes at 

roorn temperature to convert nitrate to nitrite. The samples were then incubated with 2,3- 

diaminonaphthalene (DAN), which reacts with nitrite to form the fluorescent compound 

L(H)-naphthotriazole. Fluorescence intensity was measured by fluororneter using 

excitation and emission wavelengths of 365 and 450 nm respectively. 



Northern Blot Analysis 

Total RNA was isolated from coronary artery smooth muscle cells using TRIZOL reagent 

(Life Technologies, Grand Island, NY). Cells were lysed in TRlZOL (2 mVlOO mm dish) 

by repeated pipetting. The ce11 Iysate was extracted with chloroform and the RNA was 

precipitated according to the TRlZOL directions. RNA sarnples were separated in a 1% 

agarose gel containing 6% formaldehyde in MOPS buffer (20 mM MOPS, 5 mM Na 

acetate, 1 mM Na2.EDTA) and transferred to nitrocellulose membranes by capillary 

transfer. Membranes were probed with a [ ~ ~ P I - ~ C T P  (106 c p d m l )  (Amersham) labeled 

human fibronectin cDNA probe (L.4 kB) (GIBCO BRL) and a control GAPDH cDNA 

probe (1.2 kB) (ATCC, Rockville, Maryland) (denatured at 100 OC for 5 minutes and 

chiiled before incubation) in hybridization buffer (6XSSC, 5X Denhardt's reagent, 0.5% 

SDS, 100 pg/ml denatured fragmented salmon sperm DNA, 50% deionized formamide) 

ovemight at 50 OC. Membranes were washed twice in 2 X SSC/O.l% SDS at 55 OC for 

30 minutes and once with 0.2 X SSCIO. 1% SDS at 65 OC for one hour, before exposure to 

Kodak X OMAT film. 

CeZZ Extracts for Western hrnunoblotting and Gel Mobility Shift Assays 

Semi-confluent cultures of coronary artery smooth muscle cells were harvested by 

scraping into PBS and pelleted at lOOOg in a Tj-6 table top centrifuge (Beckman, 

Mississauga, ON) for 10 minutes. Cells were resuspended in two volumes of hypotonic 

buffer (0.1 mM EDTA, 25 rnM TRIS-HCI pH 7.9) containing 1 pg/ml each of aprotinin 

(Sigma). pepstatin (Sigma) and leupeptin (Boehringer Mannheim, Laval QE) and lysed 

b y three cycles of freeze-thaw. C ytosolic proteins were extracted by centrifugation for 

one hour ai 16 OOOg (Zaidi and Malter 1995). Pellets were subjected to 1 M KCL 

extraction at 4 O C  to isolate membrane associated proteins for RNA gel mobility shift 

assays. Protein concentration was determined using a standard Bradford protein assay kit 

(Bio-Rad) and spectrophotometry at 595 nrn. 



Western Immzmoblo f Analysis 

Protein extracts (30 pg per lane) from coronary artery smooth muscle cells were 

separated by SDS polyacrylamide gel electrophoresis reducing conditions and transferred 

to PVDF membranes. Blots were blocked for one hour in 5% non-fat dry milk, 

phosphate-buffered saline (PBS) containing 0.5% tween-20 and then probed with rabbit 

antiserum to LC-3 (prepared by Dr. J. Hammarback, Department of Neurobiology and 

Anatomy, Bowman Gray School of Medicine, Winston-Salem, NC) (1:3000). Blots were 

washed three times with PBS/O.5% tween-20 foilowed by incubation with horse radish 

peroxidase-conjugated goat anti-rabbit IgG (Bio-Rad) (1:3000). The blots were washed 

three times as above and developed using enhanced chemiluminescence (ECL) western 

blotting detection reagents (Amersham). 

RNA Gel Mobility Shi! and UV crosslinking Assays 

Cytosol and KCI extracts from lysed cell pellets were dialyzed against RNA binding 

buffer (5 mM MgCl-. 100 rnM KCI, 10% glycerol, 15 rnM Hepes pH 7.9 in DEPC 

treated water) overnight at 4 OC in a Pierce System 100 Microciidyzer and stored at -80 

O C .  For each assay, 15 yg of protein extracts frorn coronary artery smooth muscle cells 

was incubated with 104 cpm of wild type or mutant fibronectin AU rich element 

(underlined) containing RNA oligonucleotide probe (wild type: 5'-ACCUGUUAUUUAU 

CAAUU-3'), (mutant: 5"-ACCUGGGAGGGAGCAAUU-3') (synthesized by 

Biotechnology Centre, University of Calgary, Calgary, Alberta) in RNA binding buffer 

containing 2 pg e. coli transfer R N A  (Siama) in a total volume of 20 FI for 30 minutes at 

30 OC. The samples were then separated on a 6% native polyacrylamide gel in 0.25 X 

TRIS-borate-EDTA (TBE) buffer (90 rnM TRIS, 90 mM boric acid, 2 rnM EDTA). For 

cornpetition and specificity analysis of protein-RNA binding, excess (500: 1) unlabeled 

RNA probe was incubated with the cytoplasmic extracts and [32~]-labeled probe. For 

UV crosslinking assays the extracts were crosslinked following the incubation of the 



protein with radiolabelled wiId type ARE probe by UV (254 nm) irradiation (120 

rn~/cmz) in a UV 1800 Stratalinker (Stratagene, La Jolla, CA), and separated in 12% 

polyacrylamide geIs by SDS PAGE. 

RESULTS 

NO Mediates TNF-cc Induction of Fibronectin Synthesis 

We first determined whether TNF-a induction of fibronectin synthesis in coronary artery 

smooth muscle cells is mediated by induction of reactive oxygen (ROI), or nitrogen 

intermediates ( R N )  retated to NO. To examine the effect of TNF-a on intracellular 

reactive oxygen and nitrogen intermediates, coronary artery smooth muscle cells were 

loaded with dihydrorhodarnine @HR) for four hours in serum free DMEM with and 

wi thout TNF-cc (10, 30 and 100 ng/ml) and then subjected to fluorescence activated ce11 

sorting (FACS) analysis. Dihydrorhodarnine 123 is converted in the presence of 

intracellular ROI or E2M to the fluorescent dye rhodarnine 123, which can be measured 

by FACS analysis using a FITC filter to obtain a distribution of fluorescence intensities. 

This method has been validated in cultured chondrocytes in which TNF-a was used to 

induce ROVRNI production (Lo and Cruz 1995). In coronary artery smooth muscle cells 

we found that TNF-cc treatment caused a dose-dependent increase in intracellular 

ROVRNI levels as indicated by rightward shifts in the distribution of coronary artery 

smooth muscle ce11 fluorescence intensities following DHR loading (pcO.05 based upon 

analysis of 5000 cells per sampte) (Figure 21A). Fibronectin synthesis was then 

rneasured by rnetabolic labeling of the smooth muscle cells with [35~]-methionine 

followed by gelatin-sepharose affinity chromatrography and SDS PAGE. The 220 kD 

bands visualized on autoradiographs of dned SDS PAGE gels, previously dernonstrated 

by western blotting to be fibronectin monomers (Boudreau and Rabinovitch 1991), were 

excised and the radioactivity counted by scintillation spectrophotometry. TNF-a (10, 30, 



Figure 21. TNF-a induction of ROVRNI levels and parallel induction of fibronectin 

synthesis in coronary artery smooth muscle cells. A, Average fluorescence intensity 

folIowing DHR loading as a measure of ROI/RNI levels in coronary artery srnooth 

muscle celis following four hour treatrnent with TNF-a (10, 30 and LOO n g h l ) .  Bars 

represent mean fluorescence intensity from a total of 5000 cells examined by FACS 

analysis t SEM. B, Representative autoradiograph (top) and histogram (bottom) 

illustrating quantitative analysis of affinity purified metabolically labeled fibronectin 

followin_g 4 hour treatment with T M - a  (10, 30 and 100 ngml). Bars represent mean 

fibronectin synthesis (cpm) relative to total protein synthesis from three separate 

experiments t SEM. At doses of 30 and 100 ngml TNF-a significantly increased 

ROIlRNI production (*p<0.05) and fibronectin synthesis (*p<0.05) in coronary artery 

srnooth muscle cells. 
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100 ngjml) caused a dose dependent increase in fibronectin synthesis in coronary artery 

smooth muscle ceIls (*p<O.OS) (Figure 21B). 

Subsequent studies showed that treatment of the smooth muscle cells with 

diphenyleneiodonium @PI) (2 PM), an inhibitor of ROI and EWI producin,o flavonoid 

containing enzymes such as NADPH oxidase and NO synthase (Stuehr et al. 1991), 

caused a decrease in basal levels of ROURNI (+p<0.05) and d s o  abrogated the effect of 

Tm-u (100 ng/ml) on ROVRNT induction (i-pcO.05) (Figure 22A). The TNF-a 

induction of fibronectin synthesis was also not observed in the presence of DPI (Figure 

22B). However, treatment with DPI alone did not cause a decrease in fibronectin 

synthesis from basal levels (Figure 22B) suggesting that constitutive expression of 

fibronectin in cultured coronary artery smooth muscle cells is not regulated by ROYRNI. 

Since TM-u has previously been demonstrated to increase iNOS expression (Beasley 

and Eldridge 1994) in vascuIar smooth muscle cells, we exarnined, first, whether the 

TNF-a induced increase in ROI/RNI Levels (indicated by FACS analysis following DHR 

loading) could be related to increased NO and second, whether TNF-a induction of 

fibronectin synthesis was rnediated by NO. We first demonstrated that the NO donor, S- 

~ G - a c e t ~  lpenicil lamine (SNAP), reproduced the effec t of TNF-U on coronary artery 

smooth musde ce11 fluorescence intensity following DHR loading (a measure of 

ROVRNI levels) (Figure 22C) and fibronectin synthesis (Figure 22D). 

Coronary artery smooth muscle cells were then treated with TNF-cc (100 ng/ml) alone or 

in combination with the cornpetitive inhibitor of NO synthase, L-NMMA, or with L- 

NMMA alone followed by analysis of fibronectin synthesis (Figure 23). TNF-cc 

induction of fibronectin synthesis was inhibited to control levels by concomitant 



Figure 22. TNF-a induction of ROI + RNI and fibronectin synthesis in coronary 

artery smooth muscle cells is inhibited by DPI and mimicked by SNAP. Top: 

Comparison of average fluorescence intensity following DHR loading of A, untreated 

coronary artery smooth muscle cells (CON) with coronary artery srnooth muscle cells 

treated with TNF-a (100 ng/ml) + DPI or DPI alone and of B, untreated coronary artery 

smooth muscle cells relative to cells treated with S N M .  Bars represent the rnean 

fluorescence intensity + SEM of 3 separate experiments in which 5000 cells were 

analysed. Bottom: Representative autoradiographs and histograms showing quantitative 

analysis of fibronectin affinity purified from culture media of metabolically labeled 

C ,  untreated coronary artery smooth muscle cells (CON) compared to cells treated with 

TM-a I DPI or DPI alone and D, untreated coronary artery smooth muscle cells (CON) 

compared to those treated with SNAP. Bars represent the mean f SEM of 3 separate 

experiments (*p<0.05). 

TNF-cc induction of ROI + RN1 production (*p<0.05) was inhibited by DPI ($p<0.05) 

and DPI caused a decrease in basal levels of ROI/ RN1 compared to untreated coronary 

artery smooth muscle cells (ip<O .O5). TNF-a induced fibronectin s ynthesis (*p<0.05) in 

coronary artery smooth muscle cells, but not in the presence of DPI. Treatment with DPI 

alone, however, did not affect basal levels of fibronectin synthesis. SNAP increased ROI 

+ RN1 (*p<0.05) and fibronectin synthesis (*p<0.05) in coronary artery smooth muscle 

cells, thus rnimicking the effect of TNF-a. 
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Figure 23. Effect of the NOS inhibitor L-NMMA on TNF-a! induction of fibronectin 

synthesis in coronary artery smooth muscle cells. Histogram comparing fibronectin 

synthesis from untreated smooth muscle cells (CON) to that from ceIls treated for four 

hours with Tm-a t L-NMMA or with L-NMMA done. Each bar represents the average 

of 3 experiments i SEM. T M - a  induction of fibronectin synthesis (*pc0.05) was 

significan tly abrogated by concorni tant treatment wi th L-NMMA (~pc0.05),  while L- 

NMMA alone had no effect on basal Ievels of fibronectin synthesis. 
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treatrnent with L-NMMA, while treatrnent with L-NMMA alone had no significant effect 

on basal levels of fibronectin synthesis in these cells (Figure 23). To confirm that TNF-a, 

L-NMMA and DPI were rnodulating NO as proposed, NO levels were assessed by 

measunng the accumulation of the stable end-products of NO, nitnte and nitrate in 

culture media from coronary artery smooth muscle cells (Figure 24). TNF-a (LOO ng/ml) 

induced a two-fold increase in nitratehitrite accumulation which was abrogated by 

concomitant treatment with L-NMMA (150 pm) (pc0.05) and inhibited by DPI (7 FM) 

(Figure 24). 

In primary cultured smooth muscle cells from donor coronary arteries exhibiting evidence 

of post-cardiac transplant neointimal formation we previously demonstrated increased 

steady state fibronectin rnRNA levels, correlating with increased fibronectin synthesis, 

which could be reduced ro host levels using the IL-@ receptor antagonist (Clausel1 and 

Rabinovitch 1993). However, the effect of TNF-a on fibronectin mRNA levels has not 

previously been examined. We measured fibronectin mRNA levels in coronary artery 

smooth muscle ce11 cultures treated with TNF-a alone or in combination with L-NMMA 

by northem blotting (Figure 25). The fibronectin cDNA probe recognized a band at the 

expected size of 7.5 kB in coronary artery smooth muscle ce11 RNA samples. 

Fibronectin mRNA levels did not appear to change with respect to GAPDH mRNA levels 

following treatment with TNF-a, with TNF-a and L-NMMA together or with L-NMMA 

alone (Figure 25). These experiments did not rule out potential effects of TNF-a on 

fibronectin transcription or mRNA stability, however, they suggest that NO-dependent 

TNF-a induction of fibronectin synthesis involves post-transcriptional regulation, and 

that IL-l3 and TNF-a may regulate fibronectin synthesis by different mechanisms. 

LC-3 Expression in TNF-a Treated Coronary Artery Smooth Muscle Cells 

We have demonstrated NO dependent post-transcriptional upregulation of fibronectin 



Figure 21. TNF-cc induction of NO production in coronary artery smooth muscle 

cells is inhibited by L-NMMA. Histogram showing spectrofluorometric analysis of 

nitrates and nitrites in cuIture media as a meâsurement of NO retease, from untreated 

coronary artery smooth muscle ce1Is alone (CON) compared to cells treated with TNF-a 

t L-NMMA or +/- DPI, or L-NMMA or DPI alone. Bars represent the mean of 3 

expenments f SEM. TNF-u induction of NO release (*p<0.05) was abrogated by 

simultaneous treatment with either L-NMMA (tpc0.05) or DPI ($p<0.05), both of which 

had no effects on basal levels of NO. 
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Figure 25. NO mediated TNF-a induction of fibronectin synthesis does not involve a 

change in steady state levels of fibronectin mRNA. A, Representative northem blot 

from two separate expenments in which total RNA extracts from untreated coronary 

artery smooth muscle cells compared to cells treated with TNF-a f L-NMMA or + DPI 

or with L-NMPvIA or DPI alone, were probed with [ ~ Z P ]  dCTP labeled human fibronectin 

(FN) cDNA and hurnan GAPDH cDNA. UnderIoading of the lane containing RNA from 

L-NMMA treated cells resulted in an apparent decrease in fibronectin and GAPDH 

mRNA levels. B, Densitometric analysis of fibronectin mRNA relative to GAPDH 

mRNA did not demonstrate a change in fibronectin rnRNA levels in cells treated with 

TNF-a + L-NMMA or L-NMMA alone. 
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synthesis (Chapter 2 )  by LC-3 mediated recruitment of fibronectin mRNA to the 

polyribosomes (Zhou and Rabinovitch 1998), associated with higher LC-3 levels in DA 

smooth muscle ceIls as compared to aortic cells (Zhou et al. 1997). Two forms of LC-3 

of distinct molecular weights were identified in coronary artery smooth muscle cells by 

western blotting. These proteins could be separated by isolating a cytosolic fraction and a 

lysed ce11 pellet from freeze-thaw lysed cells. Cytosolic LC-3 has a molecular weight of 

15 kD and has been shown to CO-distribute with tubulin (Chapter 2) .  A slightly lower 

molecular weight f o m  of LC-3 was identified in the lysed ce11 pellet and appeared to be 

the form associated with fibronectin mRNA at the polynbosornes where translation 

occurs. Therefore to examine whether LC-3 may be involved in NO mediated TNF-ff 

induction of fibronectin synthesis in coronary artery smooth muscle cells, we exmined 

LC-3 expression in ce11 membrane fractions from cells treated with TNF-a alone or in 

combination with L-NMMA, or with L-NMMA aIone (Figure 26). Levels of membrane 

associated LC-3 in coronary artery smooth muscle cells were increased by TNF-a within 

4 hours and this increase was partially inhibited when cells were treated with TNF-a in 

combination with L-NMMA (Figure 26). 

TNF-a Induction of LC-3 Binding to the ARE of Fibronectin mRNA from Coronary 

Artery Srnooth Muscle Ce11 Extracts 

We previously demonsuated that LC-3 binds to an AU rich element (ARE) in the 3'-UTR 

of fibronectin mRNA in RNA gel mobility shift and UV crosslinking assays and that 

increased binding is associated with increased recruitment of fibronectin mRNA to the 

polyribosomes (Zhou et al. 1997, Zhou and Rabinovitch 1998). We found that LC-3 

could be removed from coronary artery smooth muscle cells lysed membranes by 1 M 

KC1 (data not shown) sugpesting that it is membrane-associated, a characteristic of RNA 

binding proteins (Zaidi and Malter 1995). Therefore we used RNA gel mobility shift 

assays to examine binding of LC-3 from KCI extracts of coronary artery smooth muscle 



Figure 26. TM-CY increases expression of membrane associated LC-3 in coronary 

artery smooth muscle cells, an effect inhibited by L-NMMA. Western blot (top) and 

densitornetnc analysis (bottom) of LC-3 expression in membrane fractions from untreated 

coronary artery smooth muscle cells (CON) compared to cells treated with TNF-a I L- 

NMMA or L-NMMA alone. TNF-cc increased LC-3 levels, an effect that was inhibited 

partially by L-NMMA. Treatment with L-NMMA alone did not affect basal levels of 

LC-3. 
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ce11 membranes, t O a [33~]-labeled 18-mer oligonucleotide containing the wild type 

fibronectin (FN) ARE (underlined) (5'-ACCUGUUAUUUAUCAAUU-3') and to a 

control ARE-rnutated 18-mer oligonucleotide (5'-ACCUGGGAGGGAGCAAUU-3') 

previously shown not to exhibit LC-3 binding activity in DA smooth muscle cells (Zhou 

et al. 1997). From dialyzed KC1 extracts of smooth muscle ce11 membranes, three shifted 

protein-fibronectin [ 3 2 ~ ] ~ ~ ~  complexes were identified (Figure 27A). Formation of 

these complexes was increased in extracts frorn coronary artery smooth muscle cells 

treated with TNF-a, an effect which was abrogated by concomitant treatment with L- 

M A  (Figure 27A). These results suggest that the membrane associated form of LC-3 

is directly involved in NO-rnediated post transcriptional regulation of fibronectin 

synthesis by TNF-a, since its binding to the fibronectin ARE is completely abrogated by 

L-NMMA. 

Extracts from coronary artery smooth muscle cells treated with L-NMMA alone also 

exhibited decreased complex formation with the fibronectin [ 3 2 ~ ] ~ ~ ~  relative to extracts 

from untreated cells (Figure 27A). Since neither basal levels of nitrites or nitrates in 

coronary artery smooth muscle cells culture medium nor fibronectin synthesis in coronary 

artery smooth muscle cells were affected by treatment with L-NMMA alone (Figure 24), 

these results suggest that basal levels of fibronectin synthesis in coronary artery smooth 

muscle cells are not repulated by NO-mediated binding of LC-3 to the ARE. 

UV crosslinking assays in which the 18-mer RNA oligonucleotide (-6 kD) containing the 

ARE was UV crosslinked to bound proteins from coronary artery smooth muscle ceIl 

extracts, one band at -22 kD was resolved on SDS PAGE which has also previously been 

detected in  UV crosslinking assays from DA coronary artery smooth muscle ce11 extracts. 

Since the molecular weight of the 18-mer RNA oligonucleotide is -6 kD, the -22 



Figure 27. TNF-a induction of binding complexes between the fibronectin ARE and 

LC-3 from coronary artery smooth muscle cells is inhibited by L-NUMA. A, RNA 

Gel mobility shift assay demonstrating binding of KCI extracted membrane associated 

proteins from coronary artery smooth muscle ceils to [32~]-labeled fibronectin ARE 

probe (lane I )  results in the formation of three protein-ARE binding complexes (arrows) 

which were increased in extracts from coronary artery smooth muscle cells treated with 

TNF-a (lane 2) ,  an effect inhibited by concomitant treatment of cells with TNF-a + L- 

NMMA (lane I). Protein-ARE complexes were not observed in the negative control lme 

containing free probe alone (Iane 5). Treatment of coronary artery smooth muscle cells 

with L-NMMA alone caused a decrease in basal levels of protein-ARE complex 

formation in these extracts (lane 3) relative to the untreated control samples. The protein- 

 PIARE ARE binding complexes observed in control coronary artery smooth muscle cell 

samples incubated with the wild type ARE probe (lanes 1 and 6) CO-migrate with 

complexes formed by recombinant LC-3 (9 pg) (lane 7), and were abrogated by 

incubation with excess (1:500) of unlabeled wild type ARE probe (lane 9). Complex 

formation frorn untreated coronary artery smooth muscle ce11 extracts is aiso significantly 

less when the ARE-mutated [32~]-labeled probe is used (Iane 8). B, W crosslinking 

assay of protein binding to the -6 kD [~ZP]-labeled FN ARE probe from membrane 

extracts of porcine coronary artery smooth muscle cells (CON) reveals a band migrating 

at -22 kD (arrowhead) which is enhanced in the extract from cells treated with TNF-a 

(TNF), an effect which was inhibited by treatment of the celk with TNF-a + L-NMMA. 
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kDband likely represents LC-3 monomer bound to [32~]-labeled fibronectin ARE 

oligonucleotide (Figure 27B). Furthemore, W crosslinks confirmed that binding of LC- 

3 frorn to the fibronectin ARE was enhanced by TNF-a and this effect was inhibited by 

concomitant treatment with L-NMMA (Figure 27B). 

DISCUSSION 

We have demonstrated that TNF-u induction of fibronectin synthesis in coronary artery 

smooth muscle cells is mediated by NO dependent binding of the microtubule associated 

RNA binding protein LC-3 to an AU-nch element in the 3'-untranslated region of 

fi bronectin mRNA. 

TNF-u induction of fibronec tin synthesis in cultured porcine coronary artery smooth 

muscle cells in serurn free medium was associated with increased production of ROI + 

RN1 monitored over a four hour period. Since FACS analysis of rhodamine 123 levels in 

dihydrorhodamine loaded ceIls gives a rneasure of total ROI + RNI we also demonstrated 

in culture medium frorn coronary artery smooth muscle cells, that TNF-a specifically 

increases NO by demonstrating an increase in levels of nitrites, stable endproducts of NO. 

Our finding that TNF-a induction of nitrite levels as well as fibronectin synthesis were 

inhibited by the specific competitive inhibitor of NOS, L-NMMA, indicated that NOS 

derived NO is required for TNF-a induction of fi bronectin syn thesis. NO-dependent 

TNF-a induction of fibronectin expression has also been demonsuated in cultured human 

umbiIical vein endothelid cells (Pellegatta et al. 1994). 

Our demonstration that the organic NO donor, SNAP, alone is sufficient to specifically 

induce fibronectin relative to total protein synthesis indicates that the effect of TNF-a on 

fibronectin synthesis is likely mediated through NO alone and does not involve effects of 

T M - a  on other ce11 signalling rnolecules. This was also demonstrated by the 



observation that L-NMMA. a specific NOS inhibitor, was more effective in inhibiting 

TNF-c( induction of fibronectin synthesis than DPI, a general flavonoid containing 

enzyme inhibitor which inhibits NOS as well as ROI producing enzymes such as NADPH 

oxidase. 

TNF-a induction of NO production and NO rnediated induction of fibronectin expression 

in primary cultured porcine coronary artery smooth muscle ceIls correlates with 

observations of increased expression of TNF-cx , iNOS and fibronectin in neointimal 

formation in restenosis (Bauriedel et al. 1994, Clausel1 et al. 1995, Yan et al. 1996), 

atherosclerosis (Buttery et al. 1996, Lei and Buja 1996, Liptay et al. 1993, Luoma et al. 

1998, Stenman et al. 1980), and post-transplant arteriopathy (Akyurek et al. 1996, 

Clausel1 et al. 1993, Clausell et al. 1994, Ravalli et al. 1997, Russell et al. 1995). 

Although iNOS was originally identified in cytokine activated macrophages, several 

reports have demonstrated that vascular smooth muscle cells also produce iNOS. Our 

results are therefore consistent with other reports demonstrating cytokine-mediated 

induction of NO production in vascular srnooth muscle cells associated with increased 

iNOS gene expression (Beasley and Eldridge 1994, Geng et al. 1994, Kanno et al. 1993, 

Koide et al. 1994, Koide et al. 1993, MacNaul and Hutchinson 1993). 

The role of iNOS in the pathogenesis of occlusive neointimal formation in these vascular 

diseases has not previously been defined. Since iNOS is expressed during neointimal 

formation it has also been proposed that NO may play a role in acquisition of the 

neointirnal migratory smooth muscle cells phenotype (Yan and Hansson 1998). Our 

study elucidates a role for NO in modulating vascular smooth muscle cells phenotype 

through upregulation of fibronectin, an extracellular matrix glycoprotein shown to play a 

key role in smooth muscle ce11 migration in neointimd formation. 



Steady state levels of fibronectin mRNA in coronary artery smooth muscle cells cultured 

in serum free media were not affected by a 4 hour exposure to TNF-a (100 @ml) . 

However, IL-IB induction of fibronectin synthesis is associated with an increase in steady 

state mRNA levels (Clausel1 and Rabinovitch 1993) and ce11 culture studies have shown 

that there is reciprocal CO-induction of fibronectin by TNF-a and I L - l B  (Molossi et al. 

1995). Thus it is possible that the cooperative interaction of TNF-a and IL-lB previously 

dernonstrated, is through distinct mechanisms of fibronectin gene regulation, i.e., 

transcriptional and post-transcriptional. 

We dernonstrated that the microtubule associated protein, LC-3, which facilitates 

fibronectin mRNA translation in srnooth muscle cells of the fetal Lamb DA, is also 

expressed in porcine coronary artery smooth muscle cells and is increased by TNF-a. 

TNF-a caused an increase in expression of LC-3 in membrane fractions from lysed 

coronary artery smooth muscle cells. In  primary cukured smooth muscle cells from the 

neointima-forrning fetal DA we demonstrated that the membrane associated form of LC-3 

is a phosphorylated form of cytosolic LC-3 with a slightly lower apparent molecular 

weight on SDS PAGE, which exhibits increased binding affinity for the fibronectin ARE, 

suggesting that i t  is the form of LC-3 involved in facilitating fibronectin mRNA 

translation. We demonstrated induction of expression of this form of LC-3 by TNF-a 

which was partially inhibited by L-hWMA but not completely abrogated to control 

Ievels. TNF-a induction of LC-3 complex formation with [~ZP]-labeled fibronectin ARE 

in membrane fractions was abrogated by L-NMMA. These results suggest that NO 

mediates TM-a induction of fibronectin synthesis by regulating both the expression of 

LC-3 as well as binding affinity for the fibronectin ARE in coronary artery smooth 

muscle cells. 



Although L-NMMA did not affect basal levels of fibronectin synthesis or LC-3 

expression in coronary artery smooth muscle cells, it did decrease LC-3 binding to the 

fibronectin ARE relative to basal levels from untreated coronary artery smooth muscle 

ce11 membrane extracts. This supports Our proposd that NO affects binding affinity for 

the ARE, since equivalent expression levels of LC-3 in controt coronary artery smooth 

muscle cells cornpared to NOS-inhibited L-NMMA treated smooth muscle cells were 

associated with different levels of ribonucleoprotein complex (LC-3-fibronectin ARE) 

formation, with the NOS inhibited L-NMMA treated cells exhibiting much less binding 

to the ARE. Furthermore these results indicate that basal levels of fibronectin expression 

in coronary artery smooth muscle ceIls are not post-transcnptionally re,ouIated by NO 

mediated LC-3 interaction with the fibronectin ARE, since L-NMMA does not affect 

basal levels of fibronectin synthesis but does inhibit LC-3-fibronectin ARE complex 

formation. These findings are consistent with our recent demonstration that basal levels 

of fibronectin synthesis in Ao smooth muscle ceIls are not regulated by endogenous NO. 

However, addition of exogenous NO can induce fibronectin synthesis in Ao smooth 

muscle cells to IeveIs observed in neointima forrning srnooth muscle cells of the DA, in 

which NO denved from nNOS regulates fibronectin synthesis through enhanced binding 

of phosphorylated LC-3 to the fibronectin ARE (Chapter 2). This paper furthers our 

understanding of the pathogenesis of neointimal formation by elucidating the mechanism 

by which TNF a mediated NO upregulates fibronectin synthesis and thus may induce a 

migratory phenotype in vascular smooth muscle cells. 

We previously demonstrated that developmentd neointimal formation in the fetal DA can 

be abrogated by gene transfer of plasrnid encodinp decoy CAT fusion RNA containing 

the 3'-untranslated region of fibronectin mRNA (Chapter 1). The decoy RNA containing 

the ARE of the fibronectin 3'-untranslated region sequesters LC-3 away from endogenous 

fibronectin rnRNA and inhibits smooth muscle ce11 fibronectin synthesis leading to a lack 



of smooth muscle ceIl migration into the intima. Our demonstration in this report that 

cytokine induction of fibronectin synthesis is mediated by a similar post-transcnptional 

mechanism. suggests that the same gene transfer strategy might be useful in inhibiting 

occlusive coronary arteriopathy following cardiac transplantation or coronary restenosis 

since increased expression of fibronectin mediated by TNF-a appears to be cntical in the 

development of these intima1 lesions. 



FUTURE DIRECTIONS 

In this thesis, we established a requirement for post-transcriptional upreguiation of 

fibronectin in the formation of intimai cushions in the DA and demonstrated a role for 

NO in  modulating this mechanism. Moreover, our studies in coronary artery srnooth 

muscle cells indicated that the paradigm established is also relevant to fibronectin- 

dependent migration of vascular smooth muscle cells in neointimal formation associated 

with disease. 

Previous clinical and morphologica1 studies demonstrated a correlation between the 

extent of prenatal intimal thickening and the ability of the DA, following its constriction 

at birth, to close perrnanently by remodelling of the opposed intima1 cushions 

(Gittenberger-de Groot et al. 1980a, Gittenberger-de Groot et al. 1985, Gittenberger-de 

Groot et al. 1980b, McCarthy et al. 1978). DAs with little or no intimal cushion 

formation remain patent in the postnatal penod and in premature infants, indomethacin- 

induced constriction does not lead to complete anatomical closure of the DA if intimal 

cushions have not formed prenatally. Our studies, while addressing the reievance of post- 

transcriptional replation of fibronectin in the mechanism of intimai cushion formation, 

have at the same time, demonstrated the feasibility of maintaining DA lumenal patency 

using an in utero gene transfer approach. To begin to address whether such an approach, 

however modified (for example b y  catheter-mediated intravenous gene transfer), might 

be applicable in maintaining DA patency in the treatment of congenital heart defects, it 

will be necessary to extend the tirne course of these experiments into the neonatal period 

and to follow DA patency by echocardiography. In a pilot study, two sets of twin lambs 

were transfected with a much reduced dose of 50 pg compared to 200 pg of pECE-CAT- 

FN. One set sacrificed at term exhibited reduced DA patency compared to the lambs 

which received the full dose; presented in this thesis. The other set of twins was survived 

nine days following binh. While only a small lumen was observed in the transfected DA 



(-0.4 mm compared to an -2.3 mm diameter at term in a full dose pECE-CAT-FN 

transfected vessel), the non-transfected DA was completely closed. These results suggest 

chat we may be able to achieve DA patency beyond term with this technique, however 

further studies are necessary. 

Our finding that overexpression of a fusion 'decoy' mRNA containing the 3'-UTR of 

fibronectin mRNA abrogates intimal cushion formation in the developing DA, establishes 

a central role for pos t-transcriptional upregulation of fibronectin synthesis and 

fibronectin-dependent smooth muscle ce11 migration in neointimal formation. This 

mechanism exhibited tissue specific as well as developmental regulation. 

Imrnunohistochemical analysis of fibronectin expression at term revealed no apparent 

differences in expression levels or distribution of fibronectin when comparing pECE- 

CAT-FN transfected and pECE-CAT-FNA transfected or saline injected controls (data 

not shown). This appeared to be due to a lack of effect of the decoy RNA on fibronectin 

synthesis at term, and not due to loss of pECE-CAT-FN expression in the vessel, since 

CAT expression was detected by immunohistochemical analysis at term in both the 

pECE-CAT-FN and pECE-CAT-FNA trans fected vessels (Chapter 1). Similarly De 

Reeder et al. (De Reeder et al. 1989) previously showed that fibronectin levels were the 

same at term in the normal dog DA and in patent DAs in which neointimal formation had 

not occurred as the result of a genetic defect. Furthemore, these findings are in keeping 

with the demonstration by Boudreau and Rabinovitch (Boudreau and Rabinovitch 1991) 

that fibronectin synthesis is upregulated in the DA relative to the aorta only in cells 

cultured from lambs at LOO days gestation and not those harvested at 138 days. These 

data indicate that a well orchestrated program cornes into play dunng a particular 

developrnental window, in this case early in the third trimester, to initiate the changes 

required for the development of intimal cushions. Our ce11 culture studies and 



irnmunohistochernical analyses presented in Chapter 2 have identifred a key role for NO 

in mediating this program and this will be discussed. 

The observation that, like fibrmectin synthesis, glycosaminoglycan accumulation was 

also abrogated by the fibronectin 3'-UTR decoy RNA indicates that these features of 

neointimal formation must be linked mechanistically. It suggests either that the 

upregulation of glycosaminoglycan synthesis involves a mechanism which is inhibited by 

the decoy RNA, or that it is dependent on increased expression of fibronectin in the 

vesse1 wall. It is conceivable that the signal for increased glycosaminoglycan synthesis 

during intima1 cushion formation in the DA is transduced by or requires fibronectin 

deposition in the subendothelium, a cue that would be lost following inhibition of 

fibronectin synthesis with decoy RNA. 

Previous studies from Our lab have pointed to the endothelium as the initiation site for 

intima1 cushion formation. Chondroitin sulphate production by DA smooth muscle cells 

was shown to be stimulated by conditioned medium from endothelial cells (Boudreau and 

Rabinovitch 1991). And hyaluronan, synthesized at -10-fold higher levels in DA 

cornpared to aortic endothelial cells, was shown to facilitate DA smooth muscle ce11 

migration (Boudreau et al. 1991). Studies by Our group have demonstrated that the 

heightened expression of TGF-B (which controls increased hyaluronan synthesis 

(Boudreau et al. 1992)) in the 100 day gestation DA endothelium is regulated by a 

mechanism, as yet undefined, in which there is increased transcription and translation of a 

relatively unstable mRNA (Zhou 1998). It has not been confirmed whether LC-3, which 

is increased in DA relative to aortic endothelial cells (Burry 1998) might also be 

responsible for this heightened rnRNA translation. 



Studies from our laboratory have demonstrated the feasibility of using LC-3 affinity 

purification to identify other rnRNAs which may be regulated by LC-3. Thus far we have 

been able to confirm that one other mRNA, encoding apolipoprotein D, isolated in 

expenments where ce11 extracts were incubated with an LC-3-GST (glutathione-s- 

transferase) fusion protein colurnn, is in fact regulated by LC-3. The apolipoprotein D 

mRNA was shown to exhibit specific LC-3 binding affinity in RNA gel mobility shift 

assays (Burry 1998). Moreover, DA cells produce more apolipoprotein D than Ao 

smooth muscle cells in keeping with their higher LeveIs of LC-3, and HT 1080 

fibrosarcoma celIs which do not produce LC-3 or apolipoprotein D, synthesize it 

following stable transfection with LC-3 (Burry 1998). There is also increased expression 

of apolipoprotein D in migrating cells at the leading edges of scratch 'wounds' in culture 

and the relationship of this to ce11 migration is currently under study in  Our laboratory. 

In future studies it will be important to continue to search for novel genes regulated by 

LC-3, as well as to assess specific candidate mRNAs for LC-3 regulation which may play 

a role in neointimal formation, specificalIy those with 3'UTR ARE(s). While we have 

been unable to show that the receptor for hyaluronan mediated motility (RHAMM) is 

regulated by LC-3, chondroitin sulfate proteoglycans, cytokines and other signaling 

molecules with roles in ce11 migration would be candidates for assessment. In this thesis 

western immunoblot analyses demonstrated no effect of the decoy RNA on expression of 

c-rnyc and c-fos (which contain 3'UTR ARES) in the DA at 100 days gestation. 

When we compared nNOS and ecNOS expression by western immunoblotting and 

immunohistochernistry in six 100 day gestation DAs transfected with either the plasmid 

encoding the decoy RNA, pECE-CAT-FN, or the ARE-mutated plasrnid, pECE-CAT- 

FNA, it was discovered that expression of both NOS isoforms were stnkinply decreased 

in the endothelium and inner media of the DAs expressing the decoy RNA (data not 



shown). This suggests that regdation of nNOS and ecNOS may directIy involve LC-3 or 

other protein(s) which can bind to the fibronectin ARE when it is present in excess. 

Alternatively, expression of these enzymes may be dependent on fibronectin expression 

in the vesse1 wall. 

Given our findings that NO regulates fibronectin synthesis, this second possibility could 

indicate the presence of a regulatory feedback loop between fibronectin and NO. Since 

recent studies from our laboratory have shown that TGF-B regulates LC-3 expression 

(Burry 1998), it is conceivable that early expression of TGF-B in endothelial ceIls leads to 

deposition of fibronectin. We can speculate that interaction of smooth muscle cells with 

subendothelial fibronectin, through an integnn dependent mechanism, in some way 

stimuIates production of smooth muscle ce11 nNOS and ecNOS, which upregulates 

smooth muscle ceil synthesis of fibronectin and possibly other penes serving to support 

the migratory phenotype. 

Thus sequestration of LC-3 with decoy RNA rnay act to reduce intima1 cushion 

formation, both by inhibiting fibronectin expression and production of the signaling 

molecule, NO, responsible for its increased expression. This may explain why this gene 

transfer approach is so effective in preventing this developmental program. To examine 

whether such a regulatory feedback loop may be functional in the DA, ce11 culture 

experiments can be performed to determine whether NO release is increased in DA 

smooth muscle cells in response to fibronectin, and the pathway charûcterized with 

respect to the incegrins involved and the outside-in signaling pathway resulting in NO 

release. 

It is also conceivable that NO could function as an inside-out signaling molecule 

modulating fibronectin signals coming to the ce11 via integrins, by regulating the 



formation of focal adhesion complexes. In such a role, NO could coordinate the turnover 

of focal adhesion complexes which is required in order to allow a ce11 to move. In fact, a 

role for NO in the regulation of focal adhesion cornplex formation induced in response to 

integrin binding by fibronectin has recently been demonstrated in articular chondrocytes 

(Clancy et al. 1997) where elevated levels of fibronectin and NO have been linked to 

rheumatoid and osteoarthritis. Clancy et al (Clancy et al. 1997) examined the effect of 

NO on the intracellular events which followed fibronectin occupation of the a5pl 

integrin on articular chondrocytes. It was demonstrated that the formation of focal 

adhesion complexes, comprised of filamentous actin, tyrosine kinase, focal adhesion 

kinase, the G-protein rho A and other tyrosine phosp horylated proteins, which followed 

clustering of the ct5pl integrin receptor, was abrogated by NO, although no change in 

integrin clustering by fibronectin occurred. 

It has been proposed that anchoring and translation of messenger RNA at the 

cytoskeleton may be mediated by RNA interactions with orthogonal networks of actin 

filaments and translational elongation factor la (Basse11 and Singer 1997). Such a 

mechanism could provide a physical means for coordinating the interdependent 

alterations in gene expression and cytoskeletal structure required so that ceII motility can 

be achieved. In this sense LC-3 is particularly interesting because it is a cytoskeletal 

(tubulin) binding protein which regulates expression of a secreted protein, fibronectin, 

that promotes ce11 migration through integrin mediated signals which in turn affect the 

cytoskeleton. This circular chah of events could represent the architecture of a feedback 

loop involved in the regulation of ce11 motility. 

The work presented in this thesis is not inconsistent with a role for LC-3 in integating 

the pro-migratory signal from NO, first, through its own effects on cytoskeletal dynamics 

and second through its effects on expression of fibronectin, a protein which facilitates ce11 



motility from outside the cell. Future studies might therefore address the potential role of 

LC-3 in microtubule changes associated with ce11 motility as welI as further investigate 

the mechanism by which LC-3 faciIitates fibronectin mRNA translation. We have 

demonstrated that phosphorylation of LC-3 appears to determine whether this protein 

becomes localized to a membrane fraction containing rough endoplasmic reticulum or is 

CO-localized with tubulin in the cytosol. It will be important to specifically address the 

potential role of LC-3 phosphorylation in these processes. 

Our finding that dephosphorylated LC-3 localizes to a cytosolic fraction with tubulin 

suggests that phosphorylation of LC-3 removes it from microtubules. Such a scenario 

has previously been descnbed for the microtubule associated protein E-MAP-115, a 

protein which normally stabihzes microtubules (Masson and Kreis 1995). Ce11 cycle 

dependent hyperphosphorylation of E-MAP-115 results in its unstable binding to 

microtubules which üppears to be a prerequisite for increasing the dynarnic properties of 

microtubuIes required during mitosis (Masson and Kreis 1995). Conversely as discussed 

in Chapter 2 of this thesis, it has previously been shown that phosphorylation of some 

RNA binding proteins is associated with modification of their ribonucleoprotein particles 

such that mRNA recruitment into polyribosomes is facilitated (Standart, et al. 1990, 

Walker et al. 1996). Therefore an examination of the specific sites of NO-dependent LC- 

3 phosphorylation, and how this deterrnines LC-3 function in cytoskeletal dynamics as 

well as fibronectin translational efficiency, is warranted. 

On western blots of 4 sets of DA and aona tissue samples from 100 day gestation lambs 

probed with an antibody to phosphotyrosine residues, we demonstrated bands at -44 kD 

and - 125 kD which were consistently more prorninent in DA samples (data not shown). 

These bands may represent phosphorylated and therefore active forms of MAP kinase 

(extracellular regulated kinase, ERK-112) and focal adhesion kinase respectively. 



The MAP kinase pathway has previousiy been irnplicated in smooth muscle ce11 

migration (Bornfeldt et al. 1994, Graf et al. 1997, Nelson et al. 1998). Graf et  al (Graf et 

ai. 1997) demonstrated that PDGF-directed rat aorîic smooth muscle ce11 migration 

requires activation of EX-1 /2  and could be abrogated by PD98059. Et has further been 

dernonstrated that PDGF stimulation of smooth muscle ce11 migration and proliferation 

involve distinct phases of MAP kinase activation, with an early peak (within the first 15 

minutes of stimulation) regulating migration and a later sustained plateau (1-4 hours 

following stimulation) regulating proliferation (Nelson et ai. 1998). 

Furthemore, reactive oxygen intermediates and NO have been shown to activate specific 

MAP kinases in vascular ceIls (Abe et al. 1996, Abe et al. 1997, Parenti et al. 1998). Abe 

et al. (Abe et al. 1996) demonstrated that hydrogen peroxide causes concentration- 

dependent activation of Big MAP kinase 1 (B1MK 1 or ERK 3, but not ERK 1/2, in 

vascular smooth muscle cells. In contrat, NO induction by VEGF specifically results in 

activation of ERK-117 which appears to be required for the endothelial proliferative 

effects of VEGF in angiogenesis (Parenti et al. 1998). The effects of VEGF-induced NO 

could be abolished by PD98059, a specific inhibitor of MA? kinase kinase, the enzyme 

which activates MAP kinases by phosphorylation of a tyrosine and a threonine residue 

(Parenti et al. 1998). VEGF regulation of endothelial cell migration in angiogenesis is 

also rnediated by NO, suggesting a role for ERK-1/2 activation by NO in cell migration 

(Noiri et al. 1998). 

LC-3 contains four potential sites for serinelthreonine phosphorylation by a proline 

directed mitogen activated protein (MAP) kinase (Figure 28). Therefore it will be 

feasible in future studies to use site directed mutagenesis and protein kinase inhibitors to 

examine the role of MAP kinase in the regulation of LC-3 phosphorylation and function. 

End points to assess the effects of these manipulations would include examination of 



LC-3 phosphorylation and localization by western blotting and irnmunofluorescence 

microscopy, evaluation of the structure of the microtubule network by 

immunofluorescence microscopy, as weIl as assays of fibronectin synthesis and ce11 

migration. 

To date, my ongoing studies (not shown) have demonstrated that induction of fibronectin 

synthesis in DA smooth muscle cells with the NO donor SNAP was significantly 

inhibited by the MAP kinase kinase inhibitor PD98059. This supports a role for the MAP 

kinase pathway in NO regulation of fibronectin synthesis, however, the effect of this 

inhibitor on LC-3 phosphorylation and localization within the ce11 remains to be 

examined. Site directed mutagenesis of the four potential MAP kinase phosphorylation 

sites in LC-3 has been perfonned using a PCR method with the help of a summer student, 

Perer Chang. We designed primers such that threonine and serine residues in potential 

MAP kinase phosphorylation consensus sequences were mutated to alanines during the 

PCR reactions (Figure 38). These constructs will be transfected into DA smooth muscle 

cells as well as HT1080 fibrosarcoma cells and their effects analysed using the end points 

described above. HT1080 fibrosarcoma cells may prove to be particularly informative in 

these expenments because they normally lack fibronectin synthesis and exhibit a rounded 

contact inhibited ceil phenotype. Stable transfection with wild type LC-3 has been shown 

previously to both increase fibronectin synthesis and cause reorganization of the 

cytoskeleton allowing for ce11 adherence and spreading of these cells. 

The studies presented also exarnined TNF-cc-mediated fibronectin induction in coronary 

artery smooth muscle cells, establishing a similar NO dependent post-transcriptional 

mechanism in these cells. Thus Our gene transfer strategy which inhibits intima1 cushion 

formation in the DA rnight also have potentiai therapeutic implications in the treatment of 

occlusive vascular disease. A gene transfer approach is certainly feasible at the time of 



Figure 28. DNA sequence for the coding region of LC-3 showing senne and threonine 

residues mutated during PCR mutagenesis of potential MAP kinase phosphorylation sites. 

LC-3 contains three potential MAP kinase phosphorylation çites which include two 

(Proline-Serinemhreonine) sites, one (Praline-X-Serine) site and one (Serine-Threonine- 

Proline) site. 



LC-3 DNA sequence map 
- - - 

. . .  ATG ' CCG TCC GAGAAGACCTTCAAACAGCGCCGGAGCTTCGA 
Serine - 

~ r 3 i ~ r l s  

ACAAAGAGTGGAAGATGTCCGGCTCATCCGGGAGCAGCAC CCC 

ACC AAGATCCCAGTGATTATAGAGCGATACAAGGGTGAGAAGCA 
Threonine 

GCTGCCCGTCCTGGACAAGACCAAGTTCCTTGTACCTGATCACGTG 
AATATGAGCGAACTCATCAAGATAATTAGAAGGCGCCTGCAGCTCA 
ATGCTAACCAAGCCTTCTTCCTCCTGGTGAATGGGCACAGCATGGT 

GAGTGTG TCC ACA CCC ATC TCT GAAGTGTACGAGAGCGAG 
Serine Threonine Serine 

AGAGATGAAGACGGCTTCCTGTACATGGTCTATGCCTCCCAGGAGA 
CGTTCGGGACAGCACTGGCTGTTACATACATGTCAGCTCTGAAGGC 
AACAGCAACAGGAAGAGAGCCATGCTTG ... . . 



heart transplant and endpoints of coronary artery disease are evident by intravascular 

uItrasound within a short period of time (30% of patients at the 1 year follow-up) 

(Ciliberto et al. 1993). 
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