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ABSTRACT 

Intimai cushion formation in the fetai ductus artenosus (DA) is characterized by 

subendothelid accumulation of extraceIlular mauix (ECM) and smooth muscle ce11 (SMC) 

migration. Elevated endothelid ceil (EC) hyaluronan and SMC fibronectin (FN) synthesis in DA 

venus aortic (Ao) SMC modulate the elongated 'migratory' phenotype of DA SMC. lncreased DA 

EC hyaluronan synthesis is transfonning growth factor-P 1 (TGF-P)-dependent, and increased DA 

SMC FN synthesis is attributed to enhanced mRNA translation. This thesis addressed wheiher 

TGF-BI expression was increased in DA versus Ao EC and whether the level of regdation was 

transcriptional or post-transcriptional It then focused on the mo1ecula.r mechanism regulating 

enhanced FN mRNA translation in DA SMC. We demonstrated a one-fold greater synthesis of 

TGF-P protein in cultured DA compared to Ao EC accompanied by increased EC TGF-fi 

expression in 100-day gestation (terrn =145 days) DA versus Ao tissues. By 138-day gestarion. 

TGF-P protein synthesis and mRNA levels were reduced in DA EC to that observed in Ao EC. 

The increased TGF-p expression in 100-day DA EC was related to enhanced transcription and 

translation of a relatively unstable TGF-b 1 mRNA. We then showed that an AU-nch element 

(ARE) in the 3'UTR. promotes mRNA translation in both DA and Ao SMC. with the effect 

augmented in DA SMC. Gel shift assay revealed ARE-binding activities in both DA and Ao SMC 

cytoplasmic extracts, with increased activities found in DA SMC. Ultraviolet-crosslinking assay 

indicated three binding complexes of M, at -15,30, and 60 kD, respectively. The 15 kD ARE- 



binding protein was purified from sheep Ao tissues and identified as light chain 3 (LC3) of 

microtubule (MT)-associated protein 1 (MAPI). Overexpression of LC3 in Ao SMC results in an 

enhanced FN mRNA translation. Polysome profde analysis showed more FN mRNA and LC3 

protein, associated with heavy polysomes in DA versus Ao or colchicine-treated DA SMC. 

Similarly, expression of LC3 in HT1080 cells promotes FN mRNA translation associated with 

enhanced ribosome recruitment. These data suggest that LC3-ARE interaction facilitates FN 

mRNA translation. 
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INTRODUCTION 

General Introduction 

This thesis investigates the regulation of endothelid ceil (EC) transforming growth factor- 

81 (TGF-pl) and srnooth muscle ceîi (SMC) fibronectin (FN) expression in the ductus artenosus 

(DA). Expression of TGF-BI in DA EC is reguiated at both transcriptional and translational levels. 

whereas an interaction of an RNA-binding protein with the 3' untranslated region (3'UTR) of FN 

mRNA is demonstrated as the mechanism contributhg to the enhanced FN mRNA translational 

efficiency in DA SMC. The followiog introduction fmt briefly describes normal vascular bioiogy 

and the pathology of neointimal formation, then addresses the DA as a working mode1 to study 

expression and hction of tissue-specifc and developmentally-regulated genes related to vascular 

intima1 thickening, emphasizing TGF-P 1 aod FN. Regulation of TGF-P 1 and M expression is 

then reviewed, highlighting post-transcriptional and translational convol mechanisms. Next. the 

interaction of specific RNA-binding protein(s) with AU-rich eiements (ARE) in 3'UTR are 

addressed and their sole in controiling gene expression is outlhed. 



Normal Vascular Biology 

The normal vascular wall consists of three layers from the lumen outward: intima, media. 

and adventitia. The intima consists of a single layer of EC. In large eiastic arteries. such as the 

human aorta, there are also some subendothelial SMC proximal to an internai elastic iarninae. The 

media contains multiple layers of SMC which, depending on the size of the vessel, are separated 

by distinct elastic laminae, and organized extraceiIuiar matruc (ECM) components, such as collagen 

types 1 and III, as well as a variety of glycosaminoglycans and glycoproteins. The adventitia is 

relatively less weil organized and consists of fibroblasts, coilagen, and poorly assembled elastin. in 

addition to other ECM components. Physioiogically, because it resides at an interface between the 

blood and the vessel wali, the EC is a potentiai regulator of arterial waii homeostasis. It senses. 

transduces, and responds to stimuli generated from changes in the mechanical, chernical, and 

humoral environments (Ryan and Rubanyi, 1992; Davies and Tripathi, 1993). It synthesizes and 

secretes factors that modulate vascuiar tone, preserves the antithrombotic inner surface of vessel 

wd, maintains the anticoaguiated state of the blood, and expresses ce11 surface molecules that 

recruit inflammatory cells (Busse et al., 1993: Davies and Hagen, 1993; Spnnger, 1995). The EC 

also maintains the stnicnual integrity of vessel wall by producing factors which both promote and 

inhibit ce11 growth and by regulating the production and turnover of ECM (Eisenberg, 199 1: 

Vanhoutte, 199 1; Ryan and Rubanyi, 1992; Davies and Hagen, 1993; Davies and Tripathi, 1993 1. 

During angiogenesis and vasculogenesis, the EC and its cell surface receptors determine forniation 

of the vessel wall by recruiting SMC (Risau, 1995; Shalaby et al., 1995: Foikrnan and D'Amore. 

1996). 

Smooth muscle ceus, together with the ECM in the media, provide mechanical and 

structural support to the vessel and regdate vascular tone. Quiescent SMC are well differentiated 

cells characterized by an abundance of contractile proteins, predorninantly smooth muscle-specific 

actin and myosin, but littie rough endoplasmic reticulum (ER) (Chambley-Campbell et al., 198 1 : 

Campbell and Campbell, 1986; Mosse et al., 1986; Owens et ai., 1986; Campbell er ai., 1988). 



and very slow turnover (Clowes et al., 1983b). These SMC are also called 'contractile SMC'. 

Once activated, SMC demerentiate into a so-caiied synthetic phenotype, charactenzed by a rich 

cellular endoplasmic reticulum (ER) and the ability to synthesize and secrete a large arnount of 

ECM components and growth factors (Chambley-Campbell, et al., 198 1; Campbell and Campbell. 

1986; Mosse, et al., 1986; Campbell, et al., 1988; Nilsson, 1993; Davies and Hagen. 1994). 

Extracellular matrix components produced by SMC contribute to the biologic activities of EC and 

these range from providing mechanical support, to aUowing ceH adhesion, as well as affecting 

migration and proliferation (Liu et al., 1989; Wight, 1989; Hardingham and Fosang, 1992; Ross. 

1993; Davies and Hagen, 1994; Farhadian et al., 1996). 

Vascular Neointima 

Vascular neointima is a thickened intima that f o m  in vessels in response to various 

injuries. It was first described in 1906 by Carrel and Guthne (1906) who observed within a few 

days of a vascular by-pass operation, an endothelium-like glistening substance covering the sutures 

at the anastomotic sites. Vascular neointima is now found in vessels injured by elecuical burning. 

radiation, suturation, angioplasty, venous and prosthetic bypass grafts. and endarterectomy 

(Chenru and Moore, 1990; Ip et al., 1990; Schwartz et al., 1995). The neointima aiso foms the 

primary lesion of atherosclerosis (Ross, 1986; Ross, 1993). The restenosis following coronary 

angioplasty is also characterized by the rapid production of a neointima (Liu, et al., 1989: Clowes. 

1993). 

Morphologie Changes Related to Vascular Neoiatimai Formation. The 

neointima is characterized by abnormal migration and proMeration of SMC and accumulation of 

ECM components. The histology of the neointima that develops in association with restenosis 

after coronary angioplasty is that of fibroceiiular proliferation, accumulation of loose collagen 

fibrils and proteoglycans or formation of dense coiiagen scar, with few inflammatory cells and little 

lipid (Dartsch et al., 1989; Gravanis and Roubin, 1989; Farb et al., 1990). Under light 



microscopy, most of the cells have a mesenchymal appearance, similar to thar of fibroblasts. 

Electron microscopy reveals a variety of phenotypes. Ceils that are clearly of smooth muscle 

derivation are characterized by substantiai myofilament bundles, a basement membrane and 

positive immunoreactivity for al-smooth muscle actin, vimentin and desmin. Other cells lack 

these feanires and may represent a more de-differentiated phenotype (Dartsch. et al.. 1 989) similar 

to the proliferating. migrating, and ma&-secreting neointimal SMC in the carotid balloon-injury 

animal model (Schwartz et al., 1990). 

Process of Vascdar Neointunal Formation. B ailoon catheter-induced inj ury of the 

rat carotid artery was used to establish the evolution of the neointima and this model indicated that 

SMC proliferation begao 24 hours after arterial injury (Clowes et al., 1983a; Clowes. et (11.. 

1983b; Schwartz, et al., 1990). Migration of the SMC from the media to the intima occurred 4 

days after injury, and proliferation continued in the intima to a maximum at 2 weeks after balloon 

injury. Further intima1 thickening continues up to 3 months after injury and is largely due to the 

accumulation of ECM cornponents produced by the SMC. A similas tirne course has dso been 

demonstrated following balloon angioplasty of carotid artery stenosis induced by electrical 

stimulation in an atherosclerotic rabbit model (Hanke et al., 1990; Kocher et al., 199 1 ). 

Mechanisms related to Vascular Neointimal Formation. According to the 

response-to-injury hypothesis, neointimal formation is a repair process or a vascular form of 

fibrosis (Ross, 1986; Schwartz, et al., 1995). Activation of EC and SMC by injury induces u 

cascade of intercellular and intracellular events leading to neointimal formation (Libby et al-. 1992). 

There is deposition of platelets, thrombus formation, migration of inflammatory cells and the 

release of various growth factors and cytokines, such as platelet-denved growth factor (PDGF). 

basic fibroblast growth factor (bFGF), interleukin 1 (IL- 1), and TGF-fi from platelets, circulating 

monocytes, EC and SMC themselves. The initial generation of cytokines and growth factors 

evokes a sustained process owing to autocrine and paracrine expression of cytokines and growth 



factors. Expression of proto-oncogenes, such as c-fos and c-myc was observed in the nt carotid 

after balloon injury with the c-fos mRNA peaking at 30 minutes and c-myc mRNA at two hours 

after injury (Miano et al., 1990; Miano et al., 1993a) and proposed to play a role in the autocrine 

cascade mode1 (Miano et ai., 1993b). In situ hybriduation has been used to show expression of c- 

myc in SMC of human atherosclerotic plaque retrieved from the coronary vascuiature (Nagamine e[ 

al., 1989) and high c-myc mRNA levels have been found in SMC cultures from hurnan 

proliferating plaque cells compared to proliferating SMC denved from healthy human Ao and 

saphenous vein (Parkes et aL, 1991). The upregulation of these proto-oncogenes. such as c-myb 

(Brown et al., 1992; Simons and Rosenberg, 1992) and c-myc (Biro et al.. 1993; Shi et rd..  

1993), is involved in mitogen-induced proliferation and migration of vascular SMC in vitro and in 

vivo (Simons et al., 1992) and may therefore represent a common pathway to intinial thickening. 

Ductus Arteriosus as a Mode1 to Study Neointimal Thickening 

While the rat carotid bailoon injury mode1 was important in elucidating on the mechanism 

of neointbal formation, there were several drawbacks. The lesion was mostly helpful in the study 

of the proliferative characteristics of SMC, but was less effective in mirnicking features of 

migration or ECM production. As an 'experiment of nature', the fetal ductus arteriosus (DA) 

develops 'intimal cushions'. Aithough the initiating factors which regulate intima1 cushion 

formation in the DA are still unknown, it is in many ways morphologically similar to the neointima 

observed in a variety of vascdar diseases including atherosclerosis, pulmonary hypertension. and 

restenosis. In addition, the biochemical and cellular events associated with intimal cushion 

formation in the DA were relevant to pathological intimal thickening in that there was increasrd 

expression of growth factors, distinct alterations in ECM production, and a phenotypic switch of 

SMC from a 'contractile' to a 'synthetic and migratory' state. In this respect, study of the 

mechanisms involved in intimai cushion formation in the DA w u  not only potentially aid in the 

clinical management of patent DA but will also provide insight into the pathologic processes 

underlying development of the neointima in abnomial vessels. 



Ductus Arteriosus 

The DA is a fetai muscular artery which develops from the 6th aortic arch and connects the 

pulmonary artery (PA) and Ao (Figure 1). In the fetd circulation, the DA serves to shunt the 

majority of the nght ventticle output away h m  the uninflated lungs and back into the systernic 

circulation. Closure of the DA shortly after birth is therefore of physiological importance in 

assuring the transition from fetal to post-natal circulation. Absence of closure, as in the persistent 

DA, causes sigdcant hemodynamic disorders resulting in pulmonary hypertension, congestive 

heart failure, and cardiac hypemophy (Cassels, 1973). Triggered by the onset of breathing at 

birth, the DA starts to close with a strong vasculas constriction. This constriction is oxygen- 

dependent and is regulated by a cytochrome-P450-mediated mechanisrn (Coceani et aL , 1988 ) 

which induces endothelin production (Coceani, 1994). The initial muscular constriction is 

reversible and is followed by an anatomicai closure which takes days and depends on the 

development of preexisting structural changes, known as 'intima1 cushions' (Gittenberger-de 

Groot et al., 1980; Gittenberger-de Groot et al., 1985). 

Intima1 Cushion Formation 

Intima1 cushion formation begins at the pulmonary end of the vesse1 and continues towards 

the Ao end (Gittenbergerde Groot, et al., 1985). The nature of intima1 cushion formation has 

been studied in humans (Gittenberger-de Grwt et al., 1980; Ginenberger-de Groot, rf al., 1980: 

Silver et al., 198 1) and a number of animal species, including mouse (Tada and Kishimoto, 1990: 

Colbert et al., 1996), dog (Gittenberger-de Groot, et al., 1985; de Reeder et al., 1988: de Reeder et 

al., 1989), rabbit (Yoder et al., 1978), and lamb (Rabinovitch et al., 1988; Strengers, 1988; 

Rabinovitch et al., 1989; Boudreau, 1990; Zhu et al., 1990; Boudreau and Rabinovitc h, 1 99 1 : 

Boudreau et al., 199 1 ;  Hinek et al., 199 1 ; Boudreau et al., 1992; Hinek and Rabinovitch, 1993). 

The process is initiated in the intima where it appears that accumulation of ECM components 

separates the EC nom the intemal elastic laminae. Smooth muscle cells koom the muscular media 
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Figure 1. Anatomic Features of Ductus Arteriosus 

Ductus artenosus (within green circle), which connects between aortic arch and puhonary artery. 

develops intimai cushion (indicated by arrow) during late gestation tirne. 



of the vesse1 wall then migrate into this matrix-enriched subendothelial region which forms an 

intimal cushion. 

Morphologie Changes Related to Intima1 Cushion Formation 

Sequential morphological studies addressing intimai cushion development in the hurnan and 

dog DA revealed that glycosamllioglycans were the major contributors (de Reeder, et al., 1988: 

Slomp et al., 1992) to the increased deposition of ECM components in the subendothelial space 

(Gittenberger-de Groot, et al., 1985). Other ECM components included FN and coiiagen III (de 

Reeder, et al., 1989). In contrat, a loss of laminin and collagen 1 were noted (de Reeder. et cd.. 

1989). As well, splitting or loss of the intemal elastin laminae and reduced elastin content was 

observed especialiy in the modïfied radiaily onented SMC in the intimai cushions compared to 

circularly oriented medial SMC (de Reeder et al., 1990). In a genetic strain of poodle dogs with a 

patent DA resulting from defective intimal cushion development, there is diminished subendothelial 

accumulation of hydrophiiic glycosaminoglycans, as well as adhesive matrix proteins, FN and 

coliagen m. These data suggested that these ECM components may be cikecrly involved in the 

formation of intimal cushions by providing the water-bound and matrix-enriched environment 

which favored SMC migration. 

Natural Process of Intima1 Cushion Formation 

Similar histological changes associated with the intimai cushion fomation have been found 

in the fetal lamb (Boudreau, 1990). No evidence of the intimai cushion fomation is found in the 

fetal lamb at the 100-day of gestation the-point (term is about 145 days). The structure of the DA 

(A) at this time is similar to that of the adjacent Ao (B) (Figure 2), although impaired assembly of 

the medial elastic laminae is evident when assessed by electron microscopy (Zhu, et al., 1990). By 

1 15-days of gestation however, accumulation of glycosaminoglycans in the subendothelial space, 

impaired assembly of ail elastic laminae, and migration of SMC from the medial layer into 

subendothelial space are evident at the light microscopie level. These changes continue and by 
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Figure 2. Histologie Feahires of the Intima1 Cushion of Ductus Arteriosus 

Light microscopie sections of a Movat staining of DA in (A), and Ao in (B) from LOO-day 

gestation fetal lambs. Both vessels are similar in appearance. By 138 days of gestation, well- 

developed "intima1 cushions" are visible in the DA tissue section in (C), which are characterized by 

an expanded subendothelid space (the blue stained region). As well, elastic larninae are 

fragmented, and SMC of inner media appear to migrate towards subendotheiial space ( indicated by 

arrows). This is in contrast to the 138-day Ao tissue section (D) (Modified from Boudreau N and 

Rabinovitch M, Lab Invest 64: 187- 199, 199 1). 



138 days of gestation, the intimal cushion of the DA (C) is weil developed compared to Ao (D). 

In addition, medial SMC near the expanded subendotheliai space are detached from each other and 

surrounded by increased amount of ECM materials. They are radiaiIy onented and appear to be 

migrating toward the subendothelium. 

Mechanisms Related to Intima1 Cushion Formation 

Characterization of specific feanires of the intimal cushion Nt vivo provided the 

morphological basis for studying the biochemical and cellular events related to their formation. 

Thus, primary cultures of DA EC and SMC were developed and characterized by cell-specific 

antigens and by other featues which assured that they had maintained their phenotypic properties 

related to their vascular site of origin (Rabinovitch, et aL, 1988). DA EC and SMC showed 

quantitative and qualitative ciifferences in protein synthesis compared to cells from the Ao and PA 

(Rabinovitch, et ai., 1988). A 43 kD protein present in increased concentration in the DA EC was 

later identified as SPARC (secreted protein rich in aspartic acid and cysteine) (Rabinovitch. 

unpublished data) and a 52 kD protein in DA SMC not found in the Ao or PA SMC was further 

purified and identified as a truncated form of tropoelastin (Hinek and Rabinovitch, 1993). As 

weU, DA SMC show unique alterations in prostaglandin synthesis in response to altered oxygen 

tension (Rabinovitch, et al., 1989) that mirnics the response elicited in vivo (Clyman. 1987). That 

is, in response to hyperoxia, DA EC and SMC increase production of PGE? and 6-keto PGF 1 a. 

respectively . 

ExtraceIlular matrix production. A senes of studies was subsequently undenaken 

using the primary EC and SMC cultures isolated from the fetal lamb DA (Boudreau, 1990: 

Boudreau and Rabinovitch, 1991; Boudreau, et al., 199 1; Hinek, et al., 199 1; Hinek and 

Rabinovitch, 1993; Hinek and Rabinovitch, 1994) to investigate biosynthesis of ECM components 

and their role in SMC migration. The DA-specifc changes in ECM production were established by 

comparing DA cells with celis from adjacent vascular sites, the Ao and PA. As well, the 



developmentally regulated changes in ECM production related to the in vivo intimai cushion 

formation were determined by comparing their production in DA ceils from the 100-day gestation 

lamb with that fiom 138-day gestation iambs. The results of these studies are summarized in the 

Schema in Figure 3. Our iaboratory demonstrated an increased synthesis of glycosaminoglycans. 

hyaluronan, and heparin sulfate, as well as their incorporation into ECM in cultured DA EC 

compared to Ao and PA EC. Synthesis of FN and chondroitin sulfate in DA SMC was also 

increased. Interestingiy however, all these DA-specific hcreases in the ECM production were 

apparent in ceiis culnired from the 100-day gestation lambs before the appearance of intimal 

cushions observed in vivo. This suggests that DA cells have differentiated from other vascular 

ceils within the fmt 100 days of gestation. The high synthetic activities of DA EC and SMC at this 

early gestation time-point appear to engineer the production of a ma&-enriched environment that 

facilitates subsequent SMC migration into the subendothelid space and ultimately leads to the 

formation of the intimal cushions observed in vivo. 

In addition to quantitative ciifferences in rnatnx production, DA cells also appear to generate 

ma& proteins that are also qualitatively different. For example, the tropoelastin produced by DA 

SMC is largely in the form of a tnincated species with a molecular weight of 52 kD. as compared 

to its 68 k D  couterpart found in the Ao SMC (Hinek and Rabinovitch, 1993). The tnincated DA 

tropoelasth seems to result from reduced availability of the elastin binding protein in DA SMC. 

since this molecule serves as a cornpanion protein protecting elastin from both intracellular and 

extracellular enzymatic degradation (Hinek, et al., 199 1 ; Hinek and Rabinovitch. 1994). As a 

result, a secreted tnincated product of tropoelastin rernains as a soluble and highly chernotactic 

peptide. 

Smooth muscle ce11 migration. As mentioned above, the ability of hyaluronan to 

bind large amounts of water results in expansion of tissue space and aiiows for easy movement of 

cells (Toole et al., 1984). Interaction of hyaluronan with its cell surface receptor, hyaluronan 

binding protein, promotes cell migration in a hyaluronan-nch environment (Turley and Torrance. 
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Figure 3. Schematic summary of mechanisms related to DA neointimal formation 

as described in the text 



1985). Similarly, FN production is increased in organogenesis and wound healing where ac tivated 

ceil migration is observed (Hynes, 1990). Indeed, in a subsequent in vitro cell migration assay. 

the increased synthesis of both DA-specific EC hyaluronan and SMC FN was correlated with the 

enhanced migration of DA SMC (Boudreau and Rabinovitch, 1991; Boudreau, et al., 199 1). For 

the fust time, the phenotypic Merences between DA and Ao SMC were appreciated in vitro. 

When DA SMC were cdhued on a 3-dimensional colIagen ma&, they exhibited an elongated 

fibroblast-like morphology with peripheral lamellae and lamellipodia extending from the leading 

edge (Figure 4A). A sirnilar phenotype has been descnbed in the other vascular SMC with 

locomotory behavior (Delovs et al., 1982; Heath and Holifield, 199 1 ; Bauriedel et al., 1 993 ). 

After a t w d a y  culture, DA SMC that had migrated from the surface into the coilagen gel could be 

detected (Figure 4B). In contrast, Ao SMC display a flattened steiiate morphology and decreased 

ability to migrate into the collagen gel (Figure 4C). It appears that the migratory phenotype of DA 

SMC is dependent on their interaction with FN, since functional blockade of FN with polyclonal 

antibodies alters their shape (they become more like Ao SMC) (Figure 4D) and decreases their 

migration. Likewise, inhibition of interaction of ceil surface integrin receptors with their ligands 

by addition of arginine-glycine-aspaaate (RGD) peptide, a known cellular binding motif in M and 

other ECM proteins, dso changes the shape of DA SMC from elongated to stellate in appearance 

and reduces their migration. 

The integrins involved in the FN-dependent migration of DA SMC are likely a5P 1 or 

as their interaction with FN is susceptible to RGD inhibition (Hynes, 1990). This notion is 

supported by a later experimeat in which integrin receptors iovolved in adhesion and migration of 

DA SMC on different ECM protein-coated surfaces were exarnined by blocking antibodies and 

immunofluorescent staining, and isolated by ligand affinity chromatography and 

immunoprecipitation (Clyman er al., 1992). Adhesion and early migration of DA SMC on FN 

appears to rely on 1 integrins, including a58 1. Later migration however, depends on C X V P ~  
integrin. Recently, transient expression of iotegnns, including a581 and a v p g ,  has been 

documented during intimai cushion formation Ni vivo in the DA (Clyman et al., 1996). 
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Figure 4. Migratory Phenotype of Ductus Arteriosus Smooth Muscle CelIs 

Phase-contrat microscopie photograph of DA and Ao SMC on collagen gel. DA SMC in (A)  

exhibit a spincile-like elongated morphology, and migrate into collagen two days after seeding 

(indicated by the arrow) (B). In contrast, Ao SMC in (C) have a more flattened and stellate-like 

phenotype, and fewer ceils migrate into coiiagen (not shown in the picture). In addition. the 

presence of antibodies against FN alters phenotype of DA SMC in (D) into a more flattened and 

stellate appearance and inhibits migration of DA SMC (not shown in the picture) (Modified from 

Boudreau B., et al., Dev Bi01 143:235-247, 1991). 



The increased synthesis of hyaluronan by DA EC may also conaibute to migration of SMC 

in vivo through interaction of this matrix component with SMC receptors, Le., the hyaluronan 

binding protein (renamed the receptor for hyluronan-mediated motility or RKAMM) (Hardwick et 

al., 1992). Supplement of collagen gels with hyaluronan selectively enhanced migration of DA but 

not Ao SMC, and addition of antibodies against RHAMM selectively inhibited migration of DA 

SMC. In addition, DA SMC produce an increased amount of RHAMM which is concentrated in 

lamellipodia at the leading edges of the ceus (Boudreau, et ai., 199 1). Thus. the increased 

production of FN by DA SMC is essential in keeping their elongated mobile phenotype. ln 

addition, FN and hyaluronan appear to interact cooperatively with their cell surface receptors to 

allow enhanced migration by DA SMC into a hyaluronan emiched subendothelid environment. 

The increased synthesis of chondroitin sulfate by DA SMC may also promote their 

migration in vivo, since it c m  remove elastin binàing proteins from the cell surface, leading to 

impaired assernbly of elastin fibers, a feature charactenstic of DA in vivo (Hinek, et cd., 199 1 ). 

Removai of elasun binding proteins by chondroitin sulfate is associated with the induction of 

migration of DA SMC on elastin substrates (Hinek er al.. 1992). The truncated elastin peptide 

produced by DA SMC also lacks the C-terminal required for crosslinking and thereby fails to 

incorporate into a mature elastic fiber. This may contribute to the impaired assembly of elastin 

laminae observed in vivo. As weil, the highly soluble and chemotactic properties of the tmncated 

elastin peptide might also promote SMC migration independent of the features related to 

hyaluronan and fibronectin described above. 

Transforming Growth Factor-p. Once the morphologie changes during DA intimai 

cushion formation were identified and the cellular events related to alterations in ECM production 

and migration of SMC were elucidated, further studies were undertaken to address the mechanisms 

involved in initiating these changes. The presence and potential influence of transforming growth 

factor-p (TGF-fl), a known potent stimulator of ECM synthesis (Roberts and Spom, 1989: 

Amento et al., 1991), has beea assessed during the development of the intima1 cushions and 



closure of the DA (Boudreau, et al., 1992; Taunenbarn et al., 19%). Abundant TGF-P 1 was 

found in DA compared to Ao tissues eom 100-day gestation fetal lambs by immunohistochemistry 

(Boudreau, et ai., 1992). hcreased expression of ail three isoforms of TGF-$ is also noted 

associated with the closhg DA shortiy in the newbom lambs (Tannenbaum, et al., 1996). The role 

of TGF-p on the synthesis of ECM proteins has k e n  studied in the cultured EC and SMC from the 

fetal lamb DA and Ao. The increased hyaluronan synthesis in DA compared to Ao EC is TGF-P- 

dependent, since a TGF-p neutraiking antibody reduced synthesis of hyaluronan in the cultured 

DA EC to the levels observed in Ao EC, but has no effect on its synthesis in the Ao EC. 

However, unlike other snidies showing that TGF-P increases FN expression by enhancing its 

transcription and mRNA stability (Dean et al., 1988; Kahari et aL, 199 1; Kahari et al.. 1 W?), the 

enhanced FN synthesis in DA SMC did not appear to be TGF-$-mediated. Instead, a post- 

transcnptiond mechanism which increases FN mRNA translation appeared to be involved 

(Boudreau, et al., 1992). 

Transforming Growth Factor+ 

TGF-8 is a member of the polypeptide growth factor families that conuol embryonic 

developrnent and tissue homeostasis. It was originaily isolated from human platelets (Assoian et 

al-, 1983), human placenta (Frolik et al., 1983), and bovine kidney (Roberts et al.. 1983). Three 

isoforms (TGF-Pl, TGF-PZ, TGF-P3) exist in mammais with 60% to 80% identities (Massague. 

1990). They are disuifide-linked hom&eric peptides with a molecular weight of 25 kD. 

Structure and Function 

The human TGF-f3 1 gene is located at chromosome l9q 13.1 -q 13.3 (Fujii et nL., 1986) and 

contains 7 exons (Derynck et al., 1987). TGF-pl mRNA is approxirnately 2.4 kb, encoding a 

TGF-Pl precursor with 390 amino acids that contains a signal peptide, the active peptide, and the 

latency associated peptide (Gentry et aL , 1 987) (Figure 5). The disulfide-linked homodime rs of 
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Figure 5. Scherne of TGF-$1 and its latent complexes 

TGF-pl is synthesized as a 390-amino acid (AA) precursor peptide (top). The precursor peptide 

contains the signal peptide (AA residues 1-29), the latency associated peptide (LM, AA residues 

30-278), and manue TGF-p peptide (residues 279-390). The smail latent complex consists of the 

TGF-p homodimer, noncovalently associated with the homodirnenc form of LAP (middle). In 

some ceils, the small latent complex associates with an additional 125- to 160-kD protein. the latent 

TGF-p binding protein (LTBP), to form the large latent complex (Modified from bande J.P.. 

Proc Soc Exp Biol Med 214:U-40, 1997). 



TGF-pl noncovalently interact with homodimers of the latency associated peptide and form a srnall 

latent cornplex (Harpe1 et aL, L992; Olofsson et al., 1992). This smaii latent complex associates 

with an additional protein, narned the latent TGF-f3-binding protein (Pkcher et al., 1986; Kamaki 

et al., 1990)), and is secreted as an inactive high molecular weight precursor polypeptide 

(Wakefield et al., 1988; Miyazono et al., IWO) .  After removal of the signai peptide ( 1-29 amino 

acid residues), the complex undergoes proteolytic cleavage between two arginine residues at 

position 278 and 279 to generate the mature TGF-$1 monomer, a 1 12-amino acid peptide from the 

carboxyl-terminal of the precursor, and a proximd 249-amino acid peptide, the latent associated 

peptide (Olson et ai.. 1986; Gentry, et a l ,  1987; Gentry et al., 1988). The mature TGF-Pl can be 

released from the latent complexes and activated by a number of different processes. including 

transient acidification or alkaiization, exposure to 0.02% sodium dodecyl sulfate (SDS) or 8 M 

urea, and protease activation (Lyons et al., 1988; Miyazono er aL, 1988; Lyons es al., 1990: 

Miyazono, et al., 1990). It has aiso been shown that CO-cultures of vascular EC and SMC produce 

activated TGF-$1 (Antonelli-Olridge et al., 1989). TGF-pl has a variety of effects on 

development, differentiation, wound healing, and tissue remodeling. TGF-Pl has also been 

extensively studied in the cardiovascular system. 

Expression and Role of TGF-p 1 during Cardiovascular Development 

The temporal and spatial expression of TGF-BI has been charactenzed in association with 

cardiac development (Choy et ai., 199 1 ; Millan et al., 199 1). The epithelial-mesenchymal ce11 

transformation in the embryonic heart appears to be mediated in part by TGF-Pl (Potts and 

Runyan, 1989). "Knockout" experiments indicate that TGF-P I is important in normal 

cardiogenesis, since severe cardiac abnormalities, including a pwrly developed ventricular lumen 

with disorganized ventricular muscle and valves, have been observed in mice homozygous for the 

mutant TGF-pl allele bom to a homozygous TGF-pl nul1 female to prevent tram-placenta1 

transmission of TGF-P 1 (Letterio et ai.. 1994). TGF-P1 is also required for the normal 

developrnent of the vascular system, since 50% of TGF-pl nuii mice die from a severe defect in 



yok-sac vascdogenesis, probably resulting from abnormal interaction between epitheliai and 

mesenchymal cells (Dickson et al., 1995). In an organ culture that fuses myocardial ce11 

aggregates with cardiac rnesenchymal ceil aggregates, TGF-f3 1-mediated induction of interstitial 

ma* production and deposition leads to the differentiation of these two tissues (Armstrong and 

Armstrong, 1990) and stimulates cellular proliferation (Choy et ai., 1990). In normal 

deveIopment, latent TGF-Pl produced by EC is activated when these cells interact with 

mesenchymal celis (Antonelii-Olridge, et al., 1989). The activaied TGF-P 1 then stimulates matrix 

production and deposits (Roberts and Spom, 1989; Nabel et al., 1993; Kanzaki et ai., 1995; Sdtis 

et al., 1996; Grande, 1997), induces differentiation of the mesenchymal cells into SMC, and 

inhibits EC proMeration (Ant0neil.i-Olridge, et al., 1989). 

The presence of TGF-pl in Vascular Intima1 Thickening 

Upregulation of TGF-pl expression is associated with vascular intima1 thickening resulting 

from hypertension (Sarzani et al., 1989; Sarzani et al., 199 l), atherosclerosis (Ross, 1993; Lopez- 

Candales et al., 1995), vein graft (Hoch et al.. 1995), and angiopiasty (Majesky et al., 199 1 : Nikol 

et al., 1992), as weli as advanced pulmonary vascular disease in patients (Bahadori et al., 1995 ) 

and in rats or sheep with experimental pulmonary hypertension (Perkea et al., 1994; Tanaka et nL . 
1996a; Tanaka et ai., 1996b). TGF-p 1 expression is increased in the thickening intima in human 

coronary arteries (Merrilees and Beaumont, 1993). TGF-p 1 mRNA Ievels in Ao are also elevated 

in chronic steroid hypertension, induced in rats by cieoxycorticosterone and a high salt diet 

(Sarzani, et al., 1989), and in spontaneously hypertensive rats (Sarzani. et ai., 1991). The 

upregulation of TGF-p 1 expression in the spontaneously hypertensive rats is dependent on both 

age and the severity of hypertension. In a rabbit rend hypertensive model, however, the 

expression of TGF-pl in Ao appears normal once the hypertension deveiops, but elevated matrix 

production is prolonged, presumably due to the activation of latent TGF-Pl complex (Pauletto el 

ai., 1994). In a baüoon-injured rat carotid artery, induction of TGF-P 1 gene transcription occurs 

within 6 hours after injury, reaches a maximum by 24 hours, and is sustained for the next 1-2 wk 



(Majesky, et al., 1991; Kim et al., 1995). The neointimai SMC are the sources of TGF-B I 

production, and its distribution cornlates with increased production of matrix proteins, panicularly 

FN and collagens. This observation suggests that TGF-f5 1 promotes the progression of neointimal 

thickening by augmenthg matrix deposition. 

Effects of TGF-BI on Vascular Neointima Formation 

The infiuence of TGF-fi1 on vascular neointimal formation has k e n  studied with respect to 

its ability to stimulate mtrix synthesis (Amento, et al., 199 1; Rasmussen et al., 1995), alter ce11 

growth (Owens et al., 1988; HaIloran et al., 1995), and induce de-differentiation (Owens, et ni.. 

1988). Cultured Ao SMC isolated from the neointha contain more TGF-Pl mRNA and are 

stimulateci by TGF-Pl to produce more proteoglycans compared to SMC isolated from the nomai 

vessel w d  (Rasmussen, et al., 1995). TGF-p 1 aiso stimulates collagen I and III synthesis in 

human vascular SMC (Amento, et ai., 1991; VUarreal et al., 1996). TGF-b 1 inhibits proliferation 

of vascular SMC (Owens, et al., 1988; Halloran, et al., 1995) and induces cellular hypertrophy 

(Owens, et aL, 1988). The direct evidence for the participation of TGF-P 1 in the development of 

the vascular neointha cornes from in vivo experiments in which infusion of TGF-P 1 (Kanzaki. et 

al., 1995) or direct transfer of the TGF-PI gene (Nabel, et al., 1993) into the vessel wall induced 

intimal hyperplasia predominantly due to production of ECM components, including 

proteoglycans, collagens, and FN. Conversely, antibodies against TGF-P 1 suppress intimal 

hyperplasia in an acutely injured vessel by reducing accumulation of ECM components. such as 

FN (Wolf et al., 1994). Molecular mechanisms goveming TGF-Pl-induced matrix protein 

synthesis have been elucidated at transcriptional (Kahari, et al., 199 1 ; Marigo et al.. 1 993), post- 

transcriptional (Kahari, et ai., 199 1; Wrana et al., 1991; Kahari, et al., 1992; Marigo. et til.. 

1993), and translational levels (Fine and Goldstein, 1993). 

Regdation of TGF-pl Expression 

TGF-p 1 can be regulated by rnechanisms w hich infiuence its transcriptional activation. 



mRNA stability, or mRNA translational efficiency. Post-translationai activation of latent TGF-p 1 

and inactivation of mature TGF-p 1 by binding to ECM macromolecules also contribute to the 

functional regulation of TGF-pl (Massague, 1990). The proposed mechanisms for 

transcriptional, poût-transcriptional, aud translational reguiation of TGF-p 1 will be outlined. since 

they are directly related to the fmdings of this thesis. 

Transcriptional Regulaüon. Upregulation of TGF-pl is a comrnon feature in a 

variety of wound healing and tissue remodeling responses in many organ systems, including 

vessels (Border and Nobel, 1994). Transcriptional activation of the TGF-P 1 gene is an important 

and early celi response to injury. The human (Kim et al., 1989a) and mouse (Geiser et al., 199 1 ) 

TGF-pl promoter has been cloned and there is a high degree of similarity. The TGF-B 1 prornoter 

contains no TATA or CAAT box (Kim, et al., 1989a; Geiser, et al., 199 1). Hurnan TGF-P 1 has 

an extremely high G-C content with multiple CCGCCC repeats (Kim, et al.. 1989a). At least two 

of these G-C repeats have been shown to bind the transcription factor Spl (Kim et al., 1989b). 

Gel mobility shift assays have also demonstrated that formation of AP-1 complexes Cjun and fos) 

are involved in TGF-f3 1 transcription in response to phorbol ester and TGF-B 1 itself (Kim et d.. 

1990). A downstream phorbol ester responsive element has been aiso identified in the 3'UTR 

(Scotto et al., 1990). These observations suggest that the initiating signal for stimulation of 

synthesis of TGF-Pl rnay occur via the activation of protein kinase C. In addition. the TGF-P 1 

promoter contains several sequences with homology to the retinoblastoma gene product control 

element which is modulated by the retinoblastoma gene product (Kim et al.. 199 l) ,  as well as ;ui 

element responsive to H-rus oncogene activation (Geiser, et al., 199 1). However, the influence of 

these regdatory controls on TGF-pl expression in vascular ceiis during vascular injury has not 

k e n  evaiuated. Auto-regdation of TGF-P 1 via the activity of AP- 1 and Sp 1 transcription factors 

(Kim, et al., l989b; Kim, et al., 1990) is like1y to be an important mechanism in sustaining TGF- 

P 1 expression at sites of injury. AS a consequence, elevated production of mavix proteins gives 

nse to ma& accumulation. 



Post-transcriptional Regulation. There is aiso increasing evidence indicating that 

expression of TGF-p 1 is modulated at post-transcriptional and translational levels (Assoian et al.. 

1987; Wager and Assoian, 1990; Ahuja et al., 1995; Cosgaya and Aranda, 1995). For example. in 

a rat pheocbromocytoma PClZ cell line, nerve growth factor induces TGF-$1 expression partiy by 

increasing its &A half tife kom 6 h to 30 h (Cosgaya and Aranda, 1995). In activated human T 

lymphocytes, the immunosuppressant cyclosporine prolongs the half life of TGF-P 1 mRNA 

(Ahuja, et al., 1995). In human osteosarcorna, exogenous administration of TGF-p 1 raises the 

steady-state TGF-P mRNA level by enhancing its stabiiity (Liu et ni., 1996). As well, treatment of 

hematopoietic ceils with phorbol ester leads to 30-fold increase in TGF-P 1 expression, resulting 

fiom a stabilized mRNA because phorbol ester blocks a ribonuclease system that degrades TGF-P I 

mRNA (Wager and Assoian, 1990). Thus, control of TGF-BI expression via phorbol ester- 

induced protein kinase C rnay operate at both transcriptiona. and pst-transcriptional levels. 

Regulation of TGF-pl mRNA translation. TGF-p 1 expression may also be 

regulated at the level of mRNA translation. Several studies indicated that the GC-rich sequence in 

the 5' untranslated region may play a role in controiling TGF-pl mRNA translation (Kim et d.. 

1992). This region in the S'UTR coatains a stable secondary stem-loop structure between 

sequences +49 to +76. This stem-loop region alone is sufficient to inhibit growth hormone gene 

expression, suggesting that it rnay contain a cis element which plays an important role in the 

translational regulation of TGF-P 1 gene expression. Binding of a cytoplasmic factor in C2C 12 

myoblastic cells to the stem-loop containing region has been demonsuated by ni vitro gel shift and 

UV-crosslinking assays (Romeo et ai., 1993). In addition, a GC-rich domain in the TGF-P I 

3'UTR has been shown to have a bifunctional effect on overall protein expression (Scotto and 

Assoian, 1993); it may decrease the steady-state levels of TGF-P 1 mRNA while increasing its 

protein production by improving translational efficiency. The relative contributions of these 

inhibitory and stimulatory bifunctional elements to TGF-BI protein production may result from 

temporal or cekpecifc expression of certain b=m-acting factors (Scotto and Assoian, 1993). 



Fibronectin 

The first description of FN appeared in 1948 when Momison and colieagues (Momson rr 

al., 1948) studied the fiactionation of plasma and separated a protein fraction from the bulk of the 

f i b ~ o g e n  by its cold insolubility. They termed this protein hction "cold-insoluble globulin" 

(CIg) and M e r  work indicated that it was a mixture of several components, including fibrinogen 

(Edsall et aL, 1955). It was only in 1970, some 20 years after the fmt description of CIg, that the 

purified CIg was obtained and identified as a protein distinct from other plasma proteins 

(Mosesson and Umfleet, 1970). In the early 70's, ùnmunologic studies indicated that a large 

glycoprotein lost from the ceiI surface of virus-transformed fibroblasts (Grahmberg and Hakomori. 

1973; Hynes, 1973b) is related to CIg (Ruoslahti and Vaheri, 1974; Vaheri and Ruoslahti, 1974) 

and further biochemical studies conFmed their similarities (Mosesson et al., 1975: Engvall and 

Ruoslahti, 1977; Hynes and Destree, 1977; Yamada et ai., 1977). In 1976, a unified term. 

fibronectin, was used to refer to this class of proteins (Keski-Oja et al., 1976; Kuusela et d.. 

1976). 

Structure and Function 

Fibronectin is a large dimeric glycoprotein composed of two hornogeneous subunits of 

molecular weight 220-250 kDa iinked by disulfide bonds. This characteristic applies to both 

plasma FN and cellular or ECM-bound M. For practical purposes, three other criteria are also 

used to define a protein as FN: immunoiogical recognition by specific antibodies. gelatin-binding 

activity and a molecular weight of 220-250 kD. The Latter is based on a gelatin affinity 

chromatography method used for rapid purification of both plasma and cellular FN (Engvall and 

Ruoslahti, 1977; Hynes and Yamada, 1982; Ruoslahti et al., 1982). A single gene encodes al1 

known foms of FN (Kombiihn et al., 1983; Schwarbauer et al., 1983; Kornblihtt et al., 1984a: 

Kornblihtt et al., 1984b). Analysis of the 5' and 3' ends of the rat FN gene indicates that the 

primary transcript has a single transcriptional initiation site and a single poly adeny lation si te 7 1 k b 



downstream (Patel et al., 1987). This prhary aanscnpt is spliced into a 7.5-8.0 kb mature 

transcnpt (rnRNA), including 45 invariant exons and three altematively spliced exons. The 

alternative splicing of these exons gives rise to variant forms of FN. 

Fibronectin sequence is composed of a series of three different repeating domains (1. II. 

III) of similar sequence elements which are 40-90 amino acids long (Figure 6). Both fibrin- 

binding domains contain type 1 repeats, the gelatin-binding domain consists of both type I and type 

II repeats, and the central segment (the cell and heparin-binding domain) is composed of type UI 

repeats (Hynes, 1990). The three aiternatively spliced regions are located at the type III regions of 

the central segment. They are the EIIIA and EIIIB regions with identical sequence to type III 

repeat, and the variable insertion of fragments of sequence (V region), which are aiso called type 

III comectllig segment (IIKS), near the carboxyl terminai. The EIIIA and EIIIB regions are 

altematively spliced in many ceil types and present only in the cellular forms of FN (Garcia-Pardo 

et al., 1985; Kubomura et al., 1987; Norton and Hynes, 1987). 

The primary and usuai function of FN is that of ceii adhesion. Ce11 adhesion is an active 

process starting from initial attachent, spreading and cytoskeletal organization, to the formation 

of focal contacts with the substrate ( G b e l l ,  1978; Thom et al., 1979; Couchman and Hook. 

1983). Fibronectin is functionally involved in dl these processes through a family of 

tranomembrane extracellular matrix binding receptors. integrins. Integrins are comprised of 

heterodimeric a- and p-subunits that mediate ceU adhesion (Aibelda and Buck, 1990), as well as 

ceil-matrix interactions (Buck and Horwitz, 1987). Fibronectin has multiple ceIi-binding sites that 

mediate cell adhesion. One is located in the 10th type III repeat of the cell-binding domain that 

contains a tripeptide sequence, RGD (Arg-Gly-Asp) (Pierschbacer and Ruoslahti, 1984). It is 

recognized by a variety of cells tbrough the ce11 surface integrin receptors a# 1, the 'ciassic' FN 

receptor (Ruoslahti and Pierschbacher, 1987; Ruoslahti, 1991). The 10th type III repeat is 

constinitively spliced in and present in all FN variants. Another ceII-buiding site is located in the 

EICS which contains the LDV (Leu-AspVal) sequence (Komoriya et al., 1991). The ce11 surface 

receptor for the LDV ligand is a431, a member of the very Late antigens (VLA) family. 



Figure 6 



Figure 6. FN structures and variants 

Schema of the primary sequence of the various fonns of FN. The sequence is made up of a senes 

of repeats of the three types with interna1 homologies. Each repeat is separated from its neighbour 

in the gene by introns (not shown in the diagram). On the top, the constitutive (RGD). 

alternatively spliced (LDV) celi-binding sites, and functional domains for matrix assembly are 

indicated. At the bottom, the alternatively spliced segments in the type III repeat region including 

two type III repeats, EIIIA and EIIIB, and the third segment with various length and no homology 

to other segments, which was referred to as the type Q I  connecting segment (LIICS). Type III 

repeats are numbered from 1 to 15, excluding the EIIIA and EIIIB (Modified from Kombiihtt 

A.R., et al. FASEB J, 10:248-257, 1996). 



characteristic of lymphoid ceils (Guan and Hynes, 1990; Mould et al., 1990). Thus, most cells 

would utilize mostly the integrin receptor a5f31 for adhesion and for spreading on a FN matrix. 

whereas certain celi types, such as melanoma, lymphocytes, and monocytes, likely use @ 1 

receptor to bind the alternative spficed LDV sequence. 

Expression of Fibronectin during Cardiovascular Development 

Successful organogenesis requires migration of mesenchymal cefls on ECM. The temporal 

and spatial expression of FN during cardiovascular development have been well documented 

(Icardo and Manasek, 1983; Icardo and Manasek, 1984; Linask and Lash, 1986; ffrench-Constant 

and Hynes, 1988; Linask and Lash, 1988; Armstrong and Armstrong, 1990: Roman and 

McDonald 1992; Samuel et al., 1994). Quantitative and qualitative aiterations in FN distribution 

are observed during cardiac development (Icardo and Manasek, 1983); and high FN expression is 

specificdy present in migratory celis involved in the formation of the cushion tissue mesenchyme 

in the embryonic hem (Icardo and Manasek, 1984). Consistent with these features, FN mRNA 

levels are abundant in the migrating mesenchymal ceils of the outflow tract and in the endocardial 

cushion cells (ffrench-Constant and Hynes, 1988). The importance of EW for successful 

embryonic development is conclusively illustrated by the lethal effect of the mouse M nul1 

mutation, in which lack of normal vasculogenesis is one of the major defects observed in this 

knockout mouse (George et al., 1993). Temporal expression of FN EIIIA and EIIIB variants was 

addressed in fetal and post-natal development of the human Ao (Glukhova er al., 1990). This 

snidy showed that FN expressed in Ao during early fetai developrnent (8 to 12 week) contains both 

EIIIA and EIIIB variants, but these isoforms are decreased by 20-25 weeks of gestation. In 

contrat, the mediai layer of the adult Ao produces FN which contains neither EIIIA nor EIIIB 

domains, whereas the SMC in the thickened intima of an atherosclerotic plaque express FN 

containing the EIIIA variant. 



Effect of Fibronectin on Cardiovascular Development 

During embryonic development, vascula. precursors migrate from an undifferentiated site 

of origin to their eventual tissue or organ of destination. This migration is a slow, orderly process. 

in which matrix FN provides a migratory tract (Hynes and Lander, 1992). Upon binding to FN. 

integrin receptor molecules cluster and transmit this spatial orientation across the ceil membrane 

and the intraceilular cytoskefeton, ailowing the actin locomotory apparatus to foliow the preset FN 

gradient (Chen et al.. 1986). For example, avian precardiac cells migrate on a FN matrix, and the 

direction of their movement is dependent on the FN gradient (Linask and Lash, 1986: Linask and 

Lash, 1988; Armstrong and Armstrong, 1990), since antibodies to FN or excessive RGD- 

containing synthetic peptides inhibit, in a dose-dependent manner, migration of these cells and 

subsequent heart development. Capillaries are also associated with an abundant FN-enriched 

ma& (Risau and Lemmon, 1988), and microvascular EC adhesion is significantly enhÿnced by 

M (Clark and Folkvord, 1986). In the FN knockout mouse, lack of a FN gradient. which is 

produced normally by vascular EC (Risau and Lemmon, 1988: ffrench-Constant et al.. 1989) to 

support recruitment and differentiation of mesenchymal cells, results in impaired vasculogenesis 

(George, et al., 1993). 

Altered Fibronectin Expression in Vascular Intima1 Thickening 

Increased M expression has k e n  observed in the neointima of human atherosclerotic 

plaques (Shekhonin et ai., 1987). Further studies identified the embryonic EIIW FN variant as the 

main M component in the intimal lesion, whereas it was not detected in the mediai layers or 

normal vessel (Glukhova et ai., 1989; Glukhova, et al., 1990). The expression of the EIIIA 

variant by SMC is phenotype-dependent, that is, it is a charactenstic of 'synthetic' SMC versus 

'contractile' SMC, as both FN EIIIA protein and mRNA expression were observed in synthetic 

cultured SMC derived from atherosclerotic lesions, but not in contractiie cells derived from the 

medial layers of the vessel waiI (Glukhova, et al., 1989). 

Elevated FN synthesis has also been found in restenotic human coronary arteries after 



atherectomy or percutaneou balloon angioplasty (Clauseil et al., 1995)- as weli as in neointimal 

lesions in coronary artenes after experimental cardiac transplantation in pigle ts (Clausel1 et al.. 

1993) and in the thickened intima induced by endothelial denudation (Maciri et aL, 1989; Ishiwata 

et al., 1994; Kim, et al., 1995). The FN induced in neointima after endotheliai denudation includes 

the EDmA and E D D  domains (Bauters et ai., 1995; Dubin et al., 1995). but their functionai 

significance is not known. In addition, upregulated M expression is observed in the Ao of the 

hypertensive rat (Takasaki et al., 1994), the thickened intima of hypertensive pulmonary artenes in 

the human (Botney et al., 1992), and in the rat (Jones et al., 1997). The embryonic FN EDIIIA 

variant is expressed in the vascular thickened intima in hypertensive artenes mainly associated with 

intima1 hyperplastic 'immature' or 'synthetic' SMC (Pauletto, et al., 1994). 

Role of Fibronectin in Development of Vascular Neointima 

Several roles have k e n  attributed to FN during the formation of the vascular neointima. 

This glycoprotein has been shown to modulate SMC in primary cultures from a contractile to a 

synthetic phenotype, associated with loss of myofilaments, formation of a widespread rough 

endoplasmic reticulum and prominent Golgi bodies, and iacreased RNA and protein synthesis 

(Hedin and Thyberg, 1987; Hedin et al., 1988). The RGD cell-binding motif in FN appean to be 

important in this phenotypic transition since incubation of cultured SMC with RGD peptides blocks 

the M effect and SMC maintain their contractile phenotype in the cultures (Hedin, et aL. 1988 1. 

In contrast, substrate containhg RGD peptides prornotes the SMC switch fiom a contractile to ii 

synthetic phenotype (Hedin et al., 1989). Thus, interaction of FN with its receptor, a $ ~ ,  on the 

surface of vascular EC and SMC in vivo is likely to modulate their synthetic phenotype, thereby 

elevating synthesis of ECM components, growth factors, and their recepton (Pauletro. et cd..  

1994). 

Fibronectin has also been impiicated in the mechanism regulatuig SMC migratory behavior. 

a prominent feature of neointimal formation. Since migration of SMC during neointirnal formation 

is non-random, it has been presumed that there is a specific FN gradient dong which cells migrate 



via interaction with a 5 p  1 i n t e g ~ s  (Thyberg et al., 1990), which, in a sense. recapitulates the 

migration observed in embryogenesis (Linask and Lash, 1986; Linask and Lash. 1988; Armstrong 

and Armstrong, 1990; Choy, et al., 1990; George, et al., 1993). This notion is supported by the 

fact that FN synthesis is increased shortly after vascular injury and is deposited mainly in the 

immediate subendothelium where the radially oriented SMC are directed to migrate (Jones, et al.. 

1997). 

Since FN is important in ce11 adhesion, a process involving attachent, spreading. 

organization of cytoskeletal filaments, and formation of focal adhesion contacts (Couchman and 

Hook, 1983)- its role in ceU migration must require the breaking, as well as formation of 

attachments. Thus, the net effect of FN on ce11 migration depends on adhesive forces and traction 

for movement. Stuciies of DiMiUa and coileagues (1993) dernonstrated that the initial adhesive 

strength detennines migration speed and the maximal migration of human SMC on FN and type IV 

collagen occurs at an intermediate level of cell-rnatrix adhesiveness. Several factors contribute to 

this intermediate level of adhesiveness, depending on the ce11 type, and these include the 

production of proteolytic enzymes, the presence of FN in a soluble form versus its rapid deposition 

in the rnatrk, as weli as the number and, perhaps most important, the availability of cell surface 

integrin and nomintegrin matrix receptors which interact with other matrix molecules, such as 

hyaluronan (Bauer et ai., 1992; Clyman, et al., 1992). Thus, the FN receptor a5pl can either 

mediate f m  ECM attachment or cell migration depending on the microenvironment (Albelda and 

Buck, 1990; Danibere et ai-, 1 !%O). 

Regulation of Fibronectin Expression 

The molecular mechanisrns regulating FN have been studied in embyrogenesis, wound 

repair, and tissue remodeling, Le., conditions in which increased expression is observed. Ln 

contrast, decreased FN expression is a feature of oncogenicaily-transformed cells and the 

mechanisms involved have also been broadly studied. 



Down-regulation of FN in Oncogenic Transformation. One of the pioneering 

observations in matrix biology is ciifferences in (Buck, et al., 1971) or the loss of ce11 surface 

glycoprotein (Grahmberg and Hakomori, 1973; Hynes, 1973a) in tumor virus m s f o m e d  cells. 

This feature actuaily led to the identification of cellular FN (Mosesson, et aL, 1975; Chen et LI/., 

1976; Engvd and Ruoslahti, 1977; Hynes and Destree, 1977; Yamada et al.. 1977). Until now. ir 

is still the most striking example of regulation of FN expression. Reduced FN expression has 

been observed in ceiis transformed with tumor viruses, such as human cytomegalovirus. Rous 

sarcoma virus (RSV). and adenovim (Olden and Yamada, 1977; Yamada, et al., 1977; Vaheri and 

Mosher, 1978; Hayrnan et al., 198 1 ; Pande et al., 1990), or transfected with viral oncogenes, such 

as adenovirus early region 1A (EIA), Ha-ras, and v-mos (Roberts et al., 1985; Setoyama et UL. 

1985; Sistonen et al., 1987; Chandler and Bourgeois, 199 1 ; Nakajima et al., 1992; Nakamura et 

al., 1992; Chandler et al., 1994). Decreased FN synthesis has also k e n  seen in ce11 lines derived 

h m  maiignant nimors (Pearlstein et al., 1976; Marshall et al., 1977; Yang et aL, 1980: Oliver et 

al., 1983; Tai et al., 1983; Steele et al., 1988). 

Many studies demonstrated that the loss of FN expression in tissue cultures correlates with 

their tumorigenesis in vivo (Chen, et al., 1976; Aii et al., 1977; Gallimore et al.. 1977: Marshall. et 

oL, 1977; Chen et aL, 1979; Der and Stanbridge, 1980; Der and Stanbridge, 198 1 ; Lawrence and 

Singer, 1986; Steele, et al., 1988). Thus, cells selected by growth in suspension or by passage in 

immunodeficient mice are often FN aegative (GaiLimore, et al., 1977; Der and Stanbridge, 1980: 

Lawrence and Singer, 1986). Reduction of FN synthesis also contributes to their invasiveness and 

metastatic potential (Chen, et al., 1979; Schaiken et al.. 1988). Moreover, addition of purified FN 

to various transformed cells induces ceil adhesion, prornotes reorganization of the cytoskeleton. 

and aliows the ceil to adopt a more normal morphology (Chen, et aL, 1976; Yamada et al., 1976: 

ALi. et al., 1977). More recentiy, overexpression of recombinant FN in HT 1080 cells has been 

shown to reduce their migration, and suppress their proMeration on soft agar, as well as their 

growth in nude mice (Akamatsu et al., 1996). In addition, induction of FN synthesis in 

transformed or tumor ceus by a variety of pharmacological reagents, such as CAMP (Nielson and 



Puck, 1980), butyrate (Hayman er al., 1980), dexamethasone (Furcht er ai., 1979a; Furcht et al.. 

1979b)- and oxamfiatin (Sonoda et al., 1996)- by the tumor suppresser gene krev-1 (Noda et al.. 

1989). or by MP41, a gene regulated by the circadian clock (Kondo et al., 1996) is also associated 

with a 'reverse transforme& celi phenotype that resembles normal cells. 

Multiple mechanisms may contribute to reduced ce11 surface FN upon oncogenic 

transformation. In Rous sarcoma v h s  transformed chicken embryo fibroblasts, impaired FN 

biosynthesis, i.e., a 3- to 6-fold drop compared to the normal parent cells, is associated with a 5- 

to 6-fold reduction in celi surface FN (Olden and Yamada, 1977). In vitro translation studies using 

RNA extracted from normal and transformed chicken embryo fibroblasts demonstrate that FN 

mRNA levels are reduced in transformed ceUs (Fagan et al., 1979), and this has been confmed by 

northem blot analyses (Fagau et ai., 198 1; Norton and Hynes, 1987). Nuclear run-on studies 

indicate that the reduction in FN mRNA level is due to decreased transcription (Tyagi er ni., 1983 ). 

However, the mechanism of how the Rous sarcoma virus oncoprotein, src, represses FN gene 

transcription is still unclear. In adenovinis E1A oncoprotein transformed rat fibroblasts, the 

reduction of FN gene transcription is through the induction of a nuclear repressor activity related to 

G lOBP (G 10 binding protein) (Nakamura, et aL, 1992). This nuclear factor binds to a suing of 

10 Gs present at -239 of the rat FN prornoter, and two GC boxes at - 105 and -54. The recognition 

sequences of GloBP and transcription factor Spl overlap in the two GC boxes. Site-direct 

mutagenesis studies demonstrated that al1 of these elements are important in transcriptional 

activation, whereas the downstream GC box plays a primary role (Suniki eî al., 1995). Since the 

nuclear factor GloBP has a stronger affinity for the downstream GC box and G 10 stretch than 

Spi, binding of GloBP replaces Spl, thereby repressing FN gene expression. Post- 

transcriptional mechanisms can aiso regdate reduced FN expression in tumor cells. For exarnple. 

in HT IO80 fibrosarcoma ceUs, Ha-ras oncoprotein reduces either nuclear processing or nuclear 

stability of processed FN mRNA (Chandler, et al., 1994). 

Upregulation of FN: Transcriptional Mechanisms. Grow th factors, cytokines. 



hormones, and senun factors upregulate FN expression in a vaxiety of ceil types. Treatrnent of 

senim-starved 3T3 celIs with epidermal growth factor (EGF) increases FN matrix deposits (Chen 

et al., 1977) by increasing FN synthesis (Thome et al., 1987; Seebacher et al., 1988) through gene 

transcription (Blatti et al., 1988; Seebacher, et ai., 1988). Other growth factors, such as TGF-P 

(Dean, et ai-, 1988; Kahari, et al., 199 1; Kahari, et al., 1992), PDGF (Blatti. et al.. 1988; Zhang 

and Lo, 1995), and cytokines, such as interferon-y (INF-y) (Czaja et al., 1987; Diaz and Jimenez. 

1997), senun (Hatti, et al., 1988; Dean, et al, 1988; Ryseck et al., 1989), and steroid hormones 

(Nimmer et al., 1987; Dean, et al., 1988) also induce M synthesis in many ceIl types via 

transcriptional activation. As weil, cytokines, such as IL- l p  and tumor necrosis factor (TNn-a 

stimdate FN gene transcription (Clauseil and Rabinovitch, 1993; Molossi et ai.. 1995) in vascular 

SMC. 

The mechanisms involved in stimdating FN gene transcription have been investigated and 

transcriptional factors that bind to specific cis elements in M promoter have k e n  identified. There 

is, in fact, high identity between the human (Dean et al., 1987), rat (Patel et ai., 1986). and mouse 

(Polly and Nicholson, 1993) FN promoter. Analysis of the human promoter in transient 

transfection snidies using promoter-reporter constructs has identified TGF-P 1. serum, and CAMP 

response elements (Dean, ef al., 1988; Dean et of., 1989). The CAMP responsive element (CRE) is 

the cis element of serum stimulation in that it can by itseif confer serum responsiveness to a neutral 

promoter (Dean et ai., 1990), and CRE binding activities have been dernonstrated in nuclear 

extracts of diverse celI lines (Dean, et al., 1989; Muro er al., 1992). More recently. a tissue- 

specific transcriptional enhancer elernent has been reported in the rat FN gene (Spom and 

Schwarzbauer, 1995). Gel mobility shift assays demonstrated fibroblast-specific binding of a 

nuclear factor(s) to this element and DNase 1 footprinting indicated the binding site contains a 27 

bp sequence at -1688 of the rat FN gene. However, the effect of this enhancer element on 

endogenous FN gene transcription has not k e n  exarnined. 

Post-transcriptional Regdation. Post-transcriptional mechanisms also regulate FN 



expression (Raghow et ai., 1987; Dean, et al., 1988; Chandler and Bourgeois, 1991: Wrana, et 

al., 1991; Chandler, et al., 1994; Eckes et ai., 1996; Diaz and Jimenez, 1997). For example. 

despite elevated FN gene transcription, TGF-pl aiso stabilizes FN mRNA (Raghow, et ai., 1987). 

As wen, the synthetic glucocorticoid dexarnethasone stabilizes EW mRNA selectively in a human 

fibrosarcoma cell h e ,  HT 1080 (Dean, et al., 1988). Reduction of FN steady-state mRNA levels 

and FN synthesis in non-tumorigenic huxnan osteosarcorna ceus transfected with Ha-ras, as well as 

maügnmt human fibrosarcoma, ElT 1080, is not accompanied by decreased FN gene transcriptional 

activities and is iinked to the activation of the Ha-ras oncogene (Chandler and Bourgeois. 199 1 : 

Chandler, et ai., 1994). The reduction is rather due to a mechauism that would alter nuclear FN 

mRNA stability and/or processing (Chandler, et al., 1994). 

Post-transcriptionai regulation of FN may also involve altentions in the efficiency of 

&A translation as has been documented in early Xenopus development (Lee et al., 1984). 

Temporal and spatial upreguiation of FN expression observed shortly after the midblastula 

transition is related to translational activation of masked materna1 F'N mWA, since transcriptional 

blockade by inhibition of RNA polymerase II dependent RNA synthesis with a-manitin had no 

effect on the increased FN synthesis. Repression of FN synthesis has also been observed in fetal 

and postnatal development of the heart in which FN gene transcription is activated but the 

translation of the mRNA into protein is always poor (Samuel, et ai., 1994). In addition. 

prematurely senescent cultured Werner syndrome fibroblasts produce more FN than normal 

fibroblasts, due to both augmentation of M mRNA levels and enhanced efficiency of FN rnRNA 

translation (Rasoamanantena et ai., 1994). As weii, the antiproliferarive reagent IFN-y modulates 

FN synthesis by stimulating FN gene transcription, destabilizing FN transcripts (Diaz and 

Jimenez, 1997), and repressing FN mRNA translation by a mechanism that inhibits translational 

elongation (Levine et al., 1990). 

Our previous studies on the mechanisms related to fetal DA intimai cushion formation 

demonstrated that culnired DA SMC produce up to 3-fold increased FN synthesis compared to Ao 

SMC after senun stimulation (Boudreau and Rabinovitch, 199 1; Boudreau, et ai., 1992). Further 



assessrnent of FN steady-state mRNA levels indicated that this feature was not associated with 

increased FN mRNA levels. Rather a 50% decrease in DA compared to Ao SMC levels was 

observed (Boudreau, et al., 1992). In addition, there are no ciifferences in FN mRNA stability or 

mRNA splichg between DA and Ao SMC (Boucireau, et al., 1992). Together, these data indicated 

an enhanced translational efficiency of FN mRNA in DA versus Ao SMC, and the FN mRNA 

translational efficiency in DA SMC was estimsted to be about dfold of that in Ao SMC (Fib- 7). 

Role of 3' AU-rich Elements in mRNA Translation 

The importance of AU-rich elements (ARES) in the 3'UTR in the post-transcriptional 

regulation of eukaryotic gene expression was fmt noted in experirnents in which oncogenic forrns 

of the c-fos gene were found to have lost a 67-nt AT-nch sequence in the 3'UTR which was 

present in non-oncogenic forms of the gene (MeijLink et al., 1985). When added to the 3'UTR of 

p-globulin rnRNA, the ARE of c-fos (Treisman, 1985) and GM-CSF (Shaw and Karnen, 1986) 

destabilize otherwise stable b-globuh-reporter mRNA. Subsequent observations made by Caput 

and coileagues (Caput et al., 1986) discovered that the ARE, particularly the octanucleotide 

UUAUUUAU sequence, is frequently present in the 3'UTR of inflammatory mediaton or 

immediate early response genes, such as cytokines, oncogenes, as well as M. Since then. the 

presence of the ARE has been shown to destabke a large number of labile niRNAs. including c- 

myc (Jones and Cole, 1987), c-fos (Wilson and Treisman, 1988), INF-P (Whittemmore and 

Maniatis, 1 990), IL-3 (Wodnar-Filipowicz and Moroni, 1990). and the human tissue factor ( Ahem 

et ai., 1993). Recent studies have indicated that degradation of mRNA mediated by ARE is 

coupled to ongoing translation (Savant-Bhonsale and Cleveland, 1992: Aharon and Schneider. 

1993; Winstall et al., 1995). The ARE can either reduce or increase mRNA translational 

efficiency, but this likely depends on its interaction with tissue-specific cytoplasmic proteins 

(Kniys et al., 1987; Kniys et al., 1988; h y s  et al., 1989; Han et ai., 1990a; Han et al., 1990b: 

Grafi et al., 1993; Kruys et al., 1993; Jain et ai., 1997). 





Figure 7. Increased FN mRNA translation in DA vs Ao SMC 

Measurement of the ratio of the newly-synthesized FN protein to the steady-state levels of N 

d W A  indicates an up to 6-fold increase in FN mRNA translational efficiency in cultured DA 

compared to Ao SMC (Modifieci fiom Boudreau N. et al., Lab hvest 67:350-359, 1992). 



Effect of AREs of 3'UTR on mRNA Translation 

In studies addresskg the regulation of human IFN-fl gene expression, Kruys and 

colleagues (Kniys, et ai.. 1987) observed that the presence of the AREs in the 3'UTR of the 

mRNA greatiy suppressed mRNA translation in both Xenopus oocytes and in the reticulocyte 

lysate, since removal of the AREs fiom the 3'UTR of IFN-P mRNA increased its translation up to 

100-fold in Xenopus oocytes and 10-fold in the reticulocyte lysate without affecting mRNA 

stability (Kruys, et al.. 1 988). Further studies demonstrated that signifcant translational inhibition 

could be achieved in Xenopur oocytes injected with the IFN-P mRNA containing only one copy of 

the octanucleotide. The level of inhibition was enhanced when the copy number was increased. 

and the presence of three copies affects the mRNA translation to a level comparable to that of the 

3'UTR of natural IFN-p mRNA (Kruys, et al., 1989). Subsequently, AREs containing the 

octanucleotide denved from c-fos and GM-CSF have been shown to have the same inhibitory 

effects on mRNA translation (Kruys, et ai., 1989). 

Translational suppression mediated by the AREs was also observed in somaiic cells. 

including RAW 264.7 macrophages (Han. et aL., 1990a). rat L929 fibroblast cells, and NIH3T3 

ceils (Kmys, et al., 1993). For example, in the studies with L929 cells and NIH3T3 cells. 3'UTR 

regulated-reporter constmcts were generated in such a way that the reporter gene, chlorarnphenicol 

acetyl transferase (CAT) was driven by the cytomegalovinis (CMV) promoter, whereas the CAT 

3'UTR was replaced by either the TNF-a 3'UTR containing the AREs or human growth hormone 

(hGH) 3'UTR without the AREs. Assessrnent of CAT activities (protein levels), as well as CAT 

mRNA Ievels in stable transfectants, reveaied that cells transfected with the CAT construct 

containing the RIF-a 3'UTR produce 10-fold less CAT protein than the cells transfected with the 

CAT construct containhg the hGH 3'UTR. whiie the CAT mRNA level is comparable. However. 

when the AREs were deleted from the TNF 3'UTR, the translational efficiency was increased. 

These results strongly suggest that, in addition to their function as destabilizing elements, ARES 

can aiso modulate translational efficiency. 

AREs are not always associated with suppression of mRNA translation. In RAW 264.7 



macrophages, the ARES of TNF 3'UTR normaiiy inhibit TNF mRNA translation (Han. et nL. 

I990a). However, lipopoiysaccharide (LPS)-induced TNF-a expression is related to ARE- 

dependent enhanced mRNA translation. Dexarnethasone, which inhibits TNF-a production by 

activated macrophages, greatly represses the ARE-dependent translational activation induced by 

LPS (Han, et al., 1990b). 

Mechanisms of Translational Modulation Mediated by the AREs 

The mechanisms by which AREs affect mRNA translation are relatively unexplored since 

most studies have focused on ARE functions related to their mRNA destabilizing properties. 

although as discussed previously, these functions may be interdependent. For example. several 

independent studies have shown that the c-fos and GM-CSF ARES rely on ongoing translation to 

exercise their mRNA destabilizing hctions (Savant-Bhonsale and Cleveland. 1992; Aharon and 

Schneider, 1993; Winstail, er al., 1995). In a study carried out by Savant-Bhonsale and Cleveland 

(1992) inhibition of mRNA translation by mutation of the ATG initiaior codon resulted in a 10-fold 

accumulation of chimenc RNA with GM-CSF ARE inserted downstream of the coding region 

compared with the non-mutated transcripts. They also showed that mRNA degradation mediated 

by the 3'UTR ARE was independent of the length of coding region. On the other hand, if the ARE 

is placed within the coding region, Le., upstream of the stop codon, then its mRNA degrading 

property is lost. By m e r  analysis of sucrose gradients, larger than average mRNPs were found 

only with 3'UTR ARE-containiog transcripts, due to an extra divalent cation-independent complex 

(5 20s) and this suggested that there were ARE-binding proteins creating this complex. The 

formation of this complex is also dependent on ongoing mRNA translation and requires an intact 

ARE downstream of the stop codon. Studies of Aharon and Schneider ( 1993) demonstrated that 

insertion of a strong stem-loop into the S'UTR of a chimenc mRNA containing GM-CSF ARES 

downstream of the coding region results in a 20- to 30-fold inhibition of translation, as well as a 

correspondhg 15-fold enhanced accumulation of steady-state mRNA levels and mRNA half-life. 

Further studies using the same strategy revealed that insertion of this translation-blocking 



secondary structure at any position upstream, but not downstream, of the ARE inhibits the 

degradation of chimeric &A. In studies by Winstail and colleagues (Winstall, et ai., 1995), the 

properties of the iron-response element (IRE) were used to shuttte mRNA from ribonucleoproteins 

(RNPs) to polyribosomes in rcsponse to cellular iron concentration. An IRE was inserted into the 

5'UTR of chimeric mRNA, which contains either c-fos or GM-CSF AREs at the 3'UTR. Upon 

depletion of intraceilular iron, chimeric mRNA was sequestered in the RNPs and concomitantly 

stabilized, whereas supply of iron by addition of hemin induced translation of chimenc mRNA 

toward polyribosomes and restored their rapid degradation. 

In contmst, two other snidies using similar methods have shown that decay of rnRNAs 

cootaining 3'UTR c-fos or GM-CSF AREs is not coupled with ongoing translation (Koeller et al.. 

1991; Chen et al., 1995). It is therefore hard to offer a W i n g  explanation that could reconcile 

these differences, except to Say that there rnay be difierences in the mRNA decay pathways in 

different ceus, or under different growth conditions, or with different reporter mRNAs (Chen and 

Shyu, 1995). Nevertheless, these data suggest that, under certain conditions, mRNA decay 

mediated by the AREs may be induced by their interaction with the translating ribosomes and may 

also require factors other than ribosomes. 

Few experiments have been yet designed to address specificaily the mechanisms by which 

the AREs decrease or increase mRNA translation. Kruys and colleagues (1990) have shown that. 

in a cell-free translation assay with a reticulocyte lysate, IFN-P mRNA containing its ARE is 

translocated onto polyribosomes to a much lower extent than the constnict lacking the ARE. 

suggesting a sluggish translational initiation or inhibition of the 80s monosorne formation in the 

presence of the 3'UTR ARE. Studies by Grafi and colleagues (1993) demonstrated that the 

addition of a poly (A) tail to IFN-p greatly decreases its translational efficiency in a reticulocyte 

lysate. However, shortening the poly (A) tract or removal of the 3'UTR ARE markedly improves 

translational efficiency. These observations were consistent with the distribution of IFN-P mRNA 

on the polysome profile. That is, the poly (A) nch IFN-P mRNA failed to form large polysomes. 

while its couterparts bearing shoa poly (A) tract recruit more efficiently into large polysomes. 



While the direct efEect of removal of the ARE on the polysomai distribution of IFN-P was not 

addressed in this snidy, the interaction of the ARE with the poly (A) tract was supported by the 

experiments showing that the presence of the poly (A) tail specificaiiy inhibits binding of 

cytoplasmic factors to the ARE and a shortened transcript is created after RNase H treatment which 

cleaves double-stranded RNA. Physical interaction of the poly (A) tail with the ARE rnight inhibit 

mRNA translation by masking the poly (A) tail, thereby preventing its translation-promoting 

functions (Sachs and Davis, 1989; Munroe and Jacobsen, 1990; Tanin and Sachs, 1995: Tarun 

and Sachs, 1996). It is therefore conceivable bat, depending on the nature of the ce11 or the 

condition under which it is king studied, the binding of a tissue-specific or induced cytoplasmic 

factor to the ARE could release the poly (A) tail, thereby triggering mRNA translation (Grd5. el 

aL, 1993), and promoting rapid poly (A) shortening and RNA decay (Brewer and Ross, 1988: 

Wilson and Treisman, 1988; Shyu et ai., 199 1; Grafi, et al., 1993). 

ARE-binding Proteins and their Functions 

Although the mechanisms by which ARES exert their effect on mRNA stability and 

translation are obscure, their functional complexity may reflect dynamic changes in their binding 

proteins. Maiter ( 1989) fust identified an ARE-binding protein in lymphocyte cytopiasmic 

extracts. In this study, gel mobility shift assay showed one protein-RNA binding complex which 

was oniy present with ARE-containhg synthetic LINVA, and the cytoplasmic factor was denoted 

the adenosine-uridine binding factor (AUBF). W-crosslinking assay revealed that the molecular 

weight of the binding complex is 28 to 45 kD under denaturing but non-reducing conditions. 

whereas a set of three subunits of molecular weight at 15, 17, 19 kD was resolved under reducing 

conditions. It appears that the 15 kD subunit binds to RNA more rapidly and, more specifically, to 

the ARE or has higher affïïty for the ARE. Fuaher studies demonstrated that the AUBF binds to 

ARE-containing labile mRNAs, including GM-CSF, IL-3, INF-y, c-fos, and v-rnyc, and the 

binding is ARE-dependent. Although the minimal length of ARE and the exact binding site have 

not been determined, it has been shown in this study that a synthetic 23-base ARE containing 4 



repeats of AUCNA pentanucleotides or an intact UUAUUUAU sequence binds to AUBF, and 

replacement of the midde uridine of AUUUA with guanosine but not cytosine greatly inhibits its 

binding activity. This protein binding assay is consistent with hvo other independent studies in 

which the minimal length sequence of ARE required to direct mRNA decay has k e n  determined to 

be UUAULTUA(U/A)(U/A) (Lagnado et ai., 1994; Zubiaga et al-, 1995). AUBF is inactive in 

resting lymphocytes but c m  be activated by 12-O-tetradecanoylphorbo1-13-acetate (TPA) or 

calcium ionophore (Maiter and Hong, 199 l), which are known to induce labile mRNA stabilization 

(Shaw and Kamen, 1986 1986; Akashi et al., 1989; Yamato et al., 1989). The AUBF is a 

phosphoprotein, and its ARE binding activity is regulated by its phosphorylation statu and by a 

redox switch of its disuEde bonds (-S-S-) to h e  sulfhydryl groups (-SH). 

Numerous cytoplasmic proteins that bind ARE-containing 3'UTRs have since been 

identified in a variety of celis or tissues (Bohjanen et al.. 199 1 ; Brewer, 199 L ; Rondon et ri/ .  . 
199 1; Vakalopoulou et ai., 199 1; Bickel et ai., 1992; Bohjanen et al., 1992; Port et ai., 1992: 

Stephens et al., 1992; Levine et al., 1993; Zhmg et a l ,  1993; Katz et ai., 1994; Nagy and Rigby. 

1995; Nakagawa et al., 1995; Chung et al., 1996; Ma et al., 1996), but their functions are largely 

unknown. Some appear to be similar to AUBF, are inducible, and are functionally related to labile 

mRNA stabiiization (Bohjanen, et ai., 199 1 ; Vakalopoulou, et al.. 199 1; Bickel, et al., 1991: 

Bohjanen, et aL, 1992; Stephens, et al., 1992). With other ARE-binding proteins, expression or 

ARE-binding activity is correlated with rapid mRNA degradation (Brewer, 199 1; Zhang, et cd. .  

1993). In addition, cellular localization of ARE-binding proteins does not necessarily correlate 

with mRNA stabiiity. Some ARE-binding proteins appear to be located in both the nucleus and the 

cytoplasm, suggesting that they may have hinctions related to the formation of mRNP complexes 

in the nucleus, the processing of premRNA or mRNA transport from nucleus to cytoplasm 

(Brewer, 199 1; Zhang, et al., 1993; Nakamaki et aL, 1995). indeed, several nuclear proteins are 

known to have RNA-binding activity, such as hnRNP A 1, AO, and C (Myer et ai., 1992; Hamilton 

et al., 1993; Katz, et al., 1994; Nakamaki, et al., 1995), and embryonic lethai abnormal vision 

(E1av)-like proteins, such as Hel-N 1 and Hu-R (Levine, et ai., 1993; Chung, et al., 19%; Ma. et 



ai., 1996). Surprisingly. there are also other groups of ARE-binding proteins known to have 

enzymatic activities in interrnediary metabolism, such as thiolase (Nanbu et ai., 1993), enoyl-CoA 

hydratase (Nakagawa, et aL, 1995), glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Nagy 

and Rigby, 1995). The sipnincance of such duai function proteins in mRNA decay or translationai 

efficiency is unknown. 

Several ARE-binding proteins have been purifed and cloned. They include two Elav-like 

proteins, Hel-N 1 (Levine, et al, 1993) and Hu-R (Ma, et al., 1996), and AUF 1 (Zhang, et cd.. 

1993), and AUH (Nakagawa, et al.. 1995). The availability of their recombinant proteins or 

cDNAs rnakes it possible to gain insights into their function in mRNA decay or translational 

efficiency. This was shown with the two ARE-binding proteins, AUF1 and Hel-N 1. 

AUFl was initially identified to be involved in c-myc mRNA degradation in a cell-free 

mRNA decay system (Brewer and Ross, 1988; Brewer and Ross, 1989; Brewer, 1991: 

Nakagawa, et al., 1995). The decay of c-myc mRNA requises mRNA-polysome association 

(Brewer and ROSS, 1988) and is facilitated by factors present in a 130,000 x g post-ribosornal 

supernatant (S 130) (Brewer and Ross, 1989). These factors are present as a 25s complex in low- 

sait buffer or a 7s complex in high salt (0.5 MJ condition (Brewer and Ross, 1989). The mRNA 

degradation activities are related to two polypeptides of 37 and 40 kd copurified from the 7s 

complex and bound to 3'UTR of c-myc and GM-CSF mRNA as well as poly (U) (Brewer. 199 1 1. 

The two polypeptides, referred to as AUF1, were then purifed from S 130 cytoplasmic extracts of 

human erythroleukernia K562 cells (Zhang, et al., 1993). They are imrnunologically cross- 

reactive, phosphorylated, and associated with other polypeptides in a complex. The cDNA of the 

37 kDa polypeptide cloned frorn a Hela ceU expression library contains two RNA recognition 

motifs and domains that potentialiy mediate protein-protein interactions (Zhang, et al., 1 993). 

Several lines of evidence suggest that AUFl targets decay of ARE-containing mRNA in 

vivo. For example, a previously described 35 kD ARE-binding protein in SMC associated with P- 
adrenergic agonist-induced downreguiation of P-adrenergic receptor mRNA (Port, et al., 1992 ). 

appears to be the AUFI. Upregulation of AUFl occurs by P-adrenergic receptor stimulation in 



SMC and correlates with increased decay of some ARE-containing RN& (Pende et al-, 1996). 

Conversely, a slow decay rate of AREsontaiallig mRNA, such as GM-CSF mRNA is associated 

with reduced AUFl expression (Buzby et al., 1996). The binding affinity of AUF 1 in vitro to the 

ARE is proportional to the rate of mRNA decay mediated by the ARE in vivo, whereas mutations 

in the ARE stabilize mRNA in vivo and decrease RNA-binding aff'ity of AUFl (DeMaria and 

Brewer, 1996). More recently, monocyte adherence, which induces rapid stabilization of IL- 1 and 

GROa (growth related oncogene a) mRNA, is associated with a decrease in protein-RNA 

complex formation related to AUFl and the ARE. In contrast. monocyte deadhesion results in 

rapid mRNA degradation and enhanced RNA-Abil binding complex formation (Sirenko et cil.. 

1997). Thus, since it was fmt identified. there has been a growing fiterature supporting A W l  as 

one of the ARE-binding factors involved in mRNA decay mediated by the 3'UTR ARE. Whether 

this factor at the same time increases mRNA translation has not been addressed, dbeit there is 

some evidence suggesting that its correlation with mRNA decay also depends on ongoing 

translation under certain circumstances (Brewer and Ross, 1989; Buzby, et al., 1996). 

Hel-NI is a member of Elav-like proteins which bind RNA in vitro (Gao er aL. 1994: 

Chung, et al., 1996; Gao and Keene, 1996; Ma, et al., 1996). Hel-N 1 possesses an IO-amino 

acid consensus element, termed the RNA reco,gnition motif (RRM) (Query et al., 1989). which 

forms the core of a functional RNA-binding domain. It is interesting that members of the Elav 

family have a high affinity and selectivity for the ARE in the 3'UTR of cytokines and proto- 

oncogene mRNAs (Gao, et ai., 1994; Chung, et al., 1996; Ma, et aL, 1996). Hel-N 1 and its 

alternative form, Hel-N2 have been shown to bind to poly (A)+ mRNA in granular RNP structures 

and to be involved in mRNA metabolism in human medulloblastoma cells and embryonic 

carcinoma P 19 cells (Gao and Keene, 1996). Their expression is upregulated during neuronal cell 

differentiation of Pl9 cells (Gao and Keene, 1996). More recently, a snidy by Antic and Kneenr 

(submitted, 1997) dernonstrated that differentiation of NTera-2 cell (human embryonic carcinoma 

ceus) induced by retinoic acid exhibits increased expression of Hel-N 1 protein which CO-localizes 

with mRNPs associated with polysomes, suggesting that Hel-NI may affect mRNA translation. 



Indeed, ectopic expression of Hel-NI in 3T3-L 1 adipocytes greatly increases glucose transporter 

(GLUT1) expression (Jain, et ai., 1997). This increased GLUTl expression is associated with a 

relatively pmlonged mRNA half Me (7.0 f 0.5 hours) in Hel-N1 transfectants compared to parent 

ceus (4.8 i 0.7 hours). Moreover, polysomal distribution of GLUTl mRNA in Hel-NI 

mfectants  is exclusively located in the heavy polysomal region whereas GLUTI rnRNA in non- 

transfected cells has a broad distribution ranging fiom ribosome subunits to polysomes. This 

indicates that expression of Hel-N 1 in 3T3-LI adipocytes also results in enhanced GLUT 1 mRNA 

translation via a rapid translational initiation. It was not addressed, however, in this study. 

whether Hel-N1 protein is aiso associated with mRNPs containing GLUTl mRNA, rather an in 

vitro gel shift assay was used to show that the recombinant Hel-NI protein binds to a U-rich 

region in the 3'UTR of GULTl mRNA. 

Other snidies have also demonstrated that quiescent 3T3-LI preadipocytes have a low level 

of GLUT1 expression and glucose transport activity that could be upregulated by TM-a, phorbol 

esters, okadaic acid, and 8-brom-CAMP (Cornelius et al., 1990; Cornelius et al., 199 L ; Stephens, 

et al., 1992; Jain, et al., 1997). These conditions are associated with the accumulation of GLUT 1 

mRNA resulting from increased mRNA stability. There is a correspondhg increase in AClBF 

activity specific for the AU-rich sequence in the 3'UTR of GLUTl mRNA (Stephens, et cil.. 

1992), suggesting that AUBF increases GLUTl mRNA stability. The main criteria used to 

iden@ the ARE-binding protein as the AUBF was visualking a -38 to 42 kD crosslinked ARE- 

binding complex on a sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). A 

ubiquitously expressed -36 kD Elav-like protein, HuR, has been cloned from Hela cells and has n 

high affinity and selectivity for the ARE in 3'UTR of c-fos, c-myc, N-mye, and LL-3 rnRNAs 

(Ma, et al., 1996). The possibility that this 'AUBF' in 3T3-L 1 preadipocytes is related to HuR. 

the non-neuronal homologue of Hel-N1, could not be excluded. 

Thus, ARE-binding proteins functionally f d  hto two categories: one group includes RNA- 

binding proteins, such as AUF1, whose ARE-binding activities correlate with rapid mRNA decay 

that may or may not depend on ongoing translation; the other group, represented by Hel-N 1. 



contains proteins whose ARE-bindiog activities are associated with stabilization of labile mRNAs. 

as weii as enhauced mRNA translation. 

Models of 3'UTR Modulating mRNA Stability and Translation 

Translation itself is a process starting from initiation and proceeding to elongation. and 

termination. This process was extensively snidied a decade ago, and translational initiation was 

recognized as the limiting step and the most important site of regdation (Hershey et al., 1996: 

Pain, 1996). A scanning model for translational initiation was then proposed (Kozak, 1986~: 

Kozak, 1986b). The scanning model States that the 43s ribosomd subunit (carrying Met- 

tRNAimet and various translational initiation factors) binds initiaiiy at the 5' end of mRNA and then 

migrates, stopping at the first AUG codon in a favorable context (Kozak consensus sequence) for 

initiating translation. After this, the 60s nbosomal unit joins to the 40s translationai initiation 

complex and completes the assembly of the ribosome, followed by peptide chain elongation. The 

scanning model has since been shown to be operational for some 90 to 95% of rnRNAs in 

eukaryotic cells (Kozak, 198%; Kozak, 1987a; Kozak, 1989; Kozak, 199 1). 

A central aspect of the scanning model is that the 5' mRNA cap structure is the interaction 

site for the recruitment of the 43s smail ribosomal subunit complex (Le., the 40s ribosomd unit 

and its associated translational initiation factors) to eukaryotic rnRNA. More recently, studies have 

shown that the 43s ribosomal subunit could aiso be recmited onto mRNA by an intemal ribosome 

entry site (IRES) or by the interaction of 3' poly (A) tail with 5' end (Jacobson, 1995; Jacobson 

and Peltz, 1996; Sachs et al., 1997). Thus, the 5' mRNA cap structure is no longer the exclusive 

requirement for the 43s recruitment. This suggests that different RNAs may potentially have 

different rnechanisms related to their translational initiation. Even more interesting is that a given 

RNA may have diverse ways to initiate translation. Figure 8 shows a recently proposed revised 
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Figure 8. Mode1 of 5' and 3' closed loop in mRNA translational control 

This mode1 States that the poly (A) tail c m  promote mRNA translation by facilitating 10s 

recruitment through either 5' capdependent or independent mechanisms. It hypothesizes that the 

poly (A) t d  could bring the 40s subunit to the 5' end through a circularized mRNA structure by 

interaction of a poly (A) binding protein, Pab 1, and mRNA-associated initiation factor eIF4F that 

consists of two core subunits, eIF4E and eIF4G. Subsequently, the 40s ribosomal subunit is 

docked onto the cap structure due to its high a f f i i  for the cap binding protein eIF4E. For cap- 

independent translation, the 40s ribosomal unit is loaded ont0 mRNAs through the interaction of 

elF4G and an IRES (not indicated in the diagram) (Modified from Sachs A.B. et. ai., Ce11 89: 83 1 - 

838, 1997). 



model of translational initiation (Sachs, et al., 1997). This mode1 states that both mRNA 5' cap 

structure and the poly (A) tail c m  determine 43s ribosomal subunit recnlltment. While the cap 

structure has the exclusive role of docking the 43s ribosomal subunit ont0 a unique site in the 

RNA, due to its high affinity for the cap binding protein eIF4E, the poly (A) tail could also bring 

the 43s subunit to the 5' end via a circularized mRNA structure by interaction of a poly (A)  

binding protein, Pabl, and mRNA-associated initiation factor eLF4F that consists of two core 

subunits, eIF4E and eIF4G. Thereafter, the 43s subunit could be loaded ont0 mRNAs through 

either binding of eIF4E to the 5' cap structure or binding of eIF4G to an E S .  Whether this 

model could be the 'prototype' for interaction of other RNA-bhding proteins with cis elements in 

the 3'UTR, such as the ARE and its binding protein, in translationai control is currently unclear. 

Broadly, translation codd also be modulateci by factors outside of the translational process 

itself, such as access of mRNA to translational machinery. During early development of 

Drosophila and Xenopus embryos, or in neuronal ceils, translation of many mRNAs is regulated 

by their transport and localization (Singer, 1992; St Johnston, 1995). Transport and localization of 

mRNAs requires cytoskeletal elements, such as microtubules (MTs) and ac tin filaments. The 

signais that determine the mRNA localization are found (thus far) exclusively in the 3'UTR. 

3'UTR RNA-binding proteins which also attach to MTs have been reported and implicated in 

modulating mRNA transport and localization (Elisha et al., 1995; Han et al., 1995; Schumacher et 

al., 1995). Translational regulation via RNA transport and locakation is mostly described in 

mRNAs encoding cytoskeletal or cytoplasmic proteins. The sorting of mRNAs encoding secreted 

proteins to endoplasmic reticulum (ER) was thought to depend on their signal peptide. but spatial 

distribution of m . A s  that encode secreted proteins, such as rnatnx proteins, FN (Lee, et cd.. 

1984), and collagens (Mansour et al., 1988), an estrogen-dependent oviduct secretory protein 

(Murry and DeSouza, 1995), or a membrane-bound glycoprotein, lactase (Rings et ai., 1992: 

Rings et al., 1994b) has also been reported. It is also likely that docking of mRNAs ont0 

membrane-bound polysomes could be facilitated by cytoskeletai structures as compared to simple 

diffusion of large mRNA-RNP particles (Rings et ai., 1994a). 



The AU-rich Elernent in 3'UTR of Fibronectin mRNA 

As discussed before, the increased expression of FN in DA SMC appears to resuit from an 

enhanced translational efficiency. The question now is which mechanism is responsible for this 

tissue-specific elevated FN mRNA translation? Study of 3'UTR of FN mRNA reveded a 

W A U W A U  sequence aforementioned, which is dso conserved among different animal species 

(Komblihtt, et al., 1983; Schwarbauer, et al., 1983; Caput, et al., 1986). The fùncùon of the M 

ARE has not yet been addressed. Given the overwhelming evidence indicating a role for the ARE 

in other mRNA 3'UTR in mRNA stability and translation in a variety ceil types, including SMC. it 

would be logical to speculate that the ARE in the 3'UTR of FN mRNA may aiso function to 

modulate mRNA translation in vascular SMC. The difference in the ability to translate FN mRNA 

in DA versus Ao SMC rnight be due to differences in cytoplasmic factors which could bind to the 

AIE in the 3'UTR of FN rnRNA. 

Rationale, Feasibility, and Outline of the Present Studies 

Previous studies in our laboratory (Rabinovitch, et al., 1988; Zhu, et al., 1990) and by 

others (Gittenberger-de Groot, et al., 1985; de Reeder, et al., 1988; Rabinovitch, et ni., 1988: de 

Reeder, et al., 1989; de Reeder, et al., 1990; Zhu, et al., 1990) demonstrated that. 

morphologically, the natural o c c ~ g  DA intimai cushion has features that are sirnilar to those of 

the neointima which results from vascular injury. In view of the importance of TGF-P 1 and FN 

(Boudreau, et ai., 1992; Boudreau and Rabinovitch, 1991; Boudreau, et al., 199 1). both in the 

pathogenesis of the vascular neointima and in the developmenr of intimal cushions in die DA 

(Figure 7), this thesis hvestigates mechanisms involved in modulating their expression in vascular 

ceils during intimai cushion formation in the DA. 

Prirnary cuitured EC and SMC isolated from fetal lamb DA and Ao tissues at different 

gestation times have been used in most of the studies presented in this thesis. These p n m w  tissue 

cultures have been established and characterized as homogeneous EC or SMC populations 



(Rabinovitch, et al., 1988), maintaining the tissue-specific ceil phenotype observed in vivo 

(Boudreau, et al., 1991). The consistent and reproducible differences in tissue-specific and 

developrnentaiiy-related gene expression (Rabinovitch, et al., 1988; Rabinovitc h, et al.. 1989: 

Boudreau and Rabinovitch, 1991; Boudreau, et al., 1992) in these cells allows us to identify 

regulatory mechanisms enhancing TGF-B 1 and FN expression related to the intimal cushion 

formation in DA. Once uncovered, these mechanisms can be extrapolated to other ce11 systems 

and, in the case of this thesis, to the behavior of a tumor ce1 line which is impaired in its 

production of FN. 

In this thesis, the fust chapter descnbes tissue-specific and developmentally-related 

expression patterns of DA EC TGF-pl and determines its levels of regulation. The next chapter 

demonstrates that interaction of an ARE in the 3'UTR of FN mRNA with its binding factor(s) is 

the mechanism responsible for the upregulating FN mRNA translation in DA SMC. Chapter three 

addresses the pdication and functional characterization of a 15 kD ARE-binding protein that we 

identifed as light chah 3 (LC3) of microtubule-associated protein 1 ; the fourth c hapter addresses 

the involvement of microtubule structures in LC3-mediated FN mRNA translation; and the last 

chapter provides evidence that a w o r  ceU line (HT1080 fibrosarcorna). which shows little FN 

production and no immunodetectable LC3 can revert to a slower growing ce11 line with well 

assembled microtubules and abundant FN production following stable transfection of LC3. 

Moreover, we determine that the mechanism whereby LC3 upregulates M mRNA translation is 

related to enhanced ribosome recruitrnent- 



EYPOTHESIS 

1. Upregulation of DA endothelid hyaluronan is a rdection of a developmental and tissue-specific 

regulated expression of TGF-p 1. 

2. DBerences in cytoplasrnic factors, which bind the ARE in 3'UTR of FN mRNA are responsible 

for the increased FN mRNA translation in DA versus Ao SMC. 

3. Microtubules are important in FN mRNA translation modulated by the M ARE-binding 

protein. 

4. Reduction in FN production in HTlO8O cells is related to loss of the FN ARE-binding protein. 

OBJECTIVES 

1. Defme tissue-specific expression of TGF-BI in DA EC during intimal cushion formation. 

2. Detennine the function of FN ARE in mRNA translation. 

3. W. iden@, and fimctioaally characierize the FN ARE-bindiog factor. 

4. Evaiuate whether microtubule structures are involved in enbancement of FN mRNA translation. 

5. Address whether reduction of FN production in HT1080 cells is due to a lack of the M ARE- 

binding factor. If so, use these ceiis to further define the rnechanisrn by which this factor regulates 

FN mRNA translation. 



1. Assessrnent of TGF-pl Expression and its Regdation in DA EC 

Irnmuno Listochemistry 

The distribution and expression of TGF-p was evaluated b y immuno histoc hemicai staining 

of DA and Ao tissue sections prepared from 100day and 138-day gestation fetal lambs. Tissues 

were fixed with 4% pdonnaldehyde and paraffin-embedded sections were dewaxed in xylene 

and rehydrated through standard graded ethanol solutions. Sections were stained according to the 

method of Heine et aL (1987) with a neutralizing antibody against TGF-b (1: 100 of a stock 

solution of 10 mg/ml; R&D Systerns, Minneapolis, Minnesota). This antibody was purified IgG 

and raised in rabbit by injection of highly-purified native porche TGF-p 1. The antibody is also 

cross-reactive with TGF-PZ with less sensitivity. The sections were visualized using Vectastain 

ABC Kit (Vector Laboratories Inc, Burlingarne, CA) with goat anti-rabbit antibody and 

hematoxylin blue counterstain. Control experiments were performed by replacing the pnmaiy 

antibody with normal rabbit IgG (Dako Corp. Carpinteria, CA). The stained tissue sections were 

assessed quaiitatively, independently, and in a blinded fashion by 3 CO-workers and there was no 

discrepanc y. 

Cell Culture 

Fetal Rambouillet lambs were delivered by Caesarian section on day 1 0  or 138 of a 145- 

day ùmed gestation. Fetal lambs were maintained in a 100% nitrogen environment to prevent 

breathing and maintain patency of the DA. DA and Ao were removed en bloc as previously 

described (Rabinovitch, et al., 1988), and the vessels were separated, opened and rinsed in 

phosphate buffered saline (PBS) containing 3% antibiotics/antimycotics (GIBCO, Burlington. 

Ontario, Canada). Endothebal ceus were harvested by scraping the luminal surface with a No. 1 1 

scalpel blade (Ryan et al., 1978) and maintained in Medium 199 (M199: GIBCO) containing 208 

heat-inactivated fetal bovine serum (FBS, GIBCO) and 1 % antibiotics/~timycotics. Endothelid 



ceils were characterized by a contact-inhibited 'cobblestone' morphology and positive staining for 

factor VIII (Rabinovitch, et al., 1988). and used at passages 2 or 3. The animal work involved in 

this study is approved by the Research Institute of Hospital for Sick Children in Toronto, Ontario. 

Immunoprecipitation 

Subconfluent cultures of either DA or Ao EC were labeled with 100 pCilml [3%]cysteine 

and methionine (Amersham, Boston, MA) for 24 h in medium containing 25% of the normal 

concentration of cysteine and methionine and 5% FBS. Culture medium was rernoved in the 

presence of proteinase inhibitors (aprotinin, leupeptin, and pepstatin, Sigma Co., St Louis, MO). 

added in a final concentration of 1 pg/d of each. To activate TGF-P, aliquots of 1 ml medium 

were transiently acidified by adding 25 pl of 5 M HCl for 2 h at room temperature, followed by 

neutralization with 35 pl of 0.7 M Hepes (pH 7.0) supplemented with 1.4 M NaOH (Assoian. et 

aL, 1987). The samples were then precleared 2 rounds on ice for 30 min with LOO pg/rnl normal 

rabbit IgG. The precleared supematants were then incubated with the TGF-p neutralizing 

antibodies which recognizes TGF-f3 (1:lOûû of the stock solution, 10 mg/mi) at 4°C ovemight. 

followed by addition of 100 pl of protein A agarose (Sigma) for 1 h. The samples were washed 

four times with immunoprecipitation buffer (50 m M  Tris-HCI, pH 7.5, 150 rnM NaCl, 1 mM 

EDTA, 1 % Triton-X 100, 1 % sodium deoxycholate, 0.1% SDS, and 0.005% chimerosal) 

(Colletta et al., 1991). The final pellets were resuspeoded in 50 p i  of Laemmli sarnple buffer 

(Laemmli, 1970), heated to 90aC for 10 min, and then resolved on a 12.5% SDS-PAGE under 

non-reducing conditions. The gel was treated with ~ d ~ a n c e  (Dupont, Boston, MA) for 30 min. 

dried, and exposed to Kodak X-Omat AR-5 film for one week at -70°C. Using the autoradiograph 

as a template, the prominent band at 25 kD corresponding to TGF-PT was cut from the gel and 

counted by Iiquid scintillation spectrometry. TO standardize values for ce11 nurnber, DNA content 

was determined as the mean of duplicate ceLl suspension aliquots. using the fluorescent dye. 

bisbenzamide (Hoescht Reagent H33 13, Cdbiochem) as previously described (West el al., 1985). 

Results are expressed as cpm/100 ng DNA. Total protein was also assessed in these senes of 



experiments by total TCA-phpitated proteins found in the conditioned medium. 

Western Imrnunoblot Analysis 

To confimi the positive identification of TGF-B. western ~ u n o b l o t s  were also carried 

out. Flasks (T-25) of subconfluent DA or Ao EC were incubated in 2 mi serum-free M 199 for 34 

hr. Conditioned medium was prepared by dialyzing against 1 M acetic acid for 72 hr with 2 

changes, followed by diaiysis against water and lyophilization. Equal amount of proteins (20 pg) 

were solubiized by boihg in 40 pl of non-reducing Laemmli sample buf5er for 5 min and resolved 

on a 12.5% polyacrylamide gel. After electrophoresis, proteins were transferred from the 

polyacrylamide gel to a nitrocellulose membrane. The membrane was blocked by 5% dried m i k  in 

PBS containing 0.5% Tween-20 for 2 h and incubated for 1 h with TGF-f3 antibody diluted ai 

1: 1000 of the stock solution (10 mghd), followed by incubating for 1 h with goat anti-rabbit 

horseradish peroxidase conjugated IgG diluted at 1: 3000 (Bio-Rad Laboratories, Richmond. CA). 

Blots were visualized by staining with 3, 3'-diaminobenzidine tetrahydrochlonde (Dako) and 

photographed. 

North ern BZot Analysis 

Total RNA was prepared from subconfluent DA and Ao EC harvested from 100- and 138- 

day gestation lambs by the phenol-chloroform extraction method (Chomczynski and Sacchi. 

1987). Samples of 30 pg of total RNA were then separated on a 1% agarose gel containing 

formaldehyde and transferred to Hybond nylon membranes (Amersham. Arlington. IL) by 

capillary transfer for 16 h and fixed by exposure to shon wave ultraviolet irradiation- A 0.9 kb 

HindIII and SmaI porcine TGF-b 1 cDNA fragment excised from pTGFB-Ch 1 19 (a gift from Dr. 

M.B. Spom; NIH, Bethesda, Maryland) and a 1.2 kb cDNA probe for Glyceraldehyde-3- 

phosphate dehydrogenase (GAPDH) were labeled with [ 3 2 ~ ]  dCTP using a random primer kit 

(Arnersham, Oakviiie, ON) and purified with ~ucTrapTM push column (Stratagene, La Jolla, CA). 

Prehybridization and hybridization were performed for 16 h at 42'C. Blots were washed twice at 



60°C in 2 x SSC (1 x SSC = 15 mM sodium citrate, 150 mM NaCl), O. t % SDS for I h and once 

in 0.1 x SSC, 0.1% SDS for 30 min. Autoradiographs of RNA bIots were analyzed by relative 

densitometnc scanning. Values were standardized to mRNA levels of GAPDH to correct for any 

ciifferences in total RNA loaded onto gels. 

Stability of TGF-BI mRNA 

DA and Ao EC were cuitured to subconfluence in the la)-mm dishes in M 199 and 10% 

FBS. Actinomycin D was then added to the cultures at a concentration of 2.5 pg/ml and ce11 were 

incubated for various times from 4 to 12 h before extraction of total RNA. Northem blot analyses 

were then carried out on each sample as described above. Autoradiographs of blots were analyzed 

by relative densitomettic scanaing. 

StatisticaZ Analysis 

Statistical analysis was performed using a computerized software, SuperANOVA with 

Duncan's New Multiple Range test to compare differences arnong the groups. Data reported in the 

figures are mean + SD. p < 0.05 denotes signifcant difference. TGF-B I rnRNA half-life was 

estimateci as previously described (Johnson, et al., 1995). After correction for any differences in 

total RNA loading by standardizing to mRNA levels of GAPDH, TGF-B1 mRNA signals were 

graphically ploaed as a function of time. Simple linear regression was used to determine &A 

hdf-life. The differences in TGF-B1 mRNA half-life between cultured DA and Ao celis isoiated 

from both lm-d and 138-d gestation lambs were assessed by two factor ANCOVA. The number 

of animais compared in each group is indicated in the correspondhg figure legend. 

II. Functional Assessrnent of an AU-rich Element in FN 3'UTR 

Cell Culture 

Prirnary DA and Ao SMC cultures were prepared as foilows. Fetai Rambouillet lambs 

were delivered by Caesarian section on day 100 of a 145-day timed gestation period, as previously 



described (Rabinovitch, et al., 1988). Ductus artenosus and Ao SMC were propagated by tissue 

explant after scraphg endothefial layers and removing the adventitia (Ross, 197 1 ). Smooth muscle 

cells were cultured in Ml99 with 10% FBS and identified morphologically by phasecontrast light 

microscopy [Nikon Diaphot microscope (Nikon)] as having a "hills and valleys" phenotype and by 

positive immunofluorescence using an antibody for smooth muscle a-actin. ln serum stimulation 

experiments, test ceils were senun-stamed for 20 h after which addùig 20% FBS was added for 4 

h, while control cells were senun-stai-ved for 24 h. 

Plasmid Construction and Site-directed Mutagenesis 

Three different chloramphenicol acetyltransferase (CAT) reporter constmcts were made for 

in vitro transfection snidies. Plasmid pECE-CAT was generated by insertion of a BglII-Kpnl 

fragment from pBL-CAT2 (Luckow and Schütz, 1987) containing full-length CAT cDNA and 

SV40 small t intron into the same unique site of pECE (Eilis et al-, 1986) in the correct orientation 

with respect to the SV40 early promoter. Plasmid pECE-CAT-FN which included the FN 3'UTR 

was constructed in several steps. The CAT cDNA without its 3'UTR was obtained by digesting 

pBL-CAT2 with BgllI and ScaI, and the coding sequence was repaired using synthetic 

oligonucleotides flanked upstream by a ScaI site and downstream immediately following the stop 

codon by a Hhdm site. This full-length CAT coding sequeoce was inserted into pECE at the 

BgliI and HindIII sites and the plasmid was named pECE-CAT3'UTR'. A 7 17-bp KpnI-EcoRI 

rat FN fragment from a plasmid SP65 (pFN) (kindly provided by Dr. R. Hynes, Center for Cancer 

Research, Massachusetts hstitute of Technology, Cambridge, MA). containing the full-lrngth 

3'UTR of FN, except for a 60-bp sequence upstream of the polyadenylation signal and including a 

single copy ARE, UUAUUUAU (which is 81-bp upstream from the 3' flanking end). was 

inserted into pECE-CAT 3'UTR- at the same site downstream of CAT coding sequence. 

Site-directed mutation of the ARE was carried out using the PCR method. A pair of 

oligonucleotides carrying mismatched base pairs corresponding to the ARE were used. The upper 

primer was 5'-CCTGGGAGGGAGCAATTTTTCCC-3' and the lower primer was 5'- 



GCTCCCTCCCAGGTAAGAGAAAG-3' (mutated ARE shown underlined). A 5'-end primer 

GTïCTGCTTïCITTGC-3 located upstream of the mutated site and a downsveam 3'-end primer 

5'-ATCAACTGCATACAAAG-3' were also used. A 199-bp product with mutated ARE was 

generated by PCR and subcloned into pECE at SmaI site. A 170-bp Pd-XbaI fragment 

containing the mutated ARE was fuaher released and used to replace the corresponding fragment 

within pECE-CAT-FN, and the new construct was designated $CE-CAT-FNA. Al1 constructs 

were confirmed by restriction enzyme mapping and the mutation was verified by DNA sequencing. 

Templates for in vitro synthesis of antisense RNA probes for RNase protection assays 

were as follow. pBSKS-CAT was constructed by ligating a 260-bp WoI-EcoR1 CAT fragment 

frorn pBL-CAT2 into the same sites of phagemid Bluescript II KS- (pBSKS-, Stratagene). When 

hearized with Xhol aod transcribed with T7 RNA polymerase, a Ml-length 329-nt probe was 

generated of which the protected CAT mRNA fragment was 260-nt. pBSKS-fl-gal, consisted of 

a 289-bp CM-EcoRV fragment of p-gal from pSV-P-gal (Promega Corp., Madison, WI) which 

was cloned into the same sites of pBSKS-. When digested with XhoI and transcribed by T7 RNA 

polymerase, a full-length 377-nt probe was generated of which the protected fi-gal RNA fragment 

was 289-nt. 

The full-length FN 3'UTR containing wild or mutated ARE for use in gel mobility shift 

assays was obtained by insertion of the Hindm-XbaI fragment from pECE-CAT-FN or pECE- 

CAT-FNA into the same sites of pBSKS- and transcribed by T3 RNA polymerase after 

linearization with XbaI. 

In Vitro Transcription 

Antisense RNAs for RNase protection assay and full-length FN 3'UTR probe for gel shift 

assay were synthesized by in vitro transcription reactions in the presence of [~-~*P]-uTP. DNA 

templates were removed with DNase 1 digestion and the full-length probes were obtained by 6% 

aciylarnidelû M m a  gel purification. 

Fibronectin mRNA oligonucleotide containing the ARE (underlined), 5'-ACCUG- 



UUAUUUAUCAAUU-3' or irrelevant oligonucleotide containing non-ARE from the FN coding 

region, 5'-AGAGCGGGAGCAGGAAGU-3', were generated by a method previously described 

(Milligan et al., 1987). A 35-bp oiigonucleotide template, 5'-AATTGATAAATAA CAGGT- 

TATAGTGAGTCGTATTA-3' (ARE consensus sequence and T7 polymerase promoter. 

respectively, are underlined), was synthesized by G & D, Center for Biomaterials, The Hospital 

for Sick Children, Toronto. A 17-bp oiigonucleotide. 5'-TAATACGACTCACTAT A-3'. was 

used as a primer to generate a T7 polymerase promoter after annealing with the complementary 

oligonucleotide. Eighteen-mer transcripts containing the ARE were then generated by in vitro 

transcription reactions using 2.5 rnM of ATP, CTP, GTP, UTP and 20 units of T-] RNA 

polymerase. The DNA template was removed by adding RNase-free DNase 1. The product of the 

reac tion was extracted by mixing with pheno1:chloroform ( 1 : 1 ), and the full-length transcrip t was 

purified on a 19% acrylamidd8 M urea denaturing gel and eluted with 1 mM EDTA, 0.18 SDS. 

and 0.5 M ammonium acetate. Labeled RNA transcnpts were produced by end-labeling with [p 

32~1-ATP using T4 polynucleotide kinase (Boehringer Mannheim Biochemicals, Indianapolis. IN ) . 

The unincorporated labels were removed using NucTrapTM Push Coiumns (S tratagene). 

Transfection and CAT ussay 

Transient transfection was performed ushg the calcium phosphate me thod (Sarnbrook rr 

aL, 1989). Twenty-four h prior to transfection, cells were plated at a density of 1 x 1061 100mm 

dish. Cells were fed with fresh medium (M 199) 4 h prior to uansfection. Twenty pg of plasrnid 

DNA were used to uansfect each dish. Five pg of the plasmid pSV-P-Ga1 (Promega) were CO- 

transfected with each experiment as a control for transfection effxiency. The cells were shocked 

with 10% glycerol for 1 min, then fed with fresh medium, cultured for 48 h, and harvested. In 

each assay, P-galactosidase activity was measured by colorimetry, and ce11 lysates containing 

similar amounts of activity were rnixed with 0.1 pCi [14C] chioramphenicol(58.2 pCi,mmol, ICN 

Biomedicals) and 20 pl of 4 m M  acetyl coenzyme A (Sigma), in a total volume of 105 @ of 0.6 M 

Tris-HCI, pH 7.5 and incubated at 37'C for 1 h. The reaction was stopped by extraction of the 



acetylated products with 1 ml of ethyl acetate. The acetylated products were dned by speed 

vacuum for 1 h, redissolved in 20 pi of ethyl acetate and chromatographed on thin layer plates in 

95% chloroforxn: 5% methauol for 30 min. The plates were exposed to Kodak X-AR f h  for 24 h 

after air-drying. The CAT activity was counted using a scintillation counter and expressed as a 

percent conversion of total added chioramphenicol afier correction for background. Values 

for mock transfected ceils were subtracted as background counts. 

Additional experiments were carried out to improve efficiency of transfection with a 

'component system' which included adenovinis, polylysine, and plasmid (Kohout er al., 1996). 

The replication-deficient human adenovirus type 5 mutant, Ad5d3 12, (generously provided by Dr. 

Frank Graham, McMaster University, Hamilton, Ontario) was propagated in the human embryonic 

kidney cell line, HEK 293 (ATCC, Rockvilie, MD), harvested, and purified as previously 

described (Kohout. et al., 1996). Cells at passage one were seeded onto 25-mm2 glas  coverslips 

in Petri dishes at a density of 106 cells 24 h before transfection and transfected with 5 pg of each 

CAT constructs in a final vol of 2 ml media. Three days after transfection, the cells were fixed and 

stained for CAT or FN protein. 

RNase protection assay 

CAT mRNA levels in celis transfected with Merent CAT constructs were determined by 

RNase protection assay. As an intemal control for both transfection efficiency and loading 

conditions. mRNA level of CO-transfected p-gal plasmid was also examined. RNase protection 

assays were carried out using an Ribonuclear Protection Assay II Kit (RPA II, Arnbion. Danvers. 

MA) following the manufacturer's instructions. For each reaction, 8 x 1 0 ~  cpm CAT and P-gal 

probes were hybridized with 10 pg total RNA overnight at 45'C. An equal arnount of yeast RNA 

was used as a negative conuol. After RNase T1/RNase A digestion for 30 min at 37'C. the 

protected probes were separated by 6% acrylamide/8 M urea gel. Quantitative analysis wüs 

achieved by densitometric measurement of intensity of radioactive bands corresponding to 

predicted size of protected probe and CAT mRNA level was expressed as relative densitometric 



unit after normalized to kgal mRNA level. 

Indirect immunofluorescence 

To visualize ceus with positive expression of CAT, 2 x 1 d cens were immediately split 

into chamber slides after transfection and glycerol shock and culnued for 48 h. Cells were washed 

twice in PBS and fixed using ice-cold lûûI methanol for 30 min at -20°C. Afier preincubation in 

blocking solution containing 10% normal goat senun, 2% bovine fraction V (Boehringer) for 1 h at 

room temperature, slides were incubated with a polyclonal rabbit anti-CAT antibody (IgG; 5'-3' 

hc., Boulder CO) at 1:100 dilution ovemight at 4'C. Slides were then washed four times with 

PBS and incubated for 1 h at room temperature with 150 diluted goat ah-rabbit IgG antibody 

conjugated with tetramethylrhodamine isothiocyanate ( W C ,  Sigma) in blocking solution. After 

washing the slides 4 times with PBS, cell nuclei were stained with 1:10,000 diluted 4'. 6- 

diamidino-2-phenylindole (DAPI, Sigma) in PBS for 10 min. Fluorescence rnicroscopy was 

performed with an Olympus AHBT3 Research Photomicrographie Microscope System (Olympus). 

In 3 different experiments, the CAT positive cells were counted and analyzed according to 

morphology (stellate versus elongated) and celi surface expression of FN (positive or negative 

immunoreactivity). For double-staining of CAT and FN protein. a monoclonal mouse ami-FN 

antibody (Chernicon International Inc., Temecda, CA) was also used at a 1 : 100 dilution. followed 

by probing with goat anti-rabbit IgG conjugated with Texas red and goat anti-mouse IgG 

conjugated with fiuorescein isothiocyanate (FiTc). 

Preparation of S-100 Cytoplasmic Extracts 

Confluent cells were collected by scraping hto 15 ml Falcon tubes, and spun at 2000 rpm 

for 10 min. Pellets were resuspended in twice the volume of hypotonie buffer (25 rnM Tris-HCI. 

pH 7.9,O. 1 mM EDTA) with proteinase inhibitors, aprotinin, pepstatin, and leupeptin ( 1 pg/rnl 

each) and lysed by 3 repetitive cycles of freeze-thaw. Afier a 1-h centrifugation at 100,000 g at 

4'C, the supernatants were dialyzed against RNA binding b e e r  (15 mM Hepes, pH 7.9, 100 mM 



KCl, 10% glycerol, 5 mM MgC12, 0.2 mM DTï) ovemight at 4'C and stored at -70°C. The 

concentration of protein was detennined using the Bio-Rad protein assay kit (Bio-Rad). 

RNA Gel Mobility Shift Assays 

In a standard reaction, 40 pg of cytoplasmic extracts frorn DA and Ao SMC were incubated 

with 105 cpm full-length 3'UTR probes or 104 cprn of FN RNA oligonucleotide probes in RNA 

binding buffer of a total volume of 20 pl containing 2 pg of E. coli tRNA for 30 min at 30°C- 

RNase TI was added in a concentration of 1 unit/@, and incubation continued for 1 h for full- 

length 3'UTR probes or for 10 mie for the oligonucleotide probes. The reaction mixtures were 

resolved by electrophoresis on a 1-h prem 6% native polyacrylamide gel in 0.25 x TBE (Tris- 

borate-EDTA) buffer in the cotd room at 120 volts for 4 h. The gel was dned and exposed for 24- 

48 h to Kodak X-AR film with 2 intensifying screens. 

Characteriration of Binding Cornplex Formation 

Selective ARE-bindùig of cytoplasmic factors in DA SMC were deterrnined by comparing 

binding cornplex formations with ARE-containing or ARE-mutated FN 3'UTR probe, as well as 

oligonucleotide. Cornpetition studies were also canied out by incubation the cytoplasrnic extract 

for 10 min with 10 to 200-fold excess unlabeled ARE-containing or irrelevant RNA 

oligonucleotides before adding the labeled RNA transcnpt. Dose-dependent binding of 

cytoplasrnic factors to RNA probes was assessed by incubating increased concentrations (3.5 pg to 

40 pg) of cytoplasmic lysates with RNA probes. Bioding kinetics was studied by performing the 

binding reactions with a various times ranging from 5 to 60 min. 

UV-crosslinking assay 

Cytoplasrnic lysates (40 pg) were added to the RNA probe ( 105 cpm) in a final volume of 

20 pl. The binding reaction was carried out as previously described. The reaction mixtures were 

placed onto a parafîIm sheet and crosslinked by 254 nm W radiation (StratalinkerTM 1800, 



Stratagene) under auto cross iink setting. Samples were then boiled in 2 volumes of 2 x SDS 

sample buffer (Laemmli. 1970) for 10 min and analyzed on 8- 16% gradient SDS-polyacrylamide 

gel electrophoresis (SDS-PAGE) under reducing or nonreducing conditions. The gei was dried 

and exposed to film at -70°C for 48 h. In some W-crosslinking studies, the cytoplasmic extracts 

were incubated with 1 p@p1 proteinase K (Boehringer Mannheim Biochernica). 2% P- 
mercaptoethanol (p-ME), 10 mM DTI', 10 mM nethylmaleimide (n-EM), respectively, or the 

probe was treated with RNase TI for 30 min at 37'C pnor to the binding reaction, followed by 

UV-crosslinking and SDS-PAGE. 

III. Purification and Characterization of a 15 kD FN ARE-binding Protein 

Preparation of S-IO0 Extract 

S-100 extract was prepared from the media of 21 sheep Ao (weight 98.9 1 g) after 

removing adventitia and homogenized in homogenization buffer (10 mM Tris-HCI, pH 7.5: 100 

rnM KCI; 10 mM p-ME; 0.2 m M  PMSF; 0.5 mM EDTA and Ipg/ml each of aprotinin. pepstatin. 

leupeptin) and centrifuged at 100,000 rpm for 90 min. The fuial volume of the S- 100 extract was 

220 ml wiih a protein concentration of 4.3 mglrnl. 

Purification and Identification of FN mRNA Binding Protein 

The extract was extensively dialyzed against column running buffer (Tris-HCI, 10 m . .  pH 

7.5KC1 10 mM/EDTA 1 mM/B-ME 1 mM) and run through a DEAE-Sepharose column after the 

column was equilibrated with ninning buffer. Flow-through from the DEAE-Sepharose (250 ml. 

0.32 mg/rnl) column was loaded onto a phosphocellulose column afier the colurnn was equilibnted 

with running buffer. A one-step 1 M KCl eluate was collected ( 130 ml, 0.1 6 mghi) from the 

phosphocei.lulose column. The sample was extensively dialyzed with heparin running buffer (?O 

rnM Tris-HCl, pH 8.0; 100 mM KCl), then loaded onto a heparin agarose column connected to a 

liquid chromatography apparatus (ConSep LC 100; Millipore, Bedford, MA) and eluted using a 

KCl gradient (80-800 mM). Fractions were collected and assayed for protein content using SDS- 



PAGE and mRNA binding activity, using gel shift assays and UV-crosslinking. Fraction 19 

containing a peak 15 kD RNA binding activity Cjudged by UV-crosslinking), was concentrated to 

20 pl by ultranltration using centricon-10 (Ambion). The concentrated sample was resolved by 

SDS-PAGE. The gel was then electroblotted onto a polyvinyldifluoride transfer membrane 

(PVDF, Amersharn) and the membrane was stained with Coomassie blue. The 15 kD band was 

excised and the sequence of the fust 10 amino acids of the purified protein determined 

(Biotechnology Service Center, University of Toronto, Ontario, Canada). 

Western Blotting 

Western blot analyses of LC3 in S-100 extracts (10 pg) were carried out as described in 

Section 1 with rabbit anti-LC3 antiserum (generated by Dr. J. Hammarback, Dept. of 

Neurobiology and Anatomy, The Bowman Gray School of Medicine, Winston-Salem. NC). The 

blot was developed using an enhanced cherniluminescence (ECL) kit (Amersharn). The intensity 

of immunoreactive bands was analyzed using NIH image software. 

Indirect Immunofluorescence 

For irnmunostaining of LC3, as well as Ws, 100-day DA SMC (105) were seeded onto 

2.2cm2 coverslips, and cultured for 3 days. Cells were washed twice in PBS and fixed using ice- 

cold LOO% methanol for 30 min at -20'C. After preincubation in blochg solution containing 106 

normal goat serum (Sigma), 2% bovine fraction V for 1 h at room temperature. Fluorescent 

labeling for tubulin or LC3 was carried out using a monoclonal mouse anti-tubulin IgG (dilution 

1: 1000; Sigma) and a rabbit anti-LC3 antisenim (dilution 1: 100). Celis were incubated with firsi 

antibody ovemight at 4'C. After washed four tirnes with PBS, cells were labeled with 1: 100 

diluted rhodamineconjugated goat anti-rabbit or goat anti-mouse IgG (dl  dilutions 1 : 100) for 1 h 

at room temperature. After washing the slides 4 times with PBS, ce11 nuclei were stained with 

1 : 10,000 diluted DAPI, in PBS for 10 min. 



Fluorescence In Situ Eybridization (FISH) 

For CO-localization of LC3 and FN mRNA, a digoxigenin-labeled FN DNA probe was 

generated foilowing manufacturer's recommendations (Boehringer) by random priming a 0.6 kb 

human FN KpnI/EcoRI fiagment excised from pHF (a gift from Dr. R Hynes, Center for Cancer 

Research, Massachusetts Institute of Technology, Cambridge, MA). Hybridization was 

perfomed by a method of Basseii et al (1994). Labeling LC3 was then camied out with rabbit- 

anti-LC3 antisenun as above. Detection of digoxigenin-labeled nucleotides was accomplished by 

using a rhodamine-conjugated sheep-anti-digoxigenin antibody (1:20 dilution; Boehringer). 

Fluorescein-conjugated goat-anti-rabbit IgG was used to detect LC3. For control experiments. 

normal immunoglobulin was used instead of p b a r y  antibodies. Controls for in situ hybrïdization 

included cells pretreated with RNase A 200 pghl in PBS for 1 h in 37'C. 

Immunohistochernistry 

The distribution and expression of FN and LC3 protein was evaluated by 

immunohistochemical staining of sections prepared from DA and Ao tissues from 2 different 100- 

day and 138-day gestation fetal lambs. Tissues were fixed with 4% paraformaldehyde and 

paraffin-embedded sections were dewaxed in xylene and rehydrated through standard graded 

ethano1 solutions. Sections were stained with rabbit-anti-LC3 antiserum ( 1 : LOO dilution) or a 

rabbit polyclonal antibody against EN (1: 200 dilution; Chernicon) using a Vectastain ABC kit 

according to manufacturer's instructions. Sections were then counterstained with hematoxylin 

blue. Control experiments were carried out using normal rabbit IgG as a substitute for primary 

antibodies. The stained tissue sections were assessed qualitatively, independently, and in a blinded 

fashion by 2 CO-worken and there was no discrepancy. 

Expression of Recombinant LC3 und RNA Binding 

The LC3 coding region was amplified by PCR using pCR-LC3 plasmid as a template 

(provided by Dr. J. Hammarback, Dept. of Neurobiology and Anatomy, the Bowman Gray 



School of Medicine, Winston-Salem. NC). The 5' primer (5'-CAGGATCCCATATG- 

CCGTCCGAGAAGACC-3') Ied by BamHI and NdeI sites and 3' primer (5'- 

~ G G A T C C G A A ~ C A A G C A T ~ C T ~ C C - 3 ' )  led by BarnHI and EcoRI sites were used 

in the PCR. The PCR products were digested with BamHI and EcoRI and cloned into pGEX-2T 

(Pharmacia-LKB Biotechnology, Piscataway, NI) at the same sites. The GST-LC3 fusion protein 

was puiflied ushg a glutathione-agarose column (Sigma) and the recombinant LC3 was released 

from the column by adding thrombin to the column to cleave glutathione S-tramferase. The 

purified recombinant LC3 protein was verified by SDS-PAGE and western blotting. 

Overexpression of LC3 in DA and Ao SMC 

Culnired 1Wday DA and AO SMC were transfected with pCR3-LC3 plasmid using a 

adenovirus 'component system' descnbed above with reference to transfection of the CAT 

plasmids in Section II. Ceils at passage one were plated ont0 17-mm well dishes at a density of 

106cell per well24 h before transfection and transfected with two different doses of pCR-LC3 

( 1.67 or 5 pgldwell). Twenty-four h after transfection, cells were labeled with c3%]-methionine 

(10 pCi/d) and incubated for 20 h with medium (2 mVwell) mixed by adding 3 vol of methionine- 

free with 1 vol of cornplete DMEM containing 206 FBS. 

Meusurement of FN Synthesis 

The newly synthesized FN protein was assessed as previously described (Wrana rf rd . .  

1988) by incubating conditioned media containing equai counts of total TCA precipitated protein 

(5x 105 cpm/ml) with 50 pl of Gelatin 4B-Sepharose (Pharmacia). After washinp with PBS. FN 

retained on the beads was eluted by boiling for 5 min in 100 pl of SDS-sample buffer and resolved 

by 6% SDS-PAGE under reducing conditions. Gels were treated with EdHance, dried. and 

exposed to the film. Using the autoradiograph as a template, the corresponding bands were cut 

from the gel and the radioactivity deterrnined by Liquid scintillation spectrometry. Quantitative 

analysis of data from 4 different experiments was carried out using computerized SuperANOVA 



software. 

RNA Extraction and Northern Blotting 

Total RNA extraction and northem blot analyses were carried out with 10 pg of totd RNA 

with a [32p]-dCTP random labeled (106 cpmlml) 0.6 kb human FN cDNA excised from pHF at 

sites of KpnI/EcoRI .as described in Section 1. 

IV. Assessrnent of MT Effect on FN mRNA Translation 

In Vitro Transcription und Translation 

Translation of mRNAs transcribed fiom the fusion plasmid was c h e d  out using the TNT 

rabbit reticulocyte lysate (Romega) according to the protocol of the supplier. The fusion plasrnids 

CAT-FN3'UTR and CAT-FN3'UTR.A were constructed by removing a XhoI and BamHI 

fiagrnent from pECE-CAT-FN or pECE-CAT-FNA (See Section U) which contains the CAT 

coding region, 3'UTR of rat FN cDNA with wild or mutated UUAUUUAU sequence (indicated 

by A) and a poly-A tail and inserting it into the phagemid Bluescnpt II KS- (Stratagene) at the sarne 

sites. Zn vitro transcription and translation reactions were carried out using equal amounts (0.5 pg) 

of purified fusion constmcts in the presence of 5 pCi of [~SS]-UTP and 10 pCi of [)%]- 

methionine for 1 h at 30'C in a fmaI volume of 25 pl. In some reactions, 0.5 or 2 pg of purified 

recombinant LC3 protein were added to the reaction mixtures. At the end of each reaction. the 

transcribed fusion RNAs were recovered from the reûculocyte lysate by phenol extraction and 

resolved on a 7 M urea-polyacrylamide gel. The CAT protein product was resolved on SDS- 

PAGE and analyzed by autoradiograph as weli as western immunoblot. 

CelL Culture 

Pnmary SMC cultures were prepared as described in Section II. In the expenments to 

examine the effect of MT structure on FN synthesis, 2 x 106 DA SMC were seeded into 6-well 

dishes and cultured for 24 h, followed by a 2-h rreatment with 10 pM colchicine (Si,pa), a MT 



depolymerizing agent. Mer washing with methionine-free media, celis were labeled with [ ~ S S ] -  

methionine (100 pCi(m1) in I ml S e m -  and methionine-free media containing colchicine in the 

above concentrations for an additional 2 h. At the end of labeling, the ceiis were photographed 

under a phasetontmst microscope before removal of the conditioned media. The conditioned 

media were collected for M extraction and c e k  were lysed and extracted for total RNA. 

Indirect Imrnunofluorescence 

For double-immunofluoresence staining of LC3 and tubulin. lo5 cells were plated on 

coverslips and cultured for 3 days. M e r  treatment with colchicine for 2 h, cells were fixed by 4% 

paraformaldehyde in MT stabiliuig buffer (100 mM Pipes, pH 6.9.4 mM MgS04, 1 mM EGTA) 

for 20 min at rwm temperature and permeabilized with O. 1 % Triton X- 100 in PBS for 2 min on 

ice. Fluorescent labeling for tubulin and LC3 was carried out as  descnbed in Section III using a 

monoclonal mouse anti-a-tubulin IgG ( 1: 1000; Sigma) and a rabbit anti-LC3 antiserum ( 1 : 100). 

Secondary antibodies used were fluorescein-conjugated goat-anti-mouse IgG and Texas-red- 

conjugated goat-anti-rabbit IgG (all dilutions at 1 : 100). Normal rabbit IgG and secondary antibody 

alone were used as controls, Cell nuclei were stained with 1: 10,000 diluted DAPI in PBS for IO 

min. 

Fibronectin Synthesis 

Measurement of FN protein production was perfonned as descnbed in Section III, by 

incubating conditioned media containing equal counts of total TCA precipitated protein ( 105 

cpdrnl) with 50 pl of Gelatin 4B-Sepharose. Fibronectin retained on the beads was eluted by 

boiling for 5 min in 100 pl of SDS-sample b a e r  and resolved by 6% SDS-PAGE under reducing 

conditions. 

RNA Extraction and Northern Blot 

Total RNA extraction and northem blot analyses were carried out with 10 pg of total RNA 



and [3*P]-dCTP random labeled 1 4  kb human FN cDNA (GIBCO) (106cpm/ml) as described in 

Section III. 

Ce11 Fractionatiun 

Normal cultured DA SMC or ceils treated with 10 p m  colchicine for 4 h were washed in 

PBS and scraped into 14 mi Falcon tube in 5 ml PBS. Afier centrifugation at 500 g for 5 min. the 

ceU pellets were extracted 5 min on ice with 1 ml lysis buffer 110 mM Tris-HCI. pH 7.4,O. 15 M 

NaCl, 5 mM MgC12,O.l mM PMSF, 10 m M  Dm, 100 pg of cyclohexarnide/ml, LOO units of 

RNAguard (Phannacia)/ml, 0.5% Nonidet P-40 (v/v), and lysed with a Dounce hornogenizer. type 

B pestle. After removal of nuclei by cenhifugation at lûûû g for 5 min, the lysate was centrifuged 

at 16,000 g for 30 mio. RNA was extracted from the supematant contaùiing free and cytoskeletÿl- 

bound polysomes and the pellet containing membrane-bound polysomes (Hesketh and Pryme. 

1991) and analyzed for FN mRNA by northem blot analysis. 

Polysome Profile Analysis 

Analyses of polysome profdes by sucrose gradient fractionation were perfomed using 2 x 

107 confluent celis as previously descnbed (Chen, et al., 1995). Cells were harvested and 

homogenized with lysis buffer (10 mM Tris-HCI, pH 7.4, 100 mM NaCl, 5 m M  MgC12, 200 

Ulm1 RNasin, LOO pg/d cyclohexamide, 0.5% NP-40). Nuclei were peileted by centrifugation at 

4'C and 12,000 g for 3 min. Two hundred pl of resulting supematant were layered on 4.5 mi of 

1 5 - 4 8  sucrose gradient, centrifuged at 42,000 rpm for 2 h at 4°C in a Beckman SW 50.1 rotor. 

Following centrifugation, 17 fractions (0.25 ml each) were collected from top to bottom and the 

absorbency of the fractions was measured at 254 m. Proteins and RNA were extracted from each 

fraction using Trisol (GIB CO) according to the manufacturer's instructions. Furthe r analyses of 

the distributions of LC3 protein and FN mRNA were done by western immunoblotting and RNase 

protection assay. The results were analyzed by MH image program, and used for graphic 

presentation. 



W u s e  Protection Assays 

The construct used in in vitro synthesis of the antisense sheep-specific FN RNA probe for 

the RNase protection assay was made using a standard RT-PCR method. One pg of total RNA 

harvested from cdtured Lamb Ao SMC ceils was primed with a synthetic oligonucIeotide, 5'- 

TGmCGGTAAmAATGGAAATTGG-3', which complemented with the 3' end of human FN 

exon 7, and the reaction was driven by the MMLV reverse transcriptas (GIBCO). The PCR 

reaction was then carried out by adding the 5' primer, 5'-TlTCTGATGTKCGAGGGACC-3'. 

which is homolgous to the 5' end of human FN exon 6. The 221-bp PCR product containing 

sheep FN exons 6 and 7 were cloned into a ~ ~ ~ 0 2 . 1  vector (Invitrogen Co., San Diego, CA). 

After linearizing by Sad, a 329-nt antisense RNA was generated by an in vitro transcription 

reaction using T7 RNA polymerase. The expected protected FN mRNA was 22 1-nt. RNase 

protection assays were carried out as described in Section II. 

Western Intmunoblotting 

Western immunoblot analysis of LC3 was perfonned as described in Section 1 using S- 100 

extracts (10 pg). The blot was developed using an enhanced chemilurninescence (ECL) kit 

according to the supplier's instructions. 

V. Assessrnent the Role of LC3 in Fibronectin mRNA Translation in HT1080 ce& 

Cell culture 

AU ceU lines, includhg rat embryonic aortic smooth muscle cells (AlO), mouse NIH3T3 

ceils (3T3), Chinese hamster ovary cells (CHO), SV40 transformed Afncan Green monkey kidnry 

ceiis (Cosy), human fibrosarcorna cell line (HT1080). and normal human skin fibroblasts (CCD- 

973SK), were obtained from ATCC (American Type Culhue Collection, Rockville, MD), and 

cultured with EMEM with 10% FBS and 1% antibiotics. For al1 comparative snidies, cells were 

passaged at the same t h e  and plated at the same density. To assess morphologie differences, the 

cultures were photographed with a phasecontrast microscope (Nikon Inc. Garden City, NY). 



Transfection 

Twenty-four hours prior to transfection, Hl2080 ceils were plated at a density of 106/100- 

mm dish. HT1080 cells were stably transfected using the calcium phosphate precipitation method 

(Sambrook, et al., 1989). Ten pg of plasmids pCR.3-LC3 or vector pCR3 were used to vansfect 

each dish for 8 h. The ceils were then shocked with 10% glycerol for 1 min and fed with fresh 

complete medium containing the aminoglycoside G418 (200 pg/rnl, GIBCO). The media were 

changed every two days with gradually increasing concentrations of G418 up to 800 pg/rnl. 

Fourteen clones transfected with pCR3-LC3 were selected on the basis of resistance to G4 18 (800 

pg/ml) by selective trypsinization and screened for LC3 expression using western immunoblot 

analysis. Eight clones with verified stable expression of LC3 and four vector-transfected clones 

were expanded individually and passaged at least 3 times before use. Where applicable. a .  

indicated in the Methods of Section V, cells expanded from the entire pools of eight LC3- 

transfected clones or four vector-transfected clones were studied. 

Western Immunoblot Analysis 

Western blot analyses of LC3 in S-100 extracts (10 pg) or polysomal fractions were carried 

out as described in Section 1 with rabbit anti-LC3 antiserum. The blot was developed using an 

enhanced cherniluminescence (ECL) kit. 

Cell Growth Curve 

HTlO8O cells individually expanded from each of eight clones with stable expression of 

LC3 or four vector-transfected clones were plated on 6-well dishes at the density of 2 x 105 

cells/well. The media containing G418 were changed every two days. Cells were trypsinized 

every 24 h and the cell number was determined using an improved Neubauber hemacytometer 

(her ican Opitcal Scientific Instrument Division, Buffalo, NY) by averaging two separate counts 

for each weU. 



Indirect Immunofluoreseence 

HT1080 ceils were plated on 2.2 cm2 covenlips at a density of 105 ceils/well and cultured 

for 3 days. Immunofluoresence staining of tubulin and FN were carried out as described in 

Section II and III using a monoclonal mouse anti-a-tubulin IgG ( 1: 1000 dilution) or a polyclonal 

rabbit anti-FN IgG (1: 100 dilution). Secondary antibodies were FITC-conjugated goat-anti-mouse 

IgG or goat-anti-rabbit IgG (dilution at 1:100). After staining, ceils were rnounted with antifade 

reagent (Molecular Probes Inc.. Eugene. OR). For negative controls, normal mouse or rabbit IgG 

was used instead of Eirst aatibodies. 

Fibronectin Biosynthesis 

HT lO8O ceils individually expanded fiom each of eight clones with stable expression of 

LC3 or four vector-transfected clones were plated on 6-weil dishes at a density of 106 cells/well. 

Mer 24 h, cells were labeled with P5S]-methionine (10 pCi/rnl) for 20 h in 2 mi media mixed 

with 3 vol of methionine-fiee and 1 vol of complete MEM containing 20% FBS. The conditioned 

media were coilected for analysis of FN protein and the celis were used to extract total RNA and to 

assess steady state levels of FN mRNA. Measurement of FN protein production in conditioned 

media with equd amount of total TCA precipitated protein (5~105cprn/ml) was perfomed as 

described in Section III. 

Fate of Newly-synthesized Fibronectin 

HT1080 cells expanded from pools of eight clones with stably expressed LC3 or four 

vector-transfected clones were used in these expenments. Twenty-four hours after plating 

HT1080 celis into 6-well dishes at a density of 106 ceilslwell, the cells were washed twice with 

methionine-free MEM and labeled with [35S]-methionine ( 1 0  pCi/ml) for 2 h in 2 ml methionine- 

fiee MEM. The cultures were chased by replacing complete MEM containing 10% FBS for 

various times ranging from 30 to 240 min. The conditioned media, as well as ce11 lysates. 

containing 5xl0scpm/ml were coiiected for analysis of FN synthesis and secretion, as previously 



described CeU-associated FN was solubiüzed in PBS containing 0.1 % SDS and 0.5% NP-40. 

RNA Isolostion and Northern Btut Analysis 

Northem blot analyses of FN mRNA were canied out using 10 pg total RNA extracted 

fkom the ceUs as described in Section III. 

RNA decay analysis 

HT1080 ceiis expanded £rom the pools of eight LC3-transfected or four vector-transfected 

clones were cdtured at 50% confluence in the 100-mm dishes in EMEM and 10% FBS. 

Actinomycin D was then added to the cultures at a concentration of 2.5 pdml and cells were 

incubated for various times from 4 to 24 h before extraction of total RNA. Northern blot analyses 

were carried out as descnbed in Section III. 

Polysome profile analysis 

HT1080 celis expanded from pools of eight clones with stably expressed LC3 or four 

vector-transfected clones were used in these experirnents. Analyses of polysome profiles by 

sucrose gradient fractionation were performed as described in Section IV. Proteins and RNA were 

extracted nom each fraction using Trisol reagent. Further analyses of the distributions of LC3 

protein and FN mRNA were done by western immunoblotting and EtNase protection assays. 

RNase protection assays 

RNase protection assays were canied out as described in Section II. The consuuct used in 

in vitro synthesis of the antisense human-specific M RNA probe for the mase protection assay 

was generated as described in Section IV. 

North western blot analysis 

Northwestern blot analysis was camied out as previously described (Chen et al., 1993) 



with modifications. Protein samples were resolved under non-reducing conditions on a 10-20% 

tricine gel and electroblotted onto a nitroceUulose membrane at 4'C. Proteins were renatured in 

RNA-binding buff'er (10 mM Tris-HCl, pH 7.9, 100 mM KCI, 5 mM MgCl2, 1 rnM EDTA, 0.2 

mM DTT, 1 x Denhardt's solution) overnight at 4'C. After blocking with RNA-binding buffer 

containing 100 pghl  tRNA for 1 h at room temperature, radiolabeled 3'UTR of rat FN mRNA 

(717-nt) containing either intact or mutated UUAUUUAU consensus sequence (generated by in 

vitro transcription reactions and purified by polyacrylamide/urea gels electrophoresis) were added 

at a concentration of 10' cpm/ml and membranes were incubated at room temperature for 1 h. 

Membranes were then washed with RNA-binding buffer without tRNA until desired signals were 

reached (typicaily 200 - 400 cpm by Geiger Counter) and exposed to fim. Identical membranes 

were aiso used for western immunoblot analysis of LC3. 



CaAPTER ONE 

TISSUE-SPECIFIC AND DEVELOPMENTAL REGULATION OF 

TRANSFORMING GROWTH FACTOR-B EXPRESSION IN FETAL 

LAMB DUCTUS ARTERIOSUS ENDOTaELIAL CELLS 



INTRODUCTION 

During late gestation, the fetal ductus artenosus (DA) undergoes rnorphologic changes 

leaduig to the formation of 'intimal cushions' in a variety of animal species (Yoder, et al., 1978: 

Gittenberger-de Gmof et al., 1985; de Reeder, et al-, 1988; de Reeder, et al., 1989: de Reeder. et 

al., 1990) and in the human (Gittenberger-de Groot, et al., 1980; Silver, et al., 1981: Slomp, et 

al., 1992). These structures partialiy occlude the DA lumen and assure that the vesse1 closes 

completely when it constricts post-nataiiy (Clyman, 1987; Coceani, et al., 1988). Stnicturally. 

intima1 cushions are associated with smooth muscle celI (SMC) migration into a subendothelium 

enriched in glycosaminoglycans, especiaily hyaluronan (Gittenberger-de Groot, et al., 1985: de 

Reeder, et al., 1988). We studied the mechanism of intima1 cusbion formation in the fetal lamb. a 

process which takes place largely between LOO and 138 days of a 145-day gestation period. Using 

cultured endothelial ceUs (EC) and SMC from the DA and aorta (Ao) at 100 and 138 days 

gestation, we have shown that the DA EC are responsible for the increased synthesis of hyaluronan 

and that this feature is manifested in cells from 100-day gestation lambs (Boudreau and 

Rabinovitch, 1991). In DA EC harvested from 138 day gestation tissues, when the intimal 

cushions are formed hyaiuronan production is reduced to the levels observed in Ao cells. 

The role of increased DA endothelial hyaluronan production during the intimal cushion 

formation was hrther elucidated when we showed the relationship of this feature to SMC 

migration into the subendothelium. Using Zdimensional collagen gel assays, DA SMC showed 

enhanced migration as weii as a streaxniined elongated mobile phenotype when compared with Ao 

SMC (Boudreau, et al., 199 1). The migratory phenotype of DA SMC was related to thrir 

increased production of fibronectin and increased expression of a ce11 surface specific hyaluronan 

binding protein, the receptor for hyaluronan mediated motility (RHAMM) (Hardwick et al., 1992). 

This receptor is particuiarly evident at the leading edges of the DA SMC and is associated with their 

enhanced migration in response to a hyduronan-enriched mtrix. 

The increased production of DA endothelial hyaluronan appears to be regulated by 

transforming gr0wt.h factor+ (TGF-p) in that neutralizing antibodies to TGF-f3 reduce its 



syntbesis to levels observed in the Ao (Boudreau, et aL, 1992). Thus, the increased production of 

endothelial hyaluronan in DA compared to Ao and its downregulation between early and late 

gestation might dso be accompanied by similar changes in the expression of TGF-P. tndeed, we 

have documenteci that there is an increased intensity of imrnunostaining for TGF-Pl in l W a y  DA 

compared with Ao tissues (Boudreau, et al., 1992). However, the endothelial-specific expression 

of TGF-p has not k e n  addressed. Increased expression of TGF-B has also been found in the DA 

during its post-natal closure (Tannenbaum, et al., 1996). 

TGF-P is a homodimenc peptide with a molecular weight of 25 kD. TGF-p is synthesized 

and secreted by ceUs as a latent complex that requks activation to gain binding activity to its ce11 

surface receptors. Of the three i sofom (TGF-Pl, 82, and P3) that have been characterized in 

mammals, the expression of TGF-pl has been shown to be tightly regulated during developrnent 

in embryos (Heine, et al., 1987; Lehnert and Akhu~st, 1988) and developing hearts (Potts and 

Runyan, 1989). TGF-P 1 is required for normal cardiogenesis (Letterio, et al., 1994) and 

vascdogenesis (Dickson, et al., 1995). Upregulation of TGF-P 1 expression is associated with 

vascular intimal thickening resulting from hypertension (Sarzani, et aï., 1989), atherosclerosis 

(ROSS, 1993), and angioplasty (Majesky, et al., 1991; Nikol, et ai., 1992). Both transcriptionai 

(Kim, et al., 1989a; Kim, et al., 1989b; Kim et al., 1989~; Birchenali-Roberts et al., 1990; Kim. er 

al., 1990; Kim, et al., 199 1) and post-transcriptional mechanisms are involved in the regulation of 

TGF-P 1 (Wager and Assoian, 1990; Kim, et al., 1992; Romeo, er ai., 1993; Scotto and Assoian. 

1993; Wager et al., 1994). 

In this chapter, we investigated both, in vivo and in vitro, whether there were changes in 

the production of endothelial TGF-f3 in the DA compared to the Ao in early and late gestation fetal 

lambs. We found, by immunohistochemical assessment, an increase in TGF-P in DA compared to 

Ao endothelium from lûû-day gestation fetd lambs and a reduction to comparable Ievels of 

expression in tissue from 138-day gestation lambs. In keeping with these observations, the 

production of TGF-p is increased significantly in cultured 100-day DA compared with Ao EC and 

decreased in 138-day DA EC whereas no site-related ciifferences were seen. Northem blot andysis 



demonstrated that TGF-p 1 mRNA levels were slightly but not signiricantly increased in 1 ûû-day 

DA comparing with Ao EC although the half life was shorter, suggesting increased transcription 

and translation of a relatively unstable M A .  TGF-p 1 mRNA levels were reduced in 138-day 

DA and Ao EC related to reduced mRNA transcription and stability respectively. Thus we have 

uncovered ciifferences in the levels of regulation of DA endothelial TGF-p which determine its 

tissue-specinc and developmentai patterns of expression. 

RESULTS 

Increased Expression of TGF-f3 in 100-day gestation DA tissue 

TGF-pl expression in 100-day gestation fetd Lamb DA and Ao tissues was studied 

previously using immunostaining (Boudreau, et al. 1992). Positive staining was observed in the 

subendothelium and throughout the media and adventitia layen of DA tissue. There was relatively 

less dense immunostaining in the corresponding Ao tissue. This study confmed and extended 

our previous observations. Tissue sections prepared fkom DA and Ao tissue from 3 different 100- 

day and 138-day gestation fetd lambs were evaluated by irnmunohistochernical staining using a 

rabbit ad-TGF-p neutralizing antibody, visualized using a Vectastain ABC Kit, and counter- 

stained by hematoxylin Hue. Control experiments were performed by replacing the pnmary 

antibody with nomal rabbit IgG. The fmdings were consistent and reflected sunilar tissue specific 

and developmentdy regulated changes in al1 samples examined. As shown in Figure 9, positive 

staining for TGF-p was associated with EC in 100-day DA tissues (A), but not appreciated in the 

endothelial linhg in tissues frorn the 100-day gestation Ao or 138day gestation DA and Ao (B. C. 

D, respectively). The negative control shows only background staining (E). Thus, there appears 

to be a tissue-specific increased expression of TGF-P in 100-day DA EC. which is 

developmentaliy regdated. In addition to its endothelial expression, TGF-P was also observed in 

the medial SMC in al1 the tissues examined (Figure 10). However, SMC in 100-day DA tissues 

exhibited the highest intensity of staining (A) compared to 100-day Ao (B) or 138-day DA and Ao 

tissues (C and D, respectively). Control tissues using normal rabbit IgG showed no staining (E). 



Figure 9 



Figure 9. Increased expression of endothelial TGF-f3 in 100-day gestation DA 

tissues 

Representative immunostaining of tissues fkom DA and Ao showing positive staining for TGF-fi 

was seen in EC from 100-day DA tissues (A), but not in the endothelial Lining in tissues from the 

100-day Ao (B) or 138-day DA and Ao (C and D, respectively). Negative control shows only 

background staining (E). Cornparison is representative of vessels korn 3 different animals at each 

time-point. 



Figure 10 



Figure 10. Increased TGF-P expression in medial SMC in 100-day gestation DA 

tissues 

Representative immunostaining of tissues from DA and Ao showing increased TGF-p expression 

in medial SMC kom 100-day gestation DA tissues (A) with less intense staining found in 100-day 

AO (B) or 138 DA and Ao SMC (C and D, receptively). Control tissues using normal rabbit IgG 

are negative for immunostaining (E). Comparison is representative of vessels from 3 different 

animals at each tirne-point. 



Increased TGF-p Synthesis in cultored 100-day gestation DA EC 

Primary cultures of EC from both 100-day and 138-day gestation larnbs were then 

established and used for assessrnent of biosynthesis of TGF-B. Subconfluent cultures of either 

DA or Ao EC were labeled with [3%]-cysteine and methionine for 24 hr. Conditioned media were 

collected and the newly-synthesized TGF-p was immunoprecipitated with TGF- P neutralizing 

antibodies. The proteins were resolved by SDS-PAGE and values were normalized for totd DNA 

content. Results are expressed as cpm/100 ng DNA. Figure I l  summarizes the 

immunoprecipitation s u e s .  Figure 1 la shows a representative autoradiograph of these studies 

and Figure 1 1 b is quantitative analysis of data fiom aU harvests. 

TGF-fi was synthesized and secreted by both DA and Ao EC cultured from LOO-day and 

138-day gestation fetal lambs. The rnajority of newly-synthesized TGF-P was secreted in the 

culture medium while small amounts remain ceU-associated (data not shown). Thus, analysis of 

biosynthesis of TGF-p could be achieved by measuring TGF-p secreted in the culture media. As 

shown in the Figure 1 1, a signifcant one-fold increase in newly-synthesized TGF-P is secreted by 

100-day DA EC compared to Ao EC (lane 1 venus 2, p c O.OS), while no significant increase in 

TGF-P production is found in 138-day DA EC compared to 138-day Ao EC (lane 3 versus 4). 

TGF-P synthesis thus decreases significantly in DA EC from 138-day compared to 100-day 

gestation Iambs (lane 1 versus 3, p < O.OS), while comparable amounts of TGF-B were found in 

1 00-day and 1 38-day Ao EC. 

Western immunoblot analysis confmed the specificity of TGF-P antibodies. The 

immunoreactive band from conditioned media CO-migrated in 12.5% nonreducing S DS -PAGE gels 

with a purified TGF-P 1 peptide (R&D) at the position of 25 k D  (data not shown), confinning that 

the band detected by immunoprecipitation from EC conditioned media is TGF-P. Furthemore. 

increased secretion of TGF-p in 100-day DA compared to 100-day Ao EC is also evident 

qualitatively by western immunoblot (Figure 12). 

We next established whether any changes in TGF-P synthesis reflected differences in total 

protein synthesis. Total protein was also assessed in this series of expenments by the amount of 



Figure 1 1 



Figure 11. Increased TGF-P synthesis in cultured 100-day gestation DA EC 

(a) A representative autoradiograph of imrnunoprecipitation studies show ing TGF-p w as 

synchesized and secreted by both DA and Ao EC cultured from 1 W a y  and 1 38-day gestation fetal 

larnbs. Arrow indicates the 25 kD TGF-p protein. (b). Statistical analysis of immunoprecipitation 

studies indicates a signifiant one-fold increase in newly-synthesized TGF-f3 secreted by 100-day 

DA EC compared to Ao EC. TGF-p synthesis also decreases in 138-day DA EC compared to 100- 

day DA ceiis, but no differences were found between 100-day and 138-day Ao EC. Bar reflects 

mean i: SD. * indicates p < 0.05. n = 7, for number of cornparisons from different larnbs at 100 

days, and n = 5, for cornparisons at 138 days. 



Figure 12 



Figure 12. A western immunoblot analysis of TGF-BI 

Increased production and secretion of TGF-B was found in media collected from cultured DA 

compared to Ao EC assessed by western immunoblot. Arrow uidicates the 25 kD TGF-P protein. 



total TCA-precipitated proteins found in the conditioned medium and normalized for DNA 

contents. Figure 13 shows quantitative studies of 3 experiments using cells from 3 different 

lambs. Similar values for total protein synthesis and secretion was observed in cultured DA and 

Ao EC at both gestation tirne-points. 

Increased levels of TGF-pl mRNA in cultured 100-day DA EC 

We next measured the steady-state levels of TGF-pl mRNA to determine whether there 

were correspondhg changes, as the antibody that we used would recognize mostly the TGF-P 1 

isofonn. The pattern of TGF-B staining using this antibody is consistent with our previous studies 

in which we showed that an increase in expression of TGF-Bl in 100-day DA compared to Ao 

tissues using a highly specific anti-TGF-PL antibody (Boudreau, et al., 1992). Using nonhem 

blot analyses, expression of TGF-pl mRNA was detected in both cultured DA and Ao EC from 

100- and 138-day gestation fetal lambs, and this appears as a single message of 2.4 kb (Figure 

14). in contrast to the protein synthesis, TGF-pl mRNA levels in 100-day DA compared to Ao 

EC are slightly but not ~ i ~ c a n t l y  increased. There is, however, a significant fall in TGF-B 1 

-A levels in 138 day DA EC @ c 0.05). In Ao EC steady-state mRNA levels are also 

decreased in ceUs from 138 day cornpared to 100 day tissue @ < 0.05). 

Analysis of stability of TGF-Pl mRNA 

To study the mechanism for the lack of significant increase in the steady-state levels of 

TGF-P1 mRNA in 100-day DA compared îo Ao EC and its developmental decrease in late 

gestation, we carried out experiments to examine the stability of TGF-pl mRNA in these cells. 

Transcription was inhibited by actinomycin D and the remaining synthesized TGF-P 1 mRNA was 

chased for various times ranging from 4 to 12 h. Compared to 100-day Ao EC, the levels of TGF- 

Pl in 100-day DA EC decreased relatively more rapidly (Figure 15a). The estimated mRNA half- 

life is approximately 9.5 h for 100-day DA EC and 20 h for 100 day Ao EC TGF-P 1 (Figure 15b). 

TGF-Pl mRNA decay was relatively comparable in Iate gestation DA and Ao EC, where the haif 



Figure 13 



Figure 13. Total protein synthesis and secretion in cultured DA versus Ao EC 

The specificity of the differences in TGF-P produced by cultured DA and Ao EC is retlected in 

similar values for total newly synthesized proteins in tissues from both 100- and 138- day 

gestations. Bar represents mean t SD. o = 3, for cornparisons number of cornparisons of 

different lambs from both gestation time points. 
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Figure 14. Northern blot analysis of steady-state TGF-Pl mRNA levels. 

(a) A representative northem blot anaiysis. Arrows indicate TGF-B 1 rnRNA or GAPDH. ( b ) 

Quantitative studies show that TGF-pl mRNA levels in 100-day DA compared to Ao EC are not 

signincantiy increased while there is a significant fall in TGF-P 1 M A  levels in both DA and Ao 

EC comparing cells from 100- and 138-day gestation lambs. Bar represents mean f SD from 

assays from 4 different animals at each tirne-point. * indicates p c 0.05. 
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Figure 15. Northern blot aoalysis of stability of TGF-$1 mRNA in 100-day DA 

and Ao EC 

(a) is the representative autoradiograph of northem blots from 3 different experiments and (b) 

represents mRNA decay curves generated by plotting the remaining rnRNA of three experiments to 

related the-point. Mer correcthg for any differences in total RNA loading by standardizing to 

mRNA levels of GAPDH, TGF-BI mRNA sigoals were plotted semi-logarithmically as a function 

of tirne. Simple linear regression was used for determination of mRNA half-life. The difference in 

TGF-BI mRNA hdf-life between DA and Ao ceils is represented by the difference in slopes of the 

curves as assessed by two factor ANCOVA, and p = 0.0248. 



Me of the mRNA was approximately 13 6 and 9 h, respectively (Figure 16). Taken together these 

data suggest increased transcription and translation of a relatively unstable TGF-p mRNA in 100- 

day DA EC, and a reduction in transcription in the 138-day DA and in the mRNA stability in Ao 

EC. 

DISCUSSION 

Our previous studies have shown that the EC from LOO-day gestation fetal larnb DA 

produce a mahix rich in hyaluronan and the corresponding SMC produce significantly greater 

amounts of fibronectin than cells fiom the Ao (Boudreau and Rabinovitch, 199 1). These changes 

in DA extracellular matrix production appear to be developmentaily-regulated and the increased 

endothelid hyaluronan and SMC fibronectin synthesis early in gestation has k e n  further related to 

DA SMC migration by in vitro three-dimensional collagen gel assays (Boudreau, et nL. 199 1 ). 

suggesting a mechanism for the DA intima1 cushion formation observed in vivo (Gittenberger-de 

Groot, et aL, 1985; de Reeder, et al., 1988). That is, the increase in the synthesis and 

accumulation of hyaluronan in the subendothelium of the DA in early gestation seems to provide a 

suitable environment for subsequent SMC migration during the intimai cushion formation by late 

gestation. 

It is likely that certain growth factors may be responsible for inducing the extracellular 

ma& changes, which set the stage for the whole process of intuna1 cushion formation. TGF-B 1 

is likely the growth factor involved, as it is known to be the predorninant TGF-p isoform 

upregulated in remodeling vessels (Sarzani, et al., 1989; Majesky, et al., 199 1 : Nikol. et cd. .  1992: 

Ross, 1993) and the most potent activator for extracellular ma& production (Sarzani, et cd.. 198% 

Nikol, et al., 1992; Ross, 1993). Infusion of TGF-j.31 or direct transfer of the TGF-P 1 gene into 

the vessel wall induce intima1 hyperplasia due to extracellular mavix production (Nabel, er cd..  

1993; Kanzaki, et al., 1995). Conversely, antibodies against TGF-pl suppress intima1 

hyperplasia in an acutely injured vessel associated with reduced extracellular matrix production 

(Wolf, et al., 1994). 
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Figure 16. Northern blot analysis of stability of TGF-pl mRNA in 138-day DA 

and Ao EC 

(a) shows representative autoradiographs of northern blots from 2 different experiments and (b )  

indicates the curves generated by plotting remaining mRNA of two experiments to the related tirne- 

point. Haif-life of mRNA was caiculated as described in Figure 15. 



In previous snidies, we showed that the increase in DA endotheliai hyaluronan is TGF-P- 

dependent, since the addition of neuualizing antibodies to TGF-P in 100-day DA EC cultures 

decreased synthesis of hyaluronan to the level of that seen in the Ao ceUs (Boudreau, et aL. 1992 ). 

We also demonstrated by immunohistochemical staining that increased amounts of TGF-P 1 are 

associated with 100-day gestation DA compared to Ao tissues (Boudreau. et al., 1992). We have 

extended these observations in this study, fmt by comparing the presence of TGF-p in the tissue at 

1 0 -  and 138-day gestation time-points with the expression of TGF-P in cultured cells as judged 

by protein synthesis and mRNA levels. 

Our data show site-related differences in the expression of TGF-@ in DA cells reflected in 

an increase in protein synthesis when compared to that in the Ao at l W a y  gestation. in addition. 

there is a developmentally-associated downregulation of TGF-P synthesis in DA cells between the 

100-day and 138-day gestation time-points. Since the antibody that we used in the 

immunostainhg and imrnunoprecipitation studies would detect mostly the TGF-P 1 isoform. and 

since similar changes in the cellular localization of the different isoforms of TGF-P are reported in 

the closing of the lamb ductus artenosus (Tannenbaum. et al.. 1996), we studied the regulation of 

TGF-P expression by assessing steady-state levels of TGF-P 1 rnRNA. There were. however. no 

signiftcant differences in mRNA levels comparing DA with Ao EC at bodi gestation time points but 

there was a developmental decrease in TGF-p 1 mRNA level in both DA and Ao cells. 

The stability of TGF-Pl mRNA was then studied and TGF-P 1 mRNA half-life was 

estimated based on three (100-day cells) or two (138-day cells ) sets of experiments. The half-life 

of TGF-81 mRNA in 100-day DA cells was short compared to that in LOO-day Ao cells. indicating 

TGF-O 1 mRNA is relatively unstable in 100-day DA ceus. Variability is to be expected in this type 

of experiment, and so it would be best to further confirm our observations by increasing 

experirnental sample sizes and time points. It would be of further interest then to explore the 

mechanism and to detennine if there are similar features related to those descnbed for other 

cytokines. For example, previous observations have show that the reduced stability of growth 

factor or cytokine mRNAs bearing AU-nch elements consisting of the UUAUUUAU octamer are 



coupled with their increased translational efficiency (Savant-Bhonsale and Cleveland, 1992: 

Aharon and Schneider, 1993; Winstaü, et al., 1995). 

There is likely also increased transcription of mRNA in 100-day DA EC celis, as the levels 

of steady-state TGF-$1 mRNA in 100-day DA EC were similar to that observed in Ao ceils despite 

its shorter haif life in DA EC. Technical features related to the inability to culture sufficient 

numbers of EC from the DA that would maintain the phenotypic characteristics of this vessel. 

limited our ability to assess rates of transcription of mRNA by nuclear run-on. Thus, our results 

indicate that both transcriptional and post-transcriptional mechanisrns may be involved in the 

upregulation of 100-day DA TGF-Pl synthesis in our primary EC culture system. The reduced 

TGF-B synthesis at 138 days gestation in the DA EC is associated with decreased steady-state 

mRNA levels suggesting decreased mRNA transcription. In the Ao EC however, there is little 

decrease in TGF-P synthesis at 138 days suggesting that the decrease in the steady-state level of 

TGF-PI mRNA and in its stability is likely accompanied by heightened efficiency of mRNA 

translation. 

Previous studies concerned with the regdation of TGF-pl expression have shown that the 

human TGF-PI promoter contains two transcription start sites and several binding domains for 

known transcription factors (Kim, et ai., 1989a; Kim, et ni., 1989b). For example, phorbol ester- 

responsive elements have been identified in both the upstrearn and downstream domains of the 

gene, and seem to be important in regulating TGF-p 1 expression at the transcriptional level (Kim. 

et al., 1989b; Scotto, et al., 1990). Moreover, the transcription of TGF-PI has been shown to be 

stimulated by the product of the retinoblastoma gene through specific retinoblastoma response 

elements (Kim, et al., 199 1). 

There is also a growing accumulation of evidence indicating that expression of TGF-p I 

may be also regulated post-transcnptionally (Assoian, et al., 1987; Wager and Assoian. 1990: 

Ahuja, et al., 1995; Cosgaya and Aranda, 1995). For example, nerve growth factor induces TGF- 

p 1 expression partiy due to an increase in its mRNA half life from 6 h to 30 h in PC 12 cells 

(Cosgaya and Aranda, 1995). The immunosuppressant cyclosporine has also been shown to 



prolong the half life of TGF-$1 mRNA in activated human T lymphocytes (Ahuja ef a!. . 1995). 

Although the mechanisms of the post-transcriptionai control of TGF-BI expression are not well 

known, several studies have demonstrated that the GC-rich sequence in the 5' untranslated region 

(UTR) may play a role in controllhg TGF-pl production from mRNA (Kim, et al.. 1992). 

Computer analysis showed that this region of the S'UTR contains a stable secondary stem-loop 

structure between sequences +49 to +76. This stem-loop region alone is sufficient to inhibit 

expression of the growth hormone gene. suggesting that it rnay contain a cis elernent which plays 

an important role in the post-transcriptional regdation of TGF-p 1 gene expression. Moreover. 

Scotto and Assoian (Scotto and Assoian, 1993) have k e n  able to show that a GC-rich domain in 

the 3'UTR of can have a bifunctionai effect on the overaü protein expression; it may decrease the 

steady-state TGF-p 1 mRNA while increasing its protein production by improving the efficiency of 

translation. The relative contributions of these inhibitory and stimulatory bifunctional elernents to 

TGF-P 1 protein production may resuit fkom temporal or ceU-specific expression of certain rrms- 

acting factors (Scotto and Assoian, 1993). It would be interesting to investigate whether or not 

these cis elements including the aforementioned AU-rich-like element in the 3'UTR of TGF-P 1 

mRNA are responsible the regulation of expression of TGF-P 1 in the DA EC. 

Since we had previously identified that the increased FN synthesis in the DA SMC is 

regulated at a post-transcnptional level, we next went on to evaluate the mechanisms involved with 

the view that it might ultimately also provide new insight into regulation of other gene expression. 



POST-TRANSCRIPTIONAL MECHANISM REGULATING FIBRONECTIN 

SYNTHESIS IN DUCTUS SMOOTH MUSCLE CELLS RELATED TO 

AN 3'UTR AU-RICH ELEMENT AND ITS BINDING PROTEIN 



1NTRODUCTlON 

We observed a developmentally-regulated increase in synthesis of M in cultured DA 

compared to aorta (Ao) SMC isolated fiom 100-day gestation lambs (Boudreau and Rabinovitch. 

1991). This increased FN synthesis was further related to the DA elongated migratory SMC 

phenotype (Boudreau, et ai., 1991). These features contribute to the SMC migration observed in 

vivo, from the inner media of the vessel wall into a subendothelium enrkhed in 

glycosaminoglycaos. SMC migration concributes the intimal cushion formation that partially 

occlude the vessel lumen and assure that the vessel closes completely when it constricts post- 

natally (Gittenberger-de Groot, et al., 1985; de Reeder, et ai-, 1989). Study of the regulation of 

FN synthesis revealed that the increased M synthesis in DA SMC was not associated with 

uicreased FN mRNA levels or stability or with differences in M A  splicing (Boudreau, et cil.. 

1992), suggesting enhanced translational efficiency of FN mRNA in DA versus Ao SMC. Other 

studies from our laboratory using piglets to smdy the development of the neointima in coronary 

arteries after experimental cardiac transplant suggest that there may also be post-transcriptional 

regulation of the increased FN synthesis by donor coronary artery EC (Molossi et aL. 1993). 

Fibronectin, a large extracellular matrix glycoprotein with M, of 220 kD. functions as a 

molecule involved in ce11 adhesion, migration, and differentiation (Hynes, 1990). Fibronectin 

synthesis is regulated by growth factors (Dean, et al., 1988; Penttinen et ai.. 1988: Seebacher. rr 

al., 1988), cytokines (Clausell, et al., 1993), or senun stimulation (Dean, er al., 1990) through 

increasing mRNA levels due to transcriptional activation. Post- aus script ion al mechanisms have 

been also reported involving in upregulating M protein production (Dhawan et d., 199 1 : 

Rasoamanantena, er al., 1994; Chou et al., 1995). Dhawan et al. (Dhawan, er ai., 1991 ) reported 

that cell adhesion modulates FN synthesis at the post-transcriptionai level without a change of 

mRNA stability- PrematureLy senescent cultured Werner syndrome fibroblasts produce more FN 

than normal fibroblasts due to both augmentation of FN mRNA levels and enhanced efficiency of 

FN rdWA translation (Rasoamanantena, et ai., 1994). In addition, Chou and colleagues ( 1995) 

demonstrated that increased FN synthesis and secretion in human fibroblasts by altering the 



substratum surface topography, which is accompanied with enhanced mRNA stability. 

A number of investigators have shown that regulatory elements in the 5' as well as the 3' 

untranslated region (UTR) of mRNA modulate mRNA stability and/or translational efficiency 

(Kmys, et al., 1987; Rouault et al., 1988; Klausner and Harford, 1989). Caput et al. ( 1986) 

reported a consensus sequence (UUAUUUAU) present in the 3'UTR of cytokine-derived 

rnRNAs, such as tumor necrosis factor-a (TNF-a), granulocyte macrophage colony-stimulating 

factor (GM-CSF), interleukui- 1 (IL- 1 ), and interferons (EN), which is also present in the 3'UTR 

of FN mRNA (Kornblihtt, et ai., 1983; Schwarbauer, et ai., 1983; Caput, et al.. 1986). In rnost 

studies, this AU-rich element (ARE) in the 3'UTR of labile mRNAs, such as c-rnyc (Jones and 

Cole, 1987), GM-CSF (Shaw and Kamen, 1986), and c-fos (Wiison and Treisman, 1988; Shyu. 

et al-, 199 1 )  correlates with rapid mRNA turnover. However, the ARE also regulates mRNA 

translation (Kruys, et ai., 1987; Kmys, et ai., 1988; b y s ,  et al., 1989; Han, et aL, 1 WOa: Han. 

et ai., 1990b; Grafi7 et al., 1993; Kmys, et al., 1993; Marinx et al., 1994). Recent studies have 

indicated that degradation of mRNA mediated by GM-CSF ARE is coupled with ongoing 

translation (Savant-Bhonsale and Cleveland, 1992; Aharon and Schneider, 1993; Winstail, et al.. 

1995) and this appears to be related to translational-dependent assembly of a >20S degradation 

complex (Savant-Bhonsale and Cleveland, 1992). 

Tram-acting factors in the cytoplasrn rnay alter mRNA stability or translational efficiency 

through binding to the ARE. Malter (Malter, 1989) frst reported a cytosolic protein, termed 

adenosine-uridine binding factor (AUBF), whic h binds specificaliy to AUUUA motifs. Bo hjanen 

et al. identified three factors which bind to the ARE with different binding affinities and 

specificities (Bohjanen, et al., 1991; Bohjanen, et ai., 1992). The ARE found in the 3'UTR of FEL' 

m W A  (Kornblihtt, et ai., 1983; Schwarbauer, et ai., 1983; Caput, et aL, 1986) may also hnction 

to modulate DA and Ao SMC FN mRNA stability and translationai efficiency. In this study. by 

using a combination of transfection and irnmunofluorescence studies with site-directed 

mutagenesis, we have been able to show that the FN ARE is of functional significance in 

enhancing mRNA translation in vascular ceus. We then demonstrated that the degree of mRNA 



translation may be related to intraceUular dinerences in the FN ARE-binding factors in DA and Ao 

SMC cytoplasmic extracts. We m e r  identined through W-crosslinking studies, three binding 

complexes of M, of approximatdy 60,30 and 15 kD. 

RESULTS 

The ARE in FN 3'UTR is an mRNA Translational Enhancer in Vascuiar Cells 

Our previous studies suggested that the increased synthesis of FN in DA compared to Ao 

SMC is due to an increased translational efficiency of FN -A. Messenger RNAs of many 

cytokines, proto-oncogenes, and adhesion molecules contain an ARE in their 3'UTR. This 

element has k e n  documented as an mRNA destabilizing element (Shaw and Kamen, 1986; Jones 

and Cole, 1987; Wilson and Treisman, 1988) or a modulator of translational efficiency (Kniys. et 

aL, 1987; Kniys, et ai., 1988; Kniys, et al., 1989; Han, et al., 1990a; Han, et ai., 1990b; Kruys. 

et aL, 1993; Mariw, et ai., 1994). One copy of UUAUUUAU is also within an AU-nch region in 

the FN 3'UTR (Kombiihtt, et al., 1983; Schwarbauer, et al., 1983; Caput, et al.. 1986) with 

unknown function. To d e t e d e  whether the FN ARE may be involved in the augmentation of 

FN mRNA translational efficiency in primary cultured DA venus Ao SMC, we first generated a 

3'UTR regdatory CAT constmct (Figure 17) containing the CAT coding sequence, an upstream 

SV40 early promoter and a downstream FN 3'UTR bearing the intact ARE, UUAUUUAU. 

followed by a poly-A sequence (defined as pECE-CAT-FN). The ARE was mutated as 

GGAGGGAG and the mutated plasmid was defined as pECE-CAT-FNA. The plasmid (pECE- 

CAT) containing CAT and its own 3'UTR was used as a control. Transfection studies were then 

carried out with these three constructs and the Ievel of CAT protein (activity) as well as mRNA 

were measured. Table I summarizes the data iliustrated in Figure 18 using cells from 3 different 

fetal lambs. 

Figure 18a demonstrated that DA SMC transfected wifh pECECAT-FN showed a 2.3- 

fold increase in CAT activity compared to pECE-CAT-FNA with mutated ARE ( p  < 0.05) and a 

relatively smaller 1.3-fold increase was observed in Ao cells @ < 0.05). RNase protection studies 



(SV40 early CAT CR -1 CAJ 3'UTR 
promoter) 

CAT CR 
(sV40 earl~ CAT S'UTR r- FN S'UTR 
promoter) 0 n 

CAT CR 
UUAUUUAU- 

pECE-CAT-FNA (SV40 early CAT 5'UTR 
promoter) -------I 

Figure 11 



Figure 17. Schematic representation of the CAT constructs 

CAT transcription is driven by the SV40 eady promoter. The CAT coding region (CR) is followed 

by its own 3'UTR or FN 3'UTR containing either wild type or the mutated UUAUUUAU 

generated by site-directed mutagenesis. 



Table 1. Measurements of CAT activity, mRNA, and ratio of CA7 activity to mRNA 

Transfectant CAT activity (n = 6) CAT mRNA (n = 3) CAT activi ty1mRNA 

D AJpECE-C AT-FN 

Values are mean f SEM; n = number of experiments. * p < 0.05, cornpared to the group above and below by 
SuperANAOVA and Duncan New Multiple Range test. 



showed a signif~cant decrease in CAT mRNA levels in both DA (50%) and Ao SMC (386) 

transfected with pECE-CAT-FN compared to pECE-CAT after normalization using p-gai rnRNA 

levels (Figure 18b). This is in agreement with the Ievel of CAT activities found in these cells, 

suggesting that the 3'UTR of FN mRNA may decrease CA?' mRNA stability relative to the native 

CAT 3'UTR. The CAT mRNA Ievels were, however, greatly decreased (-70%) in both DA and 

Ao cells transfected with pECE-CAT-FN compared to pECE-CAT-MA @ < 0.05). This result 

suggests that the ARE in the 3'UTR of FN mRNA has mRNA destabilizing properties as has been 

described for the ARE in other mRNA species (Shaw and Kamen, 1986; Jones and Cole, 1987: 

Wilson and Treisman, 1988). Using the ratio of CAT activity to mRNA level as an index of 

translational efficiency (Table 0, we noted that the translation of pECE-CAT-FN mRNA was more 

efficient than that of pECE-CAT-FNA in both DA (increased 10.9-fold) and Ao SMC (increased 

6.5-fold). Thus, the ARE in the 3'UTR of FN mRNA may serve as an enhancer of mRNA 

translation with this function perhaps amplitied in DA compared to Ao SMC. 

Alteration of Ce11 Shape and Reduction of FN production in DA SMC Transfected 

with pECE-CAT-FN 

Having evidence indicating that FN ARE is responsible for increased CAT mRNA 

translational efficiency in DA compared to Ao SMC, the following studies were cm ied  out to 

veriw the functional presence of FN ARE-binding factors in SMC, and their potentiai effects on 

FN production. As transient transfection of pECE-CAT-FN would result in abundant FN 3'UTR 

in transfected cells, the ARE in pECE-CAT-FN fusion transcripts could be expected to sequester 

the putative ARE-binding factors and reduce their binding to the ARE of endogenous FN rnRNA. 

If the interaction of the cytoplasmic factors and the FN ARE promotes endogenous FN expression. 

the decoy of ARE-binding factors would decrease the expression of FN protein in the cells that 

express exogenous ARES, and alter the FN-dependent elongated migratory ceil shape (Boudreau. 

et al., 1991). To determine whether this does in fact occur, we examllied CAT-positive cells by 

immunostaining and correlated the ceil shape and the expression of FN with msfected plasmids. 
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Figure 18a The ARE in the 3'UTR of FN mRNA enhances translation 

Top is a representative autoradiograph of CAT assays using thio layer c hrornatography : bottom is 

the quantitative results of CAT assays from 6 separate transfection studies using control plasmid 

(pECE-CAT), plasmid containing wild type ARE (pECE-CAT-FN), and plasrnid containing 

mutated ARE (pECE-CAT-FNA). Mock transfected ceils show radiolabeled non-acetytated 

chloramphenicol ody, whereas the acetylated product is observed in cells transfected with CAT 

constructs (arrow). The CAT activity is ~ i g ~ c a n t i y  decreased in either DA (37%) or Ao cells 

(40%) transfected with the plasmid pECE-CAT-FN compared to pECE-CAT (p < 0.05. 

SuperANOVA and Duncan New Multiple Range test of multiple comparisons). However, there is 

a significance increase in CAT activity in both DA (2.4-fold) and Ao cells (1.3-fold) transfected 

with pECE-CAT-FN compared to pECE-CAT-FNA @ < 0.05), suggesting that the FN ARE is 

functionally involved CAT expression. 
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Figure 18b. The ARE in the 3'UTR of FN mRNA enhances translation 

Top is a representative autoradiograph of RNase protection assay and bottom is a densitometric 

analyses of three different experiments. Lane 1 shows 1 kb DNA ladder as a marker. Lanes 2 and 

3 show ody the full-length CAT (325 bp) and bgal(378 bp) probes, respectively. Lanes 4 and 5 

are negative controls using CAT and p-gal probe to hybridize with yeast RNA, respectively. 

showing no protected RNA fragment. Lanes 6-8 show RNA fiom DA SMC and lanes 9- 1 1 RNA 

from Ao SMC transfected with different CAT constructs (lanes 6 and 9 = pECE-CAT: Ianes 7 and 

10 = pECE-CAT-FN; lanes 8 and 11 = pECE-CAT-FNA) hybridized with CAT, as well as P-gal 

probe. The protected CAT (260 bp) and P-gal(289 bp) probe are indicated by arrows on the right 

(an RNA fragment will run a slightly slower than a DNA fragment of the same size). 

Densitometric studies show a significant decrease in the level of CAT mRNA in both DA (50%) 

and Ao SMC (38%) msfected with pECE-CAT-FN compared to pECE-CAT which is consistent 

with the decreases in CAT activities. When compared to ceiis transfected with pECE-CAT-MA 

however, a remarkable decrease in the CAT mRNA level is found in both DA (72%) and Ao SMC 

(70%) which is not associated with decreased but rather increased CAT activities. The CAT 

mRNA level was nomaiized with p-gai mRNA which was used to control for transfection 

efficiency and loading conditions. 



Figure 19a shows that of a total number of CAT-positive cells transfected with control 

plasmid pECE-CAT (mean = 25, range 19-30), 82% (range = 72-894) had an elongated 

phenotype. In CAT-positive cells transfected with wiid type plasmid pECE-CAT-FN (mean = 2 1. 

range 15-30), however, only 54% (range 47-60%) showed the elongated phenotype. In CAT- 

positive cells transfected with mutated plasmid pECE-CAT-FNA (mean = 18, range 16-20). 774 

(7580%) were elongated. The decrease in the percentage of elongated cells foiiowing transfection 

with pECE-CAT-FN was sigrufcant @ < 0.05). Figure 19b is a representative photograph of 

ceils from these experiments. The CAT-positive cells (red staining) were identified as cells in 

which there was cytoplasmic staining with a rhodarnine-tagged anti-CAT antibody. The CAT- 

positive cells msfected with control plasmid pECE-CAT showed an elongated phenotype (A). 

The switch from elongated (A) to steilate phenotype was observed in ceiis transfected with wild 

type plasmid containing intact ARE (pECE-CAT-FN) (B), but not in cells transfected with ARE- 

mutated plasrnid (pECE-CAT-FNA) (C). Moreover, consistent with the CAT assay. CAT-positive 

cells transfected with ARE-mutated plasrnid pECE-CAT-MA (C) showed a decrease in intensity 

of CAT immunostainhg cornpared to cells transfected with pECE-CAT-FN (B). 

Since transient transfection using the calcium phosphate method had only a 1-29 

transfection efficiency and cells were cultured at low density to visualize ceIl morphology, it was 

difficult to assess FN production. To overcome this limitation, we used a more efficient method of 

adenovims transfection (see Materials and Methods. Section II). This system had been shown to 

aUow more than 70% of primary cultured cardiac cells to express transfected genes (Kohout, cr cd . .  

1996). We applied double-immunofluorescence using both a Texas-red-tapged antibody to 

visualize CAT expression (Figure 19c. A, C, E), as well as a RTC-labeled antibody to examine 

the FN expression (B, D, F). While almost ail the cells transfected with CAT constnicts showed 

positive staining for CAT, we observed a consistent decrease in the accumulation of FN in the ce11 

cultures transfected with pECE-CAT-FN (D) compared to pECE-CAT (B) or pECE-CAT-FNA 

(F), which dso seem to correlate with a stellate compared to an elongated phenotype. Negative 

control using normal IgG showed that almost ail the fluorescence signal was abolished (G). 



Fgure 19a 



Figure 19. Expression of pECE-CAT-FN altered ce11 shape and decreased FN 

(a) A graph summarizes the quantitative analysis of the change of ceU shape in CAT-positive cells 

from three different experiments. The bar value equals the mean percentage of ceiis with elongated 

shape f SEM. *Significant difference. p < 0.05, by SuperANOVA and Duncan Multiple Range 

test. As seen in the graph, the percentage of cells with elongated shape is reduced significantly in 

ceiis transfected with pECE-CAT-FN compared to ceUs transfected with other two plasmids. 
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Figure 19. Expression of pECE-CAT-FN altered ce11 shape and decreased FN 

(b) A representative photomicrograph showing ceus h-ansfected with control plasmid pECE-CAT 

(A), ARE-containhg plasmid pECE-CAT-FN (B) or ARE-mutated plasmid pECE-CAT-FNA ( C 1 

using calcium phosphate method. The cells were stained for CAT w ith rhodarnine-conj ugated 

secondary antibody and nuclei were stained with DAPI. Compared to pECE-CAT (A) or pECE- 

CAT-FNA (C), overexpression of pECE-CAT-FN (B) altered ceii shape from elongated to stellate. 





Figure 19. Expression of pECE-CAT-FN altered ce11 shape and decreased FN 

(c) A representative sirndtaneous immunofIuorescence staining of CAT (A, C, E) and M protein 

(B, D, F) in transfection smdies using a 'component' adenovirus delivery system (see Materials 

and Methods, Section II). Almost aU the cells stain positive for CAT by Texas red-conjugated 

secondary antibody. The staining for FN reveals as cell surface fibrous deposits by FITC- 

conjugated secondary antibody. Qualitatively, the staining for M is less intense in cells 

transfected with pECE-CAT-FN (D) compared to either control plasmid pECE-CAT (B) or ARE- 

mutated plasrnid pECE-CAT-FNA (F). Convoi using normal IgG shows that almost dl the 

fluorescence signal was abolished (G). Bar = 10 p. 



Identifying FN ARE-Binding Activity in SMC 

Studies were next undertaken to iden- a cytoplasmic factor(s) with M 3'UTR ARE- 

bindiag properties. Gel mobility shift assays were c h e d  out in which S- 100 cytoplasmic extracts 

prepared fiom cdtured DA or Ao SMC were incubated with a [~ZP]-labeled full-length FN 3'UTR 

with intact or mutated ARE. WhiIe probe alone showed no binding complex formation (Figure 

20a, lanes 1 and 3), three retarded bands were found in DA S-100 extracts with wild type FN 

3'UTR probe (lane 2). However. the major retarded band was not observed when using the ARE- 

mutated probe (lane 4). This indicated that there are cytoplasmic factors which could bind to the 

FN 3'UTR and that at les t  one of these RNAcytoplasmic factor interactions is related to the ARE. 

The specificity of this interaction was further assessed by cornpetition experiments using an 

ARE-containing FN oiigonucleotide probe, as weii as an irrelevant probe (without ARE) of the 

same size. Two binding complexes (top binding complex appean to be doublet bands) were 

observed on a gel shift using the specific AREcontaining probe (SP) (Figure 20b. lane 2: lane 1 

containing probe only as a control). They may represent the same binding factor with differing 

degrees of aggregation or different binding factors. No binding complex formation was found 

with the irrelevant probe (IP) (lane 3). Preincubation of unlabeled SP (10, 50, and 200-fold of 

radiolabeled SP) with S-100 extracts shows inhibition of radiolabeied SP binding (lanes 4-6), but 

the unlabeled IP was inefficient in blocking radiolabeled SP binding (lanes 7-9), indicating that the 

protein-RNA interaction is ARE-probe specific. 

Further gel shifi assays reveded formation of a sirnilar binding complex between ARE- 

containing oligonucleotides and S-100 extracts from cultured both DA and Ao SMC. but ü 

consistent increase in binding complex formation was found with S-100 extracts from DA SMC in 

5 of the 6 different experiments. Since DA SMC FN synthesis has been shown to increase 

following senun stimulation without a paralle1 increase in mRNA level (Boudreau, et rd., 1992). 

we then detemiined whether this feature correlated with increased mRNA binding activity of the 

cytoplasmic factor(s). As shown in Figure 20c, an increase in the intensity of binding complex 

formation with DA compared to AO cytosols was obse~ed even under senun-free conditions (lane 
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Figure 20. Binding complex formation between the FN ARE and SMC cytoplasmic 

factors 

(a) A representative autoradiograph of a gel shift assay using DA SMC S- 100 cytoplasmic extracts 

and radiolabeled full-length FN 3'UTR contalliing wild type (FN) (lane 2) or mutated ARE (FNA) 

(lane 4). Lanes 1 and 3 are controls without S- 100 extracts. Arrow shows the binding complex is 

specifically related to wild type FN 3'UTR (compare lane 2 with 4). The free probe is indicated by 

the bracket. (b) A gel shift assay with the oligonucleotide coniaining the ARE (SP) or irrelevant 

probe (IP). Lanes 1 is radiolabeled probe alone; lane 2 is SP + S-LOO extracts, showing binding 

complexes indicated by arrows; lane 3 is IP + S-100 extracts, showing no binding complex 

formation. A preincubation of an increased amount of unlabeled SP (10, 50, and 200-fold. lanes 

4-6) with S-100 extracts prevented binding complex formation in a does-dependent marner but not 

IP with the same order of concentrations (lanes 7-9). The variabilities in lanes 7-9 may result from 

unequal loading. (c)  shows a gel shift assay using S-100 extracts from cultured DA (lanes 1 and 

2) and Ao SMC (lanes 3 and 4) under senun-fkee conditions (lanes 1 and 3) or following serum- 

stimulation (lanes 2 and 4). Compared to Ao S-100 extracts, an increased binding cornplex 

formation is evident with DA S- 100 extracts in both serum-free and serurn-stimulation conditions, 

(d) a UV-crosslinking assay of the cytoplasmic factors with radiolabeled FN ARE-containing 

oligonucleotide. Lane 1, binding complexes nui under non-reducing conditions. Lane 2. binding 

complexes run under reducing conditions. Lane 3, S-100 exuacts incubated with 1 pg/pl 

proteinase K for 30 min at 37'C More the binding reaction. Lane 4, the oligonucleotide probe 

was treated with 1 dpi EWase Ti before incubation with the S- 100 extracts. Lmes 5-7, the S- 100 

extracts were pretreated with 2% B-ME, 10 mM Dm, or 10 m l  n-EM for 30 min at 37°C. 

respectively, before incubation with the oligonucleotide. The protein molecular weight rnarkers are 

indicated on the left. The M, of the binding complexes were estimated at -60, 30, and 15 kD 

(arrows). 



1 vs 3). M e r  senun sumulation, increased mRNA binding activities were seen in cytoplasrnic 

extracts from both DA and Ao SMC, but there was a greater increase binding with S- 100 extracts 

fiom DA SMC (lane 2 vs 4). 

Additional studies were canied out to deterrnine whether the binding complex consists of 

several subunits and whether the bhding requires free sulfhydryl groups. as suggested for the 

iron-response element-binding protein (IRE-BP) (Hentze et al., 1989) or the AüBF (Malter and 

Hong, 1991). In two different experiments, we treated the cytoplasrnic extracts with reducing 

reagents, p-mercaptoethanol @-ME), dithiothreitol (DTT), or the alkylating reagent. n- 

ethylmaleimide (n-EM), prior to the bhding reaction. The binding complexes were then UV- 

crosslinked and resolved by SDS-PAGE. In the absence of pretreatment with reducing or 

alkylating agents, three radioactive bands migrated at positions related to M, of approximately 60. 

30, and 15 kD (Figure 20d, lanes 1 and 2, gel nin under non-reducing and reducing conditions. 

respectively). To c o n f i  that the components of the binding complex were proteins and RNA. 

cytoplasrnic extracts were treated with proteinase K or the radiolabeled probes were pretreated with 

RNase Ti before the binduig reaction (Ianes 3 and 4, respectively). Both conditions prevented the 

binding complex foxmason originally observed, confimiing a protein-RNA interaction. A weak 40 

kD band observed could be amibuted to uicornplete digestion with proteinase K. 

Of particular interest, however, was the observation that the binding cornplex was resolved 

as an intense band at 15 k D  after pretreatment of the extracts with reducing reagents, P-ME (lane 5 )  

or D'IT (lane 6), as weli as an alkylating reagent, n-Eh4 (lane 7). The relative differences observed 

in the intensity of the 15 k D  band may be related to differences in reducing capacity of P-ME and 

DTT in the doses used. Both reducing and allrylating conditions prevent disulfide bond formation. 

Since n-EM also allcyiates irreversibly reduced sulfhydryl groups and pretreatment of cytoplasmic 

extracts with n-EM did not inhibit the 15 kD binding complex formation, free sulfhydryl groups 

seem not to be required for direct binding of the -15 kD protein to RNA. Thus, the higher M, 

binding complexes may be due to disuIfide bond-dependent interactions between multimers of the 

-15 kD protein, or between the 15 kD protein and other proteins, or disulfide bond dependent 



RNA binding of two different proteins with the M, of -30 kD and 60 kD. 

Time-course, and Dose-dependent Binding of Complex Formation 

To determine whether the factor binding to the mRNA might occur under biological 

conditions, we snidied the binding kinetics of the cornplex. Binding reactions were c d e d  out for 

various times before the addition of RNase Ti. Incubations as short as 5 min yietded the sarne 

amount of binding activity as 60 min incubations (Figure 2 la), indicating a similar profde to that of 

an AUUUA binding factor (AUBF) of different molecular weight previously described (Malter. 

1989; Malter and Hong, 199 1). Thus, the binding of the factor to the probe appears to occur 

quickly and likely precedes the degradation of the mRNA by the exonuclease-mediated shortening 

of the polyadenylated tail (Wilson and Treisman, 1988). This stable binding would favor a 

mechanism required for efficient protein translation. 

We next determined whether the binding was dose-dependent by using increasing 

concentrations of DA cytoplasrnic extracts. Increased binding activities were found to correlate 

with increasing amount of extracts used in the binding reaction (Figure 2 1 b). Together, these data 

suggest that there is a cytoplasmic factor(s) existing in DA and Ao SMC which binds the ARE in 

the 3'UTR of FN rnRNA, and the greater binding activity in DA SMC extracts rnay result from an 

increase in the concentration of the factor(s) or in its binding fliaity. 

DISCUSSION 

In this chapter we addressed whether the mechanism of post-transcriptional regulation of 

FN in the DA rnay involve the FN ARE. We f ~ s t  related the mechanisrn of post-transcriptional 

regdation of FN expression to the ARE by transfecting constructs containing the CAT coding 

region and downstream FN 3'UTR into primary cultured SMC. A significant increase in CAT 

mRNA translational efficiency in both DA (10.9-fold) and Ao SMC (6.5-fold) transfected with 

pECE-CAT-FN containing wild type ARE as opposed to pECE-CAT-MA bearing mutated ARE 

supported the ARE as king cntical to the mechanism of increased fusion rnRNA uanslation. A 



figure 21 



Figure 21. Binding of eytoplasmic factor ARE probe is rapid, stable, and dose- 

dependent 

(a) The binding reaction was perfomed for different times [indicated as (in minutes) at the top of 

each lane] before the addition of RNase Tl. Lower shifted bands may be related to the propenies 

of the binding complex elucidated by the UV cross-linking studies shown in Figure 20d. (b) Gel- 

shift assays with increasing concentration of DA SMC cytoplasmic extracts as indicated at the top 

of each lane. The position of the band-shified cornpiex is shown by the arrow while the free RNA 

probe is shown by the bracket. 



decrease in CAT-FNTUTR fusion mRNA in SMC transfected with pECE-CAT-FN but not 

pECE-CAT-FNA suggested that the ARE also functions as an mRNA destabilizing element. 

although we did not specificdy measure CAT mRNA stability. 

The decrease in CAT mRNA by the wild-type ARE may be coupled with the increase in 

CAT mRNA nanslation. There are studies indicating that d e s t a b ~ t i o n  of M A  mediated by the 

ARE is associated with mRNA translation, since degradation of mRNA directed by the GM-CSF 

and c-fos ARE is coupled to ongoing translation or ribosome binding (Savant-Bhonsale and 

Cleveland, 1992; Aharon and Schneider, 1993; Winstall, et ai., 1995) and is related to 

translational-dependent assembly of a >20s degradation complex (Savant-B hoasale and Cleveland. 

1992). Alternatively, these may represent independent evenü, as suggested by snidy of Chen and 

coileagues (1995) which showed that mRNA decay mediated by the GM-CSF and c-Jos ARE is 

independent of ongoing translation of an RNA. 

Since others have described the ARE as a repressor of mRNA uanslation (Kntys, et cd.. 

1987; Kruys, et al., 1988; Kniys, et al., 1989; Han, et al., 1990a; Han, et al.. 1990b: Grafi. et al.. 

1993; Kruys, et ni., 1993; Marinx, et al., 1994), the difference between our findings and theirs 

may be due to several factors. First, ou.  experimental system used primary cultured vascular SMC 

and investigated the ARE function in the entire 3'UTR of FN rnRNA. Second, the ARE may 

function as a repressor or an enhancer of translation, depending on binding of tissue-specific 

c ytoplasmic factors. 

The functional existence of ARE-binding factors was suggested when we compared FN 

expression and cell shape in DA SMC transfected with CAT-FN3'UTR fusion constructs bearing 

wild type or mutated ARES. Since the elongated 'mobile' phenotype of DA cells is dependent on 

the increased FN expression (Boudreau and Rabinovitch, 199 1; Boudreau, et al., 199 1 ). wr 

reasoned that the alteration of ce11 shape may be due to a reduction of FN expression by 

sequestering ARE-binding factors thaï would othenvise influence endogenous FN mRNA 

translation (Later studies in Chapters 4 and 5 showed ïhat, if sequestering ARE-binding factors 

indeed happas, it may only apply for a subset of ARE-binding factors). We could not, however. 



d e  out the possibility that decoy of these putative factors would also prevent binding to other 

endogenous AREcontaining mRNAs. This couid also affect their stability or translation, thereby 

causing a change in ceU phenotype. The change in ceU phenotype may also be due to effect of 

plasmids (ciifference in copy number of transfected wild type venus mutant plasmid) on protein 

synthesis, although we have no reason to suggest why this would occur. 

Indeed, using gel mobility shin assays, we observed that the cytoplasmic proteins in SMC 

form three binding complexes with the full-length FN 3'UTR, but only one of them is specifically 

related to the ARE. Consistently, a cytoplasmic protein(s) in DA and Ao SMC selectively form a 

binding complex with the ARE-containing oligonucleotides. There was increased binding complex 

formation in DA compared to Ao SMC, especially after serum stimulation when we used the ARE- 

containhg oligonucIeotide probes. This suggests that the increased binding to the ARE may be 

responsible for the increased translation of mRNA in DA SMC, since serum-stimulation 

upregulates FN protein synthesis in DA but oot Ao SMC without changing its mRNA level 

(Boudreau, et al., 1992). In M e r  UV-crosslinking studies, we identified three binding 

complexes with molecular weights at - lS,3O, and 60 kD. The main binding factor appears to be 

15 kD protein, which may, in fact. forms a protein complex by itself or with other protein peptides 

through disuifide bonds. Disruption of disuifide bonds by fi-ME or DTT, as weil as n-EM. 

increased the lowest molecular mass complex formation, while the highest molecular binding 

complex disappeared completely and the middle one was partially retained. This feature suggested 

that the structural conformation of this FN ARE-binding protein as a rnonomer or a protein 

complex may influence its binding affinity, but this remains to be proven. This would seem wonh 

pursuing, however, since there is evidence for alterations in intracellular redox in DA compared to 

Ao related to decreased superoxide dismutase levels (Frazer and Brady, 1978), with the potential 

for increased superoxide production reducing disulfide bonds (Peterson et ai., 1994). ln addition. 

since disruption of sulfhyàryl groups by an alkylating reagent does not impair but rather increases 

the low molecular weight binding complex formation, it is therefore noteworthy that, unlike other 

RNA binding proteins such as IRE-BP (Hentze, et al., 1989) and AUBP (Malter and Hong. 



1991), the binding complex formation does not depend on fkee suIfhydry1 groups. Taken al1 

together, these data suggest a unique protein or a unique interaction that differs from other ARE- 

binding proteins previously described (Malter, 1989; Bohjanen, et al., 199 1 ; Brewer, 199 I ; Malter 

and Hong, 199 1; Rondon, et aL, 199 1; Vakalopouiou, er al., 199 1; Bickel, et aL, 1992; Bohjanen. 

et al.. 1992; Port, et al., 1992; Stephens, et al., 1992; Hamilton, et al., 1993; Levine, et al.. 1993: 

Zhang, et al., 1993; Katz, et al., 1994; Nakagawa et ai., 1995; Chung, et ai., 1996: Ma, et a!. . 
1996). 

The ARE-binding factor previously described requires at les t  3 AUUUA motifs to intenct 

with RNA (Gillis and Maiter, 199 1; Bohjanen, et aL, 1992). However, our experiments indicated 

that the UUAUUUAU sequence is the basic binding element for the FN mRNA binding protein. 

In our studies, probes containing only one copy of the conserved consensus sequence. 

UUAUUUAU, resulted in specific and stable binding to a cytoplasmic factor. A possible 

interpretation is that 3 motifs of AUUUA (AUUUAUUUAUUUA) actuaiiy contains only one 

repeat of the conserved consensus sequence. UUAUUUAU, as underlined. Recent studies based 

upon functional activity of various ARES and sequence cornparisons have indicated that the key 

ARE motif within the AU-nch sequence is the nonamer UUAWUA(U/A)(U/A) (Lagnado. rr d.. 

1994) or UUAUUUAUU (Zubiaga, et al., 1995). 

Our results expand previous fmdings that the ARE plays an important role. not only in 

regulating the stabiiity and translational efficiency of transient mRNAs coding for cytokines and 

proto-oncogenes, but also in controiiing the translation of the more stable rnRNA. FN mRNA that 

encodes a major extracellular rnatrix protein. Since FN plays a cntical role in vascular development 

and in diseases related to the control of SMC growth, differentiation, and migration. understanding 

the molecuiar basis of its regdation is of critical importance. Also, by using pnmary ce11 cultures 

which maintain distinct phenotypic properties in vitro, we have provided evidence that a truns- 

acting factor may contribute the high levels of expression of FN in the DA SMC. Purification of 

the protein wiil be necessary to iden* it and M e r  characterize its function. 



CHAPTER THREE 

PURIFICATION AND FUNCTIONAL CHARACTERIZATION OF A 

FIBRONECTIN AU-RICH ELEMENT RNA-BINDING PROTEIN 

IN VASCULAR SMOOTH MUSCLE CELLS 



INTRODUCTION 

We have shown that the ARE found in the 3'UTR of FN mRNA functions to enhance 

mRNA translation. Using RNA gel shift and W-crosslinking assays, we have also isolated three 

RNA-protein complexes of M, of approximately 60.30 and 15 kD. The 15 kD protein may be the 

principal binding factor. since the higb molecular binding complexes appear to be formed by 

several protein subunits through disulfide bonds. Two lines of evidence suggest that the 

interaction of the ARE-binding factors with FN ARE rnay promote FN mRNA translation in DA 

SMC. First, compared to Ao SMC, the increased FN ARE-binding activities found in DA SMC 

correlates with an enhanced FN mRNA translation (Boudreau and Rabinovitch, 199 I ). Second. 

decoy of ARE-binding factors by exogenous ARES reduced M synthesis in DA SMC and altered 

their FN-dependent elongated motile phenotype (Boudreau, et al., 199 1 ). More definitive evidence 

requires purification of the ARE-binding factors. 

This study is therefore, designed to purify the 15 kû FN ARE-binding protein using 

sequential ion-exchange and heparin-affinity chromatography. We purified a 15 kD protein with 

ARE-dependent mRNA binding activity, and sequenced its fust 10 N-tenninal amino acids. The 

revealed peptide sequence indicated that the purified 15 kD ARE-binding protein is related to the 

light chah 3 (LC3) of microtubule-associated protein 1 (MAPI). Using western immunoblot. we 

conhrmed that the purifed peptide is LC3, and demonstrated that ia  expression is increased in DA 

compared to Ao SMC. Recombinant LC3 protein was then generated and shown to bind the FN 

3'UTR in an ARE-dependent marner. Overexpression of LC3 in Ao SMC optimizes FN mRNA 

translation, suggesting that binding of LC3 to FN mRNA may increase FN mRNA translational 

eficiency . 

RESULTS 

Purification and Identification of the 15 kD FN ARE-binding Protein 

The airn of the purification procedure was to identiQ the nature of the 15 kD ARE-binding 

protein. We designed a large-scale purification scheme based on sequential ion exchange and 



heparin chromatography (Figure 22). Gel shift and UV-crosslinking assays were used to detect 

RNA binding activity and to monitor the purifcation process. Most of the FN mRNA binding 

activity in the S-100 extract fiom sheep Ao tissue was initially resolved as a slow migrating band 

on gel shift assay (Figure 23a, lane 1; P = probe alone) and a -60 kD band on UV-crosslinking 

assay (b, lane 1). A weak -50 kD band was inconsistently present. It was conceivable that the 

majority of the - 15 kD bindhg protein in the S- IO0 extract was present as a protein complex due to 

the high protein concentration of the starting materid. This may explain why two separate RNA- 

binding complexes were subsequently found on gel shift using the flow-through fraction from the 

DEAE-sepharose (1st column in a, lane Z), as well as on W-crosslinking assay (- 15 kD and 30 

kD; b, lane 2), whiie we confirmed that the 60 kD binding activity remained bound (data not 

shown). Interaction with the DEAE-column appeared to dissociate the high molecular weight 

binding cornplex, as well as separate the high and low molecular weight binding activities. 

The flow-through fraction of the DEAE-column containing the 15 kD and 30 kD RNA 

bhding activities was loaded ont0 the phosphocellulose-column (2nd column) and the bound 

materid eluted by 1 M KCl. The eluate containing the 15 kD, as well as 30 kD RNA-binding 

activities (a and b, lane 3 )  was further purifïed by heparin chromatography. Twenty-one fractions 

were eluted using an 80-800 mM KCL gradient. Aliquots of fractions 7-21 were tested by gel shift 

(a, lanes 4-18) and W-crosslinking assays (b, lanes 4-18). The SDS-PAGE gels of the UV- 

crosslinking assay were also stained by Coomassie blue (c). Fractions 17-20 (lanes 14-1 7 in a 

and b) contained the majonty of the binding activity evident as a smear band between 30 and 40 kD 

and a more clearly resolved radioactive band at - 15 kD. in fraction 20, weak -2 1 kD binding 

activity was also observed (b, lane 17). On Coomassie blue staining a 15 kD protein was evident 

corresponding to the -15 kD complex (compare c to b, lanes 14- 17). The peak - 15 kD binding 

activity corresponded to fraction 19 (a, lane 16) which was eluted at a salt concentration of about 

700 mM. 

Fraction 19 (F19) was concentrated, separated by SDS-PAGE, and blotted onto a PVDF 
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Figure 22. A scheme of the purification procedure 

Ge1 shift and UV-crosslinking assays were applied to monitor the purification procedure and to 

determine the ARE-binding activities in sampies coilected from each purification step. 





Figure 23. Purifilcation of FN ARE-bindiig protein 

The purification procedure was monitored by (a) gel shift assay and (b) UV-crosslinking assay 

using ARE-containing FN oiigonucleotide probes. The protein contents in each sarnple were 

stained by Coomassie blue (c). P = probe only as control. Bracket denotes free probe. ARE- 

bioding activities in S- LOO extracts were revealed on gel shift as a major binding complex (a, lane 

l), and -60 kD radioactive band on UV-crosslinking (b, lane 1). Lane 1 in c shows dense protein 

staining of S-100 extracts. The binding activities were present in the DEAE-unbound materials as 

two separate binding complexes indicated by gel shift (a, lane 2) with the M, of - 15 kD and 30 kD 

on UV-crosslinking and SDS-PAGE (b, lane 2). The DEAE fiow-through was loaded ont0 the 

phosphocellulose column and 1 M KCl eluates which contain RNA binding activities were 

coliected (a and b, lane 3). The eluates of the phosphocelluiose-column were further applied to a 

heparin chromatography and eluted with an 80-800 mM KCI gradient. Twenty-one fractions were 

collected in total. Aliquots of fractions 7-2 1 were tested by gel shifi (a, lanes 4- 18) and UV- 

crosslinking assay (b, lanes 4- H), and stained with Coomassie blue (c, lanes 1- 18). Only 

fractions 17-20 (a, lanes 14- 17) contained detectable binding activity at about 15 k D  (b, lanes 14- 

17), which corresponded with protein staining (c, lanes 14-17). Arrow indicates the binding 

complexes or au approximately - IS k .  protein band. 



membrane. The 15 kD Coomassie blue stained band was excised (Figure 24a). The sequence of 

the fint 10 amino acids (after the fmt methionine) of this purified protein was determined as 

PSEKEKQRR. A Genbank data base search reveaied that the sequence is identical to the n t  

MAPl LC3 (light chah 3 of micronibule-associated protein 11, a - 16 kD protein previously found 

to be expressed predominantly in the rat brain and to a lesser extent in testis (Mann and 

Hammarback, 1994). Western immunoblot anaiysis was canied out using rabbit anti-LC3 

antisenun to corroborate the immunological identity of the purified 15 kD FN rnRNA-binding 

protein as LC3 and to examine its expression in DA venus Ao SMC. The purified 15 kD protein 

in fraction 19 is immunoreactive with the LC3 antibody as expected (b). Moreover. the major 

protein in DA or Ao S-100 extracts which reacted with the LC3 antibody is 15 kD. Also noted is 

that DA S- 100 cytoplasmic extracts contain more than twice the amount of the 15 kD protein which 

immunoreacts with LC3 antibodies when compared with Ao extracts. These findings are 

consistent with the results of the previous gel shift assays showing more FN rnRNA-binding 

cornplex formation with DA compared to Ao SMC S-100 extracts. 

Binding of Recombinant LC3 to FN ARE 

To examine the RNA binding activity of LC3, we expressed rat LC3 in Esclteric/zin coli as 

a GST-LC3 fusion protein. The pmed recombinant LC3 protein was verified by SDS-PAGE 

and Coomassie blue staining (Figure 25a) and western immunoblotting (b). We then used the gel 

mobility shift assay to examine the binding activity of recombinant LC3 to the FN mRNA 3'UTR 

(named FN; c). Three retarded binding complexes were found on the gel, the formation of whic h 

were not evident using the ARE-mutated FN 3'UTR probe (FNA). This study indicated that the 

W L C 3  interaction was AREdependent and that the three binding complexes may represent the 

interaction of RNA with different aggregates of LC3. The specificity of ARE-binding of LC3 was 

further determined by cornpetition assays using uolabeled ARE-mutated (AREA) or ARE- 

containhg oligonucleotides (ARE) (d). Incubation of AREA oiigonucleotides with LC3 (molar 

ratio = 100: 1) before adding radiolabeled FN 3'UTR was inefficient in blocking formation of the 



Figure 24 



Figure 24. Identifcation of a 15 kD EN ARE-binding protein 

(a) Coomassie blue staining of a PVDF membrane. Fraction- 19 (F 19) containing the peak - 15 kD 

RNA-binding activity (See lane 16 in Figure 3-2) was concentrated, separated by SDS-PAGE. and 

electroblotted onto a PVDF membrane. The -15 kD protein band stained with Coomassie blue was 

excised and the sequence for first 10 amino acids was determined. The sequence is 

PSEKTFKQRR which is identical to rat MAPl LC3. (b) Western blot anaiysis using rabbit anti- 

LC3 antibody pointing the identities of the purîfied FN mRNA-binding protein as LC3. and 

provides quantitative data concerning its Ievels in DA versus Ao SMC S- 100 extrac ts. 



Figure 25. Recombinant LC3 bhds to the ARE in the 3'UTR of FN mRNA 

(a) A Coomassie blue stained gel showing purifed recombinant LC3. Arrows indicate GST-LC3 

fusion protein (-44 kD) in the bacterial lysates and the recombinant LC3 (- 15 kD) in the eluates 

afier cleavage of the GST-tag (see Methods and Materiais, Section III). The high rnolecular 

weight band (-70 kD) may be related to a protein product of the E. d i  gene dnaK which is 

involved in the degradation of "abnomial" protein in E. di . .  (b) A western blot demonstrates that 

the recombinant LC3 reacts to anti-LC3 antibody. (c) shows that recombinant LC3 binds to FN 

3'UTR with wild type ARE (FN) but not to FN 3'UTR with mutated ARE (FNA) on the gel shift 

assay. Three binding complexes were found (indicated by arrows). Binding reactions were 

carried out with 0.1 pg purified recombinant LC3 protein and 105 cpm radiolabeled FN 3'UTR 

with intact (M), or mutated ARE (FNA). (d) Cornpetition study with ARE-containing FN 

oligonucleotides (ARE), or ARE-mutated oligonucleotides (AREA, al1 the U's in ARE was 

replaced by G's). The unlabeled oligonucleotides were preincubated with LC3 at molar ratio 100: 1 

for 10 min before addition of radiolabeled FN 3'UTR (105 cpm). 



complexes. However, preincubation of ARE-containhg oligonucleotides with LC3 completely 

aboiished the binding complex formation. 

Co-distribution of LC3 and FN in the Fetal Lamb DA 

We next examined whether LC3 is differentially expressed in DA and Ao tissues and 

whether it CO-locaiizes with FN protein. In 100-day gestation DA (term = 145 days), LC3 was 

observed in the EC and in the SMC exhibiting a moule phenotype in the subendothelium and in the 

adjacent inner medial SMC where the structure of the intima1 cushion is ernerging (Figure 26a). 

Staining of FN fiom the same tissue showed a simiiar pattern of intense staining, although the 

cytoplasmic staining was evident throughout the media (a). In contrast, in 100-day gestation 

tissues from the Ao, LC3 immunostaining was barely detectable (c), and FN SMC cytoplasmic 

staining was somewhat less marked than in the DA SMC (d). 

Distribution of LC3 and FN mRNA in CuItured SMC 

Since LC3 binds tubulin directly in an in vitro microtubule-assembly assay with purified rat 

brain tubulin and CO-Iocalizes with MAPlB in cultured rat neurons (Mann and Hammarback. 

1994), immunofluorescent staining was perfomed to s tudy the intracellular distribution of LC3 

and FN mRNA in cultured SMC. Staining for microtubules with anti-tubulin antibodies was also 

carried out to exclude artifacts due to the effects of fixaton and staining the microtubule structure. 

Io ceUs showing well maintained microtubule structures (Figure 27B), immunostaining for LC3 

was evident especially in the perinuclear area but also extended throughout the cyroplasm (A ). 

Negative controls using normal IgG showed no immunofluorescence (C and D). In the 

simultaneous immunostainhg of LC3 protein and FN mRNA (Figure 28)- both LC3 (A, FITC). 

and FN mRNA (B, rhodamine) were observed in greatest density in the perinuclear region where 

CO-localization was observed in a smaii subset of these molecules (C) suggesting a potential for CO- 

localization with less intense staining apparent toward the leading edges of the cell. Negative 

controls using normal IgG and ceiis pretreated with RNase A (D) showed no immunofluorescence. 



Figure 26 



Figure 26. Co-distribution of LC3 with FN protein in DA tissues 

Staining for LC3 is observed in a and c, and for FN in b and d. In 100-day gestation DA tissue (a 

and b; term = 145 days). LC3 was observed in EC, in the subendothelial intima1 SMC exhibiting a 

motile phenotype (indicated by arrow), and to some extent in adjacent inner medial SMC where the 

structure of the intima1 cushion is a p p e a ~ g  (a). Staining of FN from the same tissue showed a 

similar pattern (b) with stainïng extended into the b e r  media. in contrast, in tissues from Ao of 

the same animals, LC3 was not detected (c), whereas cytoplasmic staining for FN was present, but 

less intense (d). 



Figure 27 



Figure 27. lmmunofluoreseent staining of LC3 and tubulin 

Cultured DA SMC were stained for LC3 and MTs using anti-LC3 and anti-tubuiin antibodies. and 

rhodaminesonjugated secondary antibodies. LC3 staining is observed in the perinuclear region 

(A) in celis with well preserved MTs (B). Negative controls for LC3 ( C )  and tubulin (D) with 

normal IgG show no fluorescence staining. 



Figure 28 



Figure 28. Dual-staining of LC3 and FN mRNA in cultured DA SMC 

Dual-staining of LC3 (A, FITC) and FN mRNA (B, rhodamine) in cuitured DA SMC. Like LC3. 

the majority of FN mRNA staining was also found in the perinuclear area. Under the dual filtec a 

s m d  subset of two signais somewhat overlap (C). Controls for LC3 staining using normal IgG 

and for RNA staining by predigestion of RNA with RNase A show only nuclear staining by DAPI 

(D). Bar = 10 Pm. 



Overexpression of LC3 in Ao Ce& Enhances FN mRNA Translation 

To defme the role of LC3 in the regdation of FN mRNA translation. we used adenovims 

transfection to overexpress this protein in cultured DA and Ao SMC. As shown in Figure 29. 

there is a significant decrease in the basal level of newly-synthesized FN in Ao compared to DA 

ceils @ < 0.05). Transfection with LC3 plasmid in Ao c e k  increased LC3 production (Figure 

29a, top) and FN synthesis (a, bottom and b) in a dose-dependent rnanner to the level observed in 

the control DA celis. Transfection of DA celis with increasing doses of LC3 plasmid, however. 

did not result in a m e r  increase in FN synthesis, suggesting that the mechanism may be 

operating at maximum efficiency. Since there was no change in FN mRNA Ievels following LC3 

transfection in either DA or Ao cek (c), the resuits support the role of LC3 in enhanced translation 

of FN mRNA. 

DISCUSSION 

Our study was directed at studying the interaction of FN ARE and its binding protein as the 

mechanism involved in enhanced FN mRNA translation in DA versus Ao SMC. To this end we 

have purified, sequenced, and identified the sransacting factor as LC3 of MAPI. Several lines of 

evidence led us to believe that binding of LC3 to the ARE in M mRNA is functionally involved in 

its translation. First, the ARE is involved in CAT-FN3'UTR fusion mRNA translation. Second. 

there is increased ARE-binding activity and coincidentally higher expression of LC3 in DA 

compared to Ao SMC associated with increased FN mRNA translation. Third, LC3 CO-disuibutes 

with FN mRNA in the pennuclear region of cells. Finally, overexpression of LC3 in Ao SMC 

enhances FN mRNA translation to levels observed in the DA SMC. 

The 15 kD ARE-binding factor was purified using sequential ion-exchange and heparin 

chrornatography. N-temiinal sequence analysis of 10 amino acids after the methionine start site 

reveded a peptide sequeace with identity to rat MAPl LC3 (Mann and Harnmarback, 1994) that is 

further supported by western irnmunoblot. Although further information, such as peptide digest 

and complete amino acid sequence analysis, is necessary to de fuie this RNA-binding protein as 





Figure 29. Overexpression of LC3 in Ao SMC enhances FN mRNA translation 

(a) A representative western blot shows that transfection of LC3 by the 'adenovirus component 

system' (Methods and Materiais, Section III) increased LC3 production in a dose-dependent 

manner. This was especiaily evident in Ao but not in DA ceiis (top). The overexpression of LC3 

in Ao cells dso augmented FN synthesis to the levels observed in the DA ceiis, whereas this was 

not associated with a sigrilficant increase in FN synthesis in DA ceils (bottom). The concentration 

of plasmid, pCR-LC3, used in the transfection is indicated at the top. (b) is a graph of quantitative 

assessments of FN synthesis from 4 different experiments showing that there is a significant 

decrease in the basal level of newly-synthesized FN in Ao compared to DA cells ( p  c 0.05. 

SuperANOVA and Duncan's test of multiple comparisons). However, the new synthesis of FN in 

Ao ceUs is increased after transfection with pCR-LC3 to a significant level @ < 0.05) in a dose- 

dependent rnanner @ < 0.05) ). (c) A northem blot anaiysis indicating that there is no change in 

the level of FN M A  following LC3 in either DA or Ao cells. The loading condition is 

dernonstrated by ethidiun bromide staining of 18s and 28s ribosomal RNA. 



LC3 or a related protein (a member of a family proteins), we went on to investigate whether in fact 

the rat LC3 had features that corresponded to those amibuted to the ARE-binding proteins in 

vascular smooth muscle cells, e.g., RNA binding and mRNA translation. LC3 is a different 

protein fiom other AüBFs pwifîed or cloned thus far (Levine, er al., 1993: Zhang, et ni-. 1993: 

Nakagawa, et al., 1995; Ma, et aL, 1996). Similar to AUH, an ARE-binding protein purified 

using an (AUUUA)6 affinity column (Nakagawa, et ab, 1995). cornputer analysis 

(MOTIFS/GCG) failed to idente RNA-binding motifs in LC3 protein that are present in other 

RNA-binding proteins, including s m d  nuclear RNP, haRNP, AUF 1, and Elav-like RNA-binding 

proteins. However, LC3 is a basic protein with a predicted pl  of 9.2 and arginine-rich sequences 

similar to arginine-rich RNA- binding proteins (Burd and Gre yfuss, L 994). The arginine-ric h 

sequence (RRSEQRVEDVRLIR) close to the N-terminal may form an RNA-binding site. 

We used purifed bacterial-expressed recombinant LC3 to confirm its binding to the 3'UTR 

of FN mRNA. Moreover, LC3 appears to bind the 3'üTR in an ARE-dependent manner. The 

fact that LC3 co-expresses with FN protein in the 'motde' SMC in DA tissues, and overexpression 

of LC3 in Ao SMC optimizes FN mRNA translation supports the interaction of LC3 with the ARE 

as being the mechanism responsible for upregulation of FN rnRNA translation in DA SMC. 

Our results extend previous fmdings that the ARE in the 3'UTR piays an important role in 

regulating the stability and translation of labile mRNAs, such as cytokines and proto-oncogenes. 

by showing that this elernent modulates translational efficiency of more stable mRNAs encoding 

extracellular matrix proteins. By using primary cell cultures which maintain distinct phenorypic 

properties in vitro, we have identified LC3 as a trans-acting factor which appears to regulate the 

high levels of FN synthesis in migratory DA SMC and which was previously not known to have 

RNA binding properties. This study thus elucidates the role of a microtubule binding protein in 

mRNA translation and provides new insights into the molecular basis regulating expression of M. 

a glycoprotein with numerous huictions related to cell growth, differentiation, and migration in 

development and disease. 



CHAPTER FOUR 

MICROTUBULE INVOLVEMENT IN TRANSLATIONAL REGULATION OF 

FIBRONECTIN mRNA BY LIGHT CHAIN 3 OF MICROTUBULE-ASSOCIATED 

PROTEIN 1 IN DUCTUS SMOOTH MUSCLE CELLS 



INTRODUCTION 

Microtubules (MTs) have been implicated in the targeting, storage, soning, and 

translational control of mRNAs in a variety of ceUs (Singer, 1992; Steward and Banker, 1992: 

Suprenant, 1993; Wilhelm and Vale, 1993; Ferrandon et aL, 1994; St Johnston, 1995). Signais 

that direct intracellular localization of mRNAs via MTs are found within the 3'üTR of mRNAs 

(Macdonald and Struhl, 1988; Gottlieb, 1992: Gravis and Lehman, 1992; Mowry and Melton. 

1992). Interactions between MTs and mRNA rnay be mediated by factors which could recognize 

both consensus sequences in RNAs, as well as bind to m s .  Microtubule-ûssociated proteins are 

gwd candidates for these factors. Several tram-acting factors that both recognize a cis element in 

3'UTR of RNA and also bind to MTs have k e n  reported (Kwon and Hecht, 1993; Elisha, et cil.. 

1995; Han, et al., 1995; Schumacher, et al., 1995). These include a spermatid perinuclear RNA- 

binding protein (Spnr) in mouse male gem cells (Schumacher, et ai., 1995), a rat testishrain 

RNA-binding protein (Han, et ai., 1995), and Vgl RNA-binding protein (Vgl RBP) in Xenoprts 

oocytes (Elisha, et al., 1995). 

While a wealtb of evidence indicates cytoskeletal structures, such as MTs, are functionally 

involved in modulating the fate of localïzed mWAs which encode cytoskeletal or cytoplasmic 

proteins, soning of mRNAs encoding secreted proteins to the endoplasmic reticulum (ER) was 

thought to depend on their signal peptide. However, some studies demonstrated the spatial 

distribution of mRNAs that encode secreted proteins such as FN (Lee, et al., 1984) and collagen 

(Mansour, et ai., 1988) or a membrane glycoprotein, lactase (Rings, et al., 1994b). Thus. 

cytoskeletai structures rnay also influence the spatial localization of mRNA encoding secreted 

proteins. In addition, docking of rnRNAs onto membrane-bound polysomes could be facilitated 

by cytoskeletai structures as opposed to simple diffusion of large rnRNA-RNP particles (Rings. rr 

al., 1994a). LC3, which was initiaily cloned fiom a rat brain cDNA iibrary , CO-locaiizes with MTs 

in cultured rat neuronal celis, and CO-precipitates with in vitro assernbled MTs (Mann and 

Hammarback, 1994). The dual function of LC3 as an RNA-binding protein, as well as a MT- 

associated protein suggests that MTs may play a role in the translationai regulation of FN mRNA 



by LC3. 

In this chapter, we wül address the role of LC3 in regulating FN mRNA translation in the 

context of MT. We show that, in contrast to our previous fmding in cell cultures (Chapter Two). 

LC3 represses translation of chimeric mRNA containing the CAT coding region and M 3'UTR in 

ceU-fie reticulocyte lysates. The discrepancy between in vivo and in vitro studies suggests that 

LC3-mediated translational enhancement might require an intact cytoskeletal network and other 

factors. This is supported by M e r  experiments in which disruption of MTs in cultured DA SMC 

by colchicine treatrnent inhibits FW mRNA translation. Analysis of intraceilular distribution of FN 

mRNA and LC3 protein by cellular fractionation and polysomal profile demonstrated a 

concomitantly decreased association of FN mRNA and LC3 protein with membrane-bound 

polysomes in cells following colchicine treatment. We therefore propose that LC3-mediated M 

mRNA bmslational enhancement is facilitatecl by MTs. 

RESULTS 

LC3 Suppresses Translation of CAT-FN3'UTR Fusion RNA in a Cell-free System 

Since LC3 is a MT-associated protein (Mann and Hammarback, l994), its function in FN 

mRNA translation could be associated with its role as a MT-associated protein. To test this 

hypothesis, we fxst examined the effect of LC3 on RNA translation in the absence of MT. We 

applied an in v i m  cell-free transcription and translation assay using fusion constructs containing 

the CAT coding region and the FN 3'UTR with the wild type or mutated ARE. No LC3 w u  

detected in the reticulocyte lysates (40 pg) by western immunoblot (data not shown). Equal 

amounts (0.5 pg) of pMed fusion constructs (CAT-FN3'UTR and CAT-FN3'UTRA) were used 

for the cell-free transcription and translation assay. In experiments with addition of LC3 protein. 

there was no evidence of eahanced mRNA translation in this ceLi-free system. In fact, repression 

was observed, which was related at least in part to an interaction between LC3 and ARE. Figure 

30 shows autoradiographs for CAT in the above experiments with a and b representing addition of 

0.5 and 2.0 pg LC3 protein, respectively. The negative control without addition of plasmid (lane 1 
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Figure 30. LC3 suppresses translation in a ceU-free transcription and translation 

assay 

Transcription and translation reactions were carried out as described in Materials and Methods 

(Section IV). In (a) and (b), lane 1 is negative control without addition of plasmid, lane 2 is a 

positive control with 0.5 pg hGH plasmid (Promega) showing a hGH protein product. Lanes 3 

and 4 are reactions with purified CAT-FN3'UTR. and lanes 5 and 6 with CAT-FN3'UTRA. 0.5 

pg (a) or 2 pg (b) LC3 protein were added to the reaction mixture (lanes 4 and 6). (c) A graph 

surnmarizing quantitative data from two independent experiments. (d) A representative western 

immunoblot comparable to (a) showing the CAT product (arrow) using a rabbit polyclonal 

antibody. (e) Assessments of hision mRNA using CAT-FN3'UTR (lanes 1 and 2) or CAT- 

M3'UTRA fusion constnicts (lanes 3 and 4) without addition of LC3 protein (lanes 1 and 3) or 

with addition of 0.5 pg LC3 protein (lanes 2 and 4). 



in a and b) shows no radiolabeled protein products, whereas the positive control with 0.5 pg hGH 

plasmid (Romega) shows a major protein product (iane 2 in a and b). Reactions with 0.5 pg 

purified CAT-FN3'UTR (lane 3 in a and b), or CAT-FN3'UTRA (Iane 5 in a and b) produced 

approximately equal arnounts of CAT protein (indicated by arrow). Thus, the presence of the ARE 

alone does not seem to alter in vitro translation of CAT mRNA. Addition of 0.5 pg LC3 protein 

into the reaction mixtures repressed production of CAT protein in reactions with hoth CAT- 

FN3'UTR (lane 4 in a), or CAT-3'UTRA (lane 6 in a), but a greater reduction in CAT production 

was observed in reactions using the ARE-mutated constmct. Increasing the dose of LC3 to 2 pg 

results in a further decrease in CAT production in reactions with both constructs (b, lanes 4 and 6). 

but stU a relatively greater difference is obsemed with the wild type constmct (b, lane 4). 

Densitometric analysis of data from two independent expenments (c) revealed that a 5 7 2  

repression of CAT production is found by adding 0.5 pg LC3 protein to the reaction with wild 

type fusion construct (CAT-FN3'UTR) compared to only a 16% decrease with the ARE mutated 

construct (CAT-FN3'U'ïRA). At higher concentrations of LC3 protein (2 pg12.5 mg reticulocyte 

lysate), there was an 83% decrease of CAT production with CAT-FN3'UTR compared to a 55% 

decrease using CAT-FN3'UTEt.A. Western blot analysis using a polyclonal anti-CAT antibody (5'- 

3' Inc.) confïrms the protein product as CAT (d). 

Assessrnent of fusion RNA levels indicates that the decrease in CAT production is likely 

due to translationai suppression, since approximately equal amounts of full-length *As were 

found in the reaction mixtures transcribed from either wild type consûucts (e, lane f ) cr ARE- 

mutated CAT-FN3'UTRA hsion consuucts (lane 3) at the end of the reaction. Addition of the 

LC3 protein to the reaction mixture had no effect on the transcription of either wild type (e. lane 2 )  

or mutated fusion construct (e, Iane 4). This suggests that the transcription rates of the two 

constructs were the same and independent of LC3. Similar amounts of short transcripts were also 

found in a.Ii reactions, which may be due to either premature termination of the reaction or 

degradation of full-length transcnpts. This study suggests that, in the cell-free transcription and 

translation system, LC3 suppresses mRNA translation, but the effect may not be exclusively 



dependent on the ARE, especidy as evident with higher concentrations of LC3. 

Intact MT Structures are Important for FN Synthesis 

The results of the ceii-&ee transcription and translation study suggest that an intact MT 

system might be necessary for LC3-rnediated upregulation of mRNA translation. To test this Ni 

vivo, colchicine was applied to disrupt MT structures in cultured DA SMC and M synthesis was 

examined. Treatment of cells with 10 @A colchicine for 2 h induced changes in ce11 shape related 

to alterations in MT stmctures (Figure 3 1); those treated with colchicine looked foreshortened with 

fragmentation of MTs, which appeared as condensations in the perinuclear region. as  weli as at the 

cell edge (B vs A). The distribution of LC3 in colchicine-treated and control ceiis was similar in 

its perinuclear distribution and punctate appearance. Cells probed with normal IgG instead of 

primary antibody and DAPI were used as negative controls and showed only nuclear staining for 

DAPI (C). 

CeUs were then labeled with [%]-methionine for 2 h and conditioned media were collected 

for M extraction. Fibronectin extracted from conditioned media (nonnalized by total TCA 

precipitated protein) was reduced by 80% in DA celis treated with colchicine compared to control 

ceus (Figure 32a, p < 0.0 1). The selective reduction in FN secretion following colchicine was 

udikely explained solely on the basis of blocked secretion. There is little retention of newly- 

synthesized FN within the cells, although siightiy more under colchicine-treated condition (Figure 

32b). Northern blot anaiysis indicated that the steady-state levels of FN mRNA were not changed 

in cells treated with colchicine compared to control conditions (c). This is consistent with the 

reduction of FN synthesis by disruption of MTs being related to a suppression of mRNA 

translation. 

We c o d m e d  that ceils were seeded at the same density, and ce11 lifting and loss was not 

observed during the treatment of colchicine (Figure 33). Since the time frame of the experimen t 

was only 4 hrs while the doubhg time of these primary DA and Ao SMC is approximately 72 h. 

the reduction in FN synthesis foUowing colchicine treatment was not due to mitotic anest. We also 





Figure 31. Dismption of MTs dters SMC shape 

Cultured DA SMC were treated with colchicine for 2 h, fured, and immunostained for tubulin and 

LC3 using a monoclonal mouse anti-tubulin IgG and a rabbit anti-LC3 antiserum as described in 

Materials and Methods. Secondary antibodies used were FITC-conjugated goat-anti-mouse IgG 

and Texas-red-conjugated goat-anti-rabbit IgG. Cell nuclei were stained with DAPI. Normal 

rabbit IgG and secondary antibody done served as controls. Compared to normal cultured cells 

(A), ceiis treated with colchicine (B) are foreshortened with fragmentation of MTs (FITC staining) 

which appear as prominent condensations at the ceil edge. In the perinuclear region. LC3 appears 

particdate and its CO-distribution with tubulin results in a yeiiow color (overlap of Texas-red with 

FITC). Control specimen (C) using normal IgG shows only DAPI staining for nuclei. Bar = 20 

Pm* 



- 
Medium 

control colchicine 

Figure 32 



Figure 32. Disruption of MT by colchicine inhibits FN mRNA translation 

(a) Left is a representative autoradiograph of newly-synthesized FN extracted from conditioncd 

media of normal ceus (lane 1) or colchicine-treated cells (lane 2).  The same amount of total 

secreted proteins, as judged by total TCA precipitated protein counts was used for M extraction. 

Right is a quantitative analysis from 4 different experiments. Compared to normal cultured cells. 

M synthesis was signif~cantly decreased in ceUs treated with colchicine (*p < 0.0 1. by Student t 

test). (b) an autoradiograph of newly-synthesized FN extracted from conditioned media (top) and 

ceil layers (bottom) of normal cells (lanes 1 and 2) or colchicine-treated ceUs (lanes 3 and 4) from 

two separate experiments. The majority of newly-synthesïzed FN was found in the media under 

both normal or colchicine-treated cultures. Only a s m d  amount was associated with cells under 

both conditions, but this did appear to increased slightly foilowing colchicine treatment. (c) A 

representative northern blot analysis shows that the steady-state level of FN mRNA rernain the 

same when normal (lane 1) and colchicine-treated (lane 2) SMC are compared. 28s and 18s RNA 

are shown to confm equai loading conditions. Three different expenments showed similar 

results. 



Figure 33 



Figure 33. Phase contrast Ught microscopy of DA SMC treated with colchicine 

Compared to control ceils in (A), there is no lifting or loss of cells 4 h after colchicine treatment 

(B), although the celis appear less elongated after colchicine treatment. Bar = 40 pm. 



confirmed by western immunoblot ihat the decreased FN synthesis foiiowing colchicine treatment 

was not reflected in a decrease in LC3 (data not shown). 

Sorting of FN mRNA to Membrane-bound Polysomes Requires MTs 

We next examined whether disruption of MTs alters FN mRNA distribution, Le. its 

association with membrane-bound polysornes. Culhired DA SMC were lysed with non-ionic 

detergent, Nonidet P-40, and ktionated into soluble and insoluble portions. The soluble fraction 

of the cytoplasmic extract contains free polysomes and polysomes released from the cytoskeleton: 

while the insoluble fiaction contains ER membrane-associated polysomes. RNA was extracted 

from both fractions, and distribution of FN mRNA was detennined by northern blot analysis. As 

shown in the Figure 34, in normal cultured ceils, approximately equai amounts of FN mRNA were 

found in the insoluble fraction containhg membrane-bound polysomes (lane L), and soluble 

fractions containing free polysomes (lane 2). However, in cells treated with colchicine, FN 

mRNA associated with membrane-associated polysomes was reduced (lane 3), and appeared to be 

'shified' in the soluble fiaction (lane 4). Indeed the -60% reduction in membrane-associated FN 

mRNA after colchicine treatment could account for the -80% reduction in FN synthesis (Figure 

32). Since M is a secreted glycoprotein, the signal peptide would direct FN rnRNA to the ER. 

where FN protein is tlanslated. Thus, the colchicine-induced reduction of FN mRNA in  

membrane-bound polysomes implicates involvement of MTs in RER sorting of FN mRNA. 

Polysome Profile Analysis 

To determine more specificaily whether the effect of MTs on FN mRNA translation likely 

involves LC3, we applied a polysome profile analysis to compare the distribution of FN &A 

and LC3 protein under conditions where LC3 and FN synthesis were increased (DA versus Ao 

cells), or where MTs were disrupted (DA ceils treated with colchicine versus control). Post-nuciei 

cell lysates were loaded ont0 a 15-40% sucrose gradient. 

In both DA and Ao celis (Figure 35, a and b respectively), most of FN mRNA was found 



Figure 34 



Figure 34. Alteration of FN mRNA distribution in DA SMC by disrupting MT 

structure 

(a) A northern blot analysis of FN mRNA distribution. DA SMC were cultured under normal 

(lanes 1 and 2) or colchicine-treated conditions ( I O  pM for 4 h) (lanes 3 and 4). Cells were 

extracted with lysis buffer containing 0.5% NP-40, mRNA associated with cytoskeleton or free 

RNPs (lanes 1 and 3) were separated from mRNA associated with membrane-bound polysornes 

(lanes 2 and 4) by one step centrifugation at 16,ûûûg for 30 min. Distribution of FN rnRNA was 

then assessed northem bIot analysis. (b) A corresponding graphic presentation of distribution of 

FN mRNA (46 of total cellular mRNA) in free RNPs or cytoskeletal fractions (F) versus 

membrane-bound polysome fractions (M) under normal (Nor) or colchicine-treated (Col) 

conditions is shown. 
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Figure 35 Polysomal distribution of FN mRNA and LC3 protein 

Polysomal distribution of M mRNA and LC3 protein in DA (a), Ao SMC (b), and DA SMC 

treated with colchicine (c) is assessed. Post-nuclei ceii Lysates were layered on a 1540% sucrose 

gradient, cencrifuged at 42,000 rpm for 2 h at 4'C in a Beckrnan SW 50.1 rotor, and fractionated 

from top to bottom. Analyses of the distributions of FN mRNA and LC3 protein were done by 

RNase protection assay and western immunoblotthg as described in the Materials and Methods 

(Section IV). Top is the photograph of RNase protection assay and western irnmunoblot that 

represents one of two reproducible snidies (arrow indicates the position of 80s monosome); and 

bottom shows the graphic representation of the corresponding densitometric analyses using NIH 

image program. (d) A graph shows the ribosomal dismbution assessed by the OD at 254 nm. 

which is similar in DA and Ao ceus or DA c e k  treated with colchicine (DAKol). 



in the polysome region and there was no detectable FN mRNA the ribosome subunit region in DA 

cells. Little, if any, FN mRNA in Ao cells associated with ribosome subunits (arrow indicates the 

position of 80s monosorne). This suggests that most of FN mRNA in both ceils is translationally 

activated. While comparable amounts of FN mRNA were found in the polysome profiles of both 

ceiis, the polysome-associateci FN mRNA in DA SMC was largely concentrated in the last 5 

bctions (a, 12- 17), which were located at the bottom of sucrose gradient. In contrast there was a 

broader distribution of polysome-associated FN mRNA in Ao celis, fiom fractions 9 to 17 (b). In 

generai, the association of mRNA with heavier polysomes could be due to two different 

mechanisms: enhanced translational initiation or decreased elongation. Since the translation of FN 

mRNA into protein in DA SMC is greater than that in the Ao ceils (Boucireau and Rabinovitch. 

1991), the location of M mRNA in heavier polysomes in DA versus Ao SMC suggests an 

increase in efficiency of FN mRNA translation. Furthemore, since there were equal amounts of 

FN mRNA in the polysome profiles of both cells and no FN mRNA was associated with 

translationaily inactive ribosome subunits, the increased FN m . A  translation in DA SMC was 

likely related to an enhanced recniitment or reinitiation of ribosomes. 

LC3 appeared as a doublet in most fractions and had a dual cellular distribution. The 

majority of LC3 was found at the top of the gradient (a and b), which is consistent with LC3 as a 

MT-associated protein, since MT are largely dissociated as soluble tubulin rnonomers during the 

process of homogenization of cells. The LC3 protein, however, also appeared in the polysomal 

fractions which contained the majonty of FN mRNA, especialiy in DA cells (compare a to b). For 

exarnple, LC3 was apparent in fractions 1 1- 16 in the DA ceils and in fractions 8- 13 in the Ao cells. 

A similar dual distribution of LC3 protein was observed in our study in which expression of LC3 

in HT1080 cells that lack LC3 protein promotes ribosome recruitment to FN mRNA and enhance 

its translation (See Chapter Five for details). 

The effect of colchicine on the polysome profde of FN mRNA and LC3 in cultured DA 

SMC further supported the role of MTs in LC3 function related to FN mRNA translation. 

Compared to normal cultured DA celis (a), the distribution of FN mRNA in those treated with 



colchicine was shifted into fiactions in the sucrose gradient associated with lighter polysomes (c. 

fractions 9-15). Moreover, LC3 was associated with bctions containing ribosome subunits or 

RNPs and not with polysome £tactions (c, fractions 1-7). The overall distribution of polysomes. 

however, was sirniiar in normal cultured DA, Ao, and colchicine-treated DA SMC (d). These data 

suggest that disruption of MTs interferes with the interaction of FN mRNA with LC3, and impedes 

docking of FN mRNA-RNP complexes onto membrane-bound polysomes. 

DISCUSSION 

In Chapter 3, we demonstrated that a FN mRNA ARE-binding protein is LC3 of MAP 1. 

The work described in this Chapter was undertaken to examine whether the mechanism of LC3 

regulation of M mRNA translation involved MTs. We report three different experimental 

approaches to support the involvement of MTs in the translational regulation of FN mRNA by 

LC3. First, we show that the addition of LC3 to a cell-free translation system lacking an intact 

cytoskeletal network represses mRNA translation. We next demonstrate that disruption of MTs by 

colchicine results in the repression of FN mRNA translation in DA SMC. We further demonstrate 

by cellular fractionation and polysome profie analysis of FN mRNA and LC3, that an acceierated 

recruitment of FN mRNA-RNP complexes ont0 membrane-bound polysomes is likely the 

mechanism by which LC3 enhances FN mRNA translation in DA SMC, and this feature might 

require or be optimized by intact MT structures. 

To our knowledge, our findings provide the fvst evidence for a coordinated function of 

MTs and a specific MT-associated protein (LC3), in regulating translation of a translationally- 

activated mRNA encoding a secreted protein. It has previously been shown that cytoskeleton 

involves anchoring, sorting, and translation of mRNAs encoding cytoskeletal structural proteins 

and spatially localized c ytoplasmic proteins (Singer, 1992; Steward and Banker, 1 992; S uprenm t. 

1993; Wilhelm and Vale, 1993; Ferrandon, et al., 1994; St Johnston, 1995). Signals that direct 

intracellular transport and localization of mRNAs are within the 3'UTR of mRNAs (Macdonald 

and S U ,  1988; Gottlieb, 1992; Gravis and Lehman, 1992; Mowry and Melton, 1992). In 



Xenopus oocytes, Vgl RNA-binding protein (Vgl RBP) mediates the association of Vgl mRNA 

with MT and Vgl RBP itself binds to MT (Elisha, et al., 1995). In rat male germ ceiis, spermatid 

perinuclear RNA-binding protein (Spnr), which binds to the 3'UTR of spermatid-specific 

protamine-l (Pm-1) mRNA, is localized to MTs and is proposed to be hinctionally involved in 

RNA transport or translational activation (Schumacher, et al., 1995). In mouse. a testislbrain 

RNA-binding protein attaches both to translationally repressed transcnpts such as protarnine-3 

(Pm-2), tau, and myelin basic protein containing conserved sequences (Y and H elements) in the 

3'UTR (Hm, et al., 1995). 

In previous shidies, colchicine has been used to depolymerize MT to establish their pivotal 

role in the transport or localization of rnRNA. In our studies, we used colchicine to determine that 

M T  were cnticai to FN mRNA translation. Others have reported that colchicine treatrnent inhibits 

synthesis of collagen (Mansour, et al., 1988), stearoyl-CoA desaturase and fatty acid synthetase 

(Kasturi et al., 1984) without affecthg total protein synthesis, but the mechanisrn was unexplored. 

Colchicine has aiso been demonstrated in hepatectomized rats to inhibit general translation of 

mRNA without affecting ceil proliferatioo, by inducing a global dissociation of membrane-bound 

polysomes (Waker and Whiflield, 1984; Waker and Whitfield, 1985). However. this mechanism 

cannot explain the selective inhibition of FN mRNA translation by colchicine in our study. sincr 

the overall polysome profile was unchanged in colchicine treated cells compared to normal 

cultures, yet the association with FN mRNA was aitered. The difference may be related to the 

experimental rnodel: whole hepatectomized animal and rapidly proliferating hepatic cells versus 

relatively quiescent cuitured SMC in o u  snidies. 

It is dso interesthg that the staining of LC3 in the SMC appears 'particulate' around the 

perinuclear region, even in non-colchicine treated DA cells. This suggests that LC3 may associate 

with FN h T A  as an RNP complex which contains segregated MT elements or tubulin as 

described previously by others (Suprenant, 1993). Since there were no changes in LC3 protein or 

FN mRNA levels after disruption of MTs by colchinine, or in the LC3 perinuclear distribution 

pattern, we speculate that the decreased translation of FN mRNA is due to an inability of LC3. in 



the absence of MTs, to influence sorting of FN mRNA onto membrane-bound ribosomes. 

Similarly, in the ceil-fkee translation system, the failure of LC3 to enhance rather than to repress 

CAT-FN3'UTR fusion mRNA translation may also be due to the lack of a MT 'tract'. However, i t 

is also necessary to consider other mechanisms unrelated specificdy to MTs. For example. the 

abundance of ribosomes avaiiable for translation in the ceil-free system may bypass the fine tuning 

(enhanced ribosome recniitment) provided by LC3 in ce11 culture where cornpetition among RNAs 

for ribosome binding would be expected. Altematively, the high concentration of exogenous LC3 

in the in vitro system may mask mRNA so that it has less access to translational machinery. 

We attempted to elucidate the mechanism by which LC3 regulates FN mRNA translation in 

the context of MTs by cornparhg hterceiiular distribution of both FN mRNA and LC3 protein in 

DA versus Ao or colchicine-treated DA SMC. Colchicine treatment diminishes membrane- 

associated FN mRNA, suggesting that sorting of FN mRNA onto the ER membrane was impaired. 

Further polysome profile studies indicate that the FN mRNA is translationaiiy activated in both DA 

and Ao SMC. However, FN mRNA was associated with heavier polysomes in DA than in Ao 

SMC, suggesting an enhanced recruitment of FN mRNA-ribosome complexes onto the ER 

membrane. In addition, while the majority of LC3 protein was distributed with the translationally- 

inactive subunits in both DA and Ao SMC, a small fraction of LC3 was associated with F?V mRNA 

on the polysomes. The LC3 in the translationaiiy-inactive fraction would be likely due CO 

dissociation of  US following homogenization of the ceils on the ice. However, we could not 

exclude the possibility that LC3 is associated with other mRNAs containing ARES in the complex 

of RNPs or is directly associated with ribosome subunits. The overlap of distribution of FN 

mRNA and LC3 protein in DA and Ao SMC suggests that LC3 rnay associate with ribosomes 

through binding of FN mRNA. A similar observation has been made in 3T3-L 1 preadipocytes in 

which ec topic expression of Hel-N 1, another ARE-binding protein, increases glucose transporter 

(GLUT1) expression due to marked acceleration of progression fiom the preinitiation complex to 

heavy polysomes (lain, et al., 1997). However, the association of Hel-N 1 with translational 

machinery (polysome profde) was not addressed in that study. 



The polysomal distribution of FN mRNA and LC3 protein in colchicine-treated cells 

provides additional experimental evidence thar intact MT structures are required for the interaction 

of LC3 and FN mWA7 and docking of FN mRNA-RNP complexes onto polysomes. Disruption 

of MTs by colchicine s h i h  FN mRNA into fractions in the sucrose gradient associated with fewer 

polysomes, and LC3 was only detected in the translationally-inactive fractions. The finding 

strongly suggests that there were two fimctionally distinct pools of LC3, one binds MTs. and the 

other binds FN mRNA. MTs may affect FN mRNA translation by providing a 'track' for m . A  

transport to ER, thus incorporating the dual function of LC3 both as an MT and as an mRNA- 

associated protein. Alternatively, the LC3 in the aanslationally-inactive comparunent may 

represent a storage pool, and modification of MT-associated LC3 e.g., by phosphorylation (our 

unpublished data), is necessary for its function in promoting polysome recruitment of FN mRNA. 

Alterations in phosphorylation status are of functional signifcance in other ARE-binding proteins 

(Malter, 1989), and the testislbrain RNA binding protein which also binds MT (Kwon and Hecht. 

1993). 

While we have focused on the relationship between LC3 and FN expression in the context 

of MTs, it is likely that LC3 regulates other mRNAs, particularly those with AREs. For exarnple. 

cytokines. such as tumor necrosis factor-a and interleukin 18, have AREs in their 3'UTR. and are 

upregulated in vascular SMC in association with neouitirna1 formation (Clausell and Rabinovitch. 

1993; Clausell, et al., 1995; Molossi, et al., 1995). In summary, our data show that the effect of 

LC3 on translational regulation of FN mRNA is likely at the level of ribosome recniitment and is 

mediated by intact MTs. How binding of LC3 to 3'UTR of F'N M A  impacts on ribosome 

recruitment and how MTs influence the interaction of LC3 and FN mRNA will be of great interest 

in future studies. 



CHAPTER F M  

LIGHT CEAIN 3 OF MICROTUBULE-ASSOCLATED PROTEIN 1, AN AU-RICH 

ELEMENT RNA-BINDING PROTEIN, INCREASES FIBRONECTIN mRNA 

TRANSLATION IN HUlMAN FIBROSARCOMA CELLS 



INTRODUCTlON 

This study was designed to determuie whether LC3 enhances FN mRNA translation in 

other ceUs by a similar mechanism observed in DA SMC. We therefore screened several ceU lines 

for expression of LC3. Unlike normal human fibroblasts, we codd not detect expression of LC3 

in a human fibrosarcoma ceil Line, HTlOSO. It was of M e r  interest that this ceil line has reduced 

FN synthesis and diminished ceii surface deposits of FN (Oliver, et al., 1983; Dean, et al., 1988 ). 

Upon stable transfection of IdTl080 ceils with LC3, FN synthesis was enhanced and ce11 surface 

deposits of FN were observed. This was accornpanied by a morphologie alteration to a flattened 

ceil shape consistent with a 'revertant' phenotype (Paterson et al., l987), a remangement of MTs. 

and a slower growth rate. Polysome profde analysis demonstrated that FN mRNA in LC3 

transfectants was more compressed in heavy polysomes compared to vector transfectants. and LC3 

protein expressed in LC3-transfectants CO-distributed with FN &A. These data suggest that 

LC3 upregulates FN rnRNA translation by a mechanism involving enhanced ribosome recruitment. 

RESULTS 

Selection of LC3 transfectants and verifcation of the presence of LC3 expression 

To understand the functional relationship between LC3 and FN expression. we carried out 

experiments using a human fibrosarcoma HT1080 cell line (Rasheed et ai., 1974). Like other 

transformeci or neoplastic celis (Rasheed et ai., 1974; Yamada, et al., 1977; Vahen and Mosher. 

1978; Steele, et al., 1988; Varani et ai., 1991), HT1080 has reduced or absent ce11 surface- 

associated M (Oliver, et al., 1983; Dean, et al., 1988). When we screened S- 100 cytopiasmic 

extracts from different cell h e s  for the presence of LC3 by western immunoblotting using a rabbit- 

anti-LC3 antisenun, A10, NIH3T3, CHO, and Cos'& were ali positive, whereas HT 1080 cells had 

no detectable 16 kD LC3 (data not shown). Instead, a -40 kD protein immunoreactive with the 

anti-LC3-antibody was evident. Further comparison of HT1080 cells (HT) with a more normal 

counterpart, human skin fibroblast cells (HF), CCD-973SK, revealed a 16 kD protein 

immunoreactive with anti-LC3 antisenun only in the human skin fibroblast ceils and a -40 kD 



immunoreactive protein in both ceiis (Figure 36a). A -1 10 kD protein in HT1080 celis was found 

cross-reactive to anti-LC3 antibodies. 

Stable FIT1080 transfectants expressing LC3 were then generated by the calcium phosphate 

precipitation methoci. G418-resistant clones were individuaily isolated and expanded. m e r  three 

passages, the presence of recombinant LC3 protein in LC3 îransfectants and its absence in vector 

traosfectants was confirmed by western immunoblot. As shown in Figure 36b (a representative 

western blot analysis examlning LC3 expression in LC3 transfectants), a -16 kD protein 

immunoreactive with LC3 antisenim and consistent with the size of recombinant LC3 protein was 

present in three of five G418 resistant LC3 transfectants (lanes 1. 3, 5).  The high molecular 

weight immunoreactive protein was also found in ail the transfectants. As expected, cells 

transfected with vector alone had no LC3 expression (data not shown). A total of eight HT 1080 

clones with stable expression of LC3 protein and 4 vector-transfected clones were used to assess 

growth properties and FN expression. 

Characterization of stable HTlO80 transfectants expressing LC3 

During their preparation, we noted that LC3 stable transfectants had a flattened shape and 

grew slowly in cornparison to control vector stable transfectants. To confïrm this observation, wr 

correlated ceii shape with growth. Cells were plated on dishes at the same density and the number 

of cells was detemiined at different time points ranging from one to 7-days. Ce11 morphology was 

also recorded at different time points during the fxst 3 days under subconfluent conditions. As 

shown in Figure 37 (a representative photograph of similar fmdings from al1 the transfectants). 

stable HT1080 transfectaots expressing LC3 were more spread than vector-uansfected cells at 24 h 

after plating (B versus A). By day 2 (48 h) and day 3 (72 h), LC3 transfectants (D and F. 

respectively) exhibited similar epithelioid morphology but appeared to be somewhat more spread 

and flattened and less phase-dense than vector-transfected celIs (C and E). At 72 h, reduced ce11 

density was also noted with LC3 transfectants (F) compared to vector-transfected cells (E), 

suggesting a slower proliferation rate associated with LC3 expression. This observation was 
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Figure 36. Expression of LC3 in stable HT1080 transfectants 

(a) A representative western immunoblot of S-100 extracts from human fibroblasts and HT1080 

cells shows expression of - 16 kD LC3 (arrow) in human fibroblasts (HF) but not in FIT 1080 cells 

(HT), while both celi Iines have a 4 kD protein immunoreactive with the LC3 antibody. (b) A 

representative western immunoblot shows that three of five LC3 stable transfectants express LC3 

(lanes 1,3,5) as evidenced by the presence of a - 16 kD immunoreactive band (arrow). A higher 

molecular weight protein -60 kD immunoreactive with the LC3 antibody is seen in ai l  transfectants 

and may represent a modified fom of the -40 kD immunoreactive protein seen in the parent 

HT 1 O80 cells. 
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Figure 37. Effect of expression of LC3 on HT1080 ce11 morphology and growth 

A representative phase-contrast photographs of cultured HT1080 cells at various times after 

plating. Compared to vector transfectants at 24 h (A), 48 h (C), and 72 h (E) following plating. 

LC3 transfectants show a flattened in morphology at each time point (B, D, F) and a reduced 

density of LC3 transfectants is dso appreciated at 72 h (F vs E). Bar = 200 Pm. 



c o n f i e d  by growth curves (Figure 38). Statistically signifcant accelerated growth in vector- 

compared to LC3-transfected cells is observed statririg from the third day afier plating (Student's r 

test p < 0.05). 

Effects of LC3 expression on FN matrix deposition 

Previous snidies have shown that HT1080 cells synthesize small arnounts of FN and do 

not show ce11 surface FN rnatnx deposits. However, treatment of HT1080 cells with 

dexarnethasone increased their rate of FN biosynthesis, and this was associated with FN rnatrix 

deposits and changes in cell adhesion and rnorphology (Rasheed, et al., 1974: Yamada. et al.. 

1977; Vaheri and Mosher, 1978; Oliver, et al., 1983; McKeown-Longo and Etzler, 1987: Dean. et 

al., 1988; Steele, et al., 1988; Varani, et al., 199 1). Since these morphologie changes are sirnilar 

to those of LC3 transfectants, we assessed whether the LC3 transfectants were also associated with 

increased ceil surface M matrix deposits using indirect immunofluorescent staining with anti-FN 

antibodies. Cell morphology was further visualized by indirect imrnunofluorescence of MTs with 

an anti-a-tubulin antibody. Figure 39 illustrates a representative photomicrograph of the 

transfected ceus. Consistent with previous phase-contrat microscopie studies (Figure 37), LC3 

transfectants were elongated, more spread, and flattened, and this was associated with well aligned 

arrays of MTs (B) when compared to vector transfectants (A). A FN filamentous matrix could 

also be seen on the cell surface of LC3 transfectants (D) but not the vector transfectants which 

exhibited sparse punctate staining on the ceii surface (C). 

Biosynthesis of FN in the stable transfectants expressing LC3 

To confm that FN biosynthesis was increased in LC3 ~ansfectants, cells were labeled 

with [%]-methionine and culture media containhg equal arnounts of pro teins deteemiined by TCX 

precipitation were used for estimate of the rate of M biosynthesis and secretion. Figure 40a. an 

autoradiograph of SDS-PAGE shows the 220 kD FN protein purified from four vector 

uansfectants (Vl-4) and eight LC3 transfectants (Ll-8) using gelatin-4B sepharose extraction 
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Figure 38. Growth curve of HT1080 cells 

There is significantly reduced growth of LC3-transfectants compared to vector transfectants 

appreciated from day 3 after plating. This difference is p c 0.05 by Student's r test. Bars reflect 

standard deviations fiom n = 4 vector tramfectants and n = 8 LC3 transfectants. 



Figure 39 



Figure 39. Immunofluorescent staining for MTs and FN in vector- and LC3- 

transfected HT1080 cells 

Compared to vector-transfected cells (A) which show a round phenotype and less intense MT 

immunostainuig, ceils stably transfected with LC3 (B) show an elongated flattened phenotype with 

dense MT arrays. At the same tirne, vector-transfected ceils (C) which exhibit littie cet1 surface FN 

immunostaining, whereas a similar density of LC3-transfected cells (D) produce intense 

fiamentous ma& deposits of FN on the ceii surfaces. Bar = 40 pm 



method. The FN bands were cut fiom the gel and the radioactivities were detennined. Figure 4Ub 

shows a four-fold increase in newly synthesized and secreted FN in LC3 transfectants compared to 

control vector transfectants. The difference is signincant by Student's t-test @ c 0.0 1). 

To establish that the rate of biosynthesis was tnily increased, we aiso carrïed out protein 

pulsechase studies to determine the kinetics of FN secretion. CeUs combined from dl LC3 or 

vector transfectants were labeled for 2 h with [%]-methionine and then chased by replacement 

with fresh complete media. FN associated with cell layer, as well as secreted in the media was 

assessed at various the-points kom 30 to 240 minutes. As shown in the Figure 4 1, in both vector 

and LC3 transfectants, starting fiom 30 min after chasing, most of newly-synthesized FN protein 

was secreted into the media while very linle was found associated with or retained within ceiis. An 

increased amount of FN in LC3 compared to vector transfectants was observed as early as 30 

minutes after chasing, reflecting a higher rate of biosynthesis. In addition, no degradation of M 

protein was noted during the chase. 

Aaalysis of FN mRNA levels and its stability 

Total cellular RNA from eight stable LC3 and four vector transfectants was isolated and 

steady-state Ievels of M mRNA were analyzed by northern blot. As shown by Figure 42. no 

apparent changes in FN mRNA levels were observed between vector and LC3 transfectants (V 1 4  

vs L1-8). Further examination of the stability of FN in vector- and LC3-transfected cells (pool of 

four vector and eight LC3 transfectants), using actinomycin D to block transcription, showed no 

alterations of FN mRNA stabiiity in either vector- or LC3-transfected cells whereas the levels of 

control GAPDH mRNA decreased graduaiiy after inhibition of transcription (Figure 43). These 

data suggest that the regdation of increased FN expression does not reside at transcriptional or 

post-transcriptional levels related to mRNA stability. Rather, an enhancement of FN mRNA 

translation in LC3 nansfectants is the likely mechanism. 
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Figure 40. Expression of LC3 in ET1080 cells enhances FN synthesis 

(a) An autoradiograph showing newly synthesized FN extracted from culture media of 4 vector- 

transfected (lanes 1 to 4) and 8 LC3-transfected clones (fanes 5-12). (b) A graph showing 

quantitative cornparison of FN production in vector-transfected ceUs versus LC3-transfected cells 

as described in the Methods. LC3-transfected cells have a four-increase in FN production 

compared to vector-msfected ceUs @ c 0.05. Student t-test). 
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Figure 41. Khetics of FN secretion in HTlOSO vector and LC3-transfectants 

HT1080 cells were pulse-Iabeled for 2 h with [%]-methionine and chased for increasing periods 

of time as described in the Methods. CeU-associated FN (C) and FN secreted in media (M), were 

separately extracted and resolved by SDS-PAGE. No appreciable differences in retention of M is 

observed between LC3 and vector transfectants. Mer 2 h labeiing with [35S]-rnethionine, FN is 

appreciated in greater amounts in the ceil lysate of LC3 versus vector-transfectants, whereas after a 

30 minute chase, a greater amount of FN in both ce11 Iayer and media is appreciated in LC3 

transfectants. The increased amount of FN after chase reflects continuous synthesis using 13%]- 

methionine in the celi, 
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Figure 42. Steady-state levels of FN mRNA in stable HT1080 LC3 transfectants 

A northem blot analysis shows a comparable amount of steady-state FN mRNA levels in vector- 

transfected cells (lanes 1 to 4) and LC3-~ansfectants (lanes 5 to 12). Ethidium bromide staining of 

28s and 18s ribosome RNAs served as control for loading conditions. 
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Figure 43. FN mRNA stabiüty in stable HTlOSO LC3 transfectants 

A representative northern blot analysis of two separate experiments with similar results of FN 

mRNA at different t h e  points following actinomycin D treatment as described in the Methods and 

Materiais V. The membrane was probed with human FN cDNA as well as human GAPDH 

cDNA. 28s and 18s ribosome RNAs were also used to control for ioading conditions. No 

apparent decay of M mRNA was noted up to 24 h afier blocking mRNA transcription, while the 

levels of control GAPDH mRNA decreased graduaMy over time. The increased arnount of FN 

mRNA seen in LC3-tra~sfected cells at 4,8, and 12 h afier actinomycin D treatment may be due to 

overloading . 



Polysome profile analysis 

To fhther determine whether the uicreased FN expression in LC3 compared to vector 

transfectants is due to eahanced FN mRNA translation, we applied a polysome profile analysis 

under identical conditions to examine the distribution of M mRNA and LC3 protein among 

ribosomes and polysomes. Cell lysates with comparable amounts of total RNA from pools of four 

vector or eight LC3 rninsfectaots were loaded ont0 a 1 5 4 %  sucrose gradient. RNA extracted 

from each fraction with equai volume was used in RNase protection assays for FN &A, as well 

as in agarose gel electrophoresis to determine the distribution of ribosomes and quality of mRNA. 

While there was a similar distribution pattern of ribosomes and polysomes in vector and LC3- 

uansfected ceiis (compare bottom panels of Figure 44a and b), there was a broad distribution of 

T;N mRNA in vector-transfected cells (a, fractions 6-17). Ln contrast, FN mRNA in LC3- 

transfected celis was shifted and concentrated in the fractions containing heavy polysomes (b. 

fractions 10- 17). The decreased presence of FN mRNA in the lower density fractions (fractions 6- 

10) and the shifi of FN mRNA into the higher density fractions (fractions 12-17) of the sucrose 

gradient is consistent with increased loading of ribosomes onto FN mRNA in the LC3-transfected 

ceiis. Thus, the poiysome profiles of FN mRNA suggest that the mechanism of increased N 

protein expression in LC3-transfected ceils is due to enhanced translationai efficiency resulting 

from a more rapid recruitment of ribosomes. 

Analysis of LC3 protein in the gradient revealed a dual distribution pattern (c). The 

majority of LC3 protein was found at the top of the gradient (fraction I) ,  which is consistent with 

LC3 as a MT-associated protein, since MTs are largely dissociated as soiuble tubulin monomers 

during the process of homopnization of cells. This was consistent with the presence of tubulin 

(fractions 1-3) confmed by western immunoblot. LC3 was observed in fractions 2-9 which 

contained dissociated ribosome subunits. The peak of LC3 (fractions 5 and 6) was located ai the 

position corresponding to 40s ribosome subunit. However, LC3 also appeared at the bottom of 

the gradient (fractions 14- 17) where M mRNA was present. 
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Figure 44. Polysomal distribution of FN mRNA and LC3 protein in HTlOSO cells 

(a) Top is an RNase protection assay showing that there was a broad range of distribution of FN 

mRNA in vector-transfected celis extending fiom the ribosome subunit region at the top of the 

sucrose gradient to the polysome region at the bottom of the gradient (fractions 6-17). Most of the 

FN mRNA is located in the polysome region (arrow indicates 40s ribosome subunits and 80s 

monosome). Bottom is ethidium bromide staining of the agarose gel showing the quality of 

mRNA extracted fkom the sucrose gradient and distribution of ribosomes. (b) Compared to vector 

transfectants, ail the FN mRNA in LC3 transfectants was shifted and concentrated at the very 

bottom of the sucrose gradient (fractions 10- l7), suggesting that it is associated with the heavier 

polysomes, while the distribution pattern of ribosomes and polysomes is similar to that in vector 

transfectants. The less intense band of fraction 14 was due to underloading of RNA. (c )  

Polysome profile of LC3 protein in LC3 transfectants shows a dual distribution pattern. While 

most of LC3 is located from the top to middle of the gradient (fractions 1-9) containing ribosome 

subunits, an appreciable amount of LC3 is also located at the bottom of the gradient (fractions 12- 

17) containing polysomes and CO-distributhg with M mRNA. Western irnmunoblot for tubulin 

shows the presence of this protein in fractions 1-3 of the sucrose gradient. 



Binding of LC3 to FN mRNA LC3 transfectants 

Northwestern blot analyses were subsequently perfonned to establish whether recombinant 

LC3 expressed in LC3 transfectants could bind directiy to the 3'UTR of FN mRNA and whether 

the binding is dependent on the consensus ARE (UUAULWAU). To this end, the 3'UTR of n t  

FN mRNAs with either wild type (FN3'UTR) or mutated ARE (FN3'UTRA) were NI v i m  

transcribed in the presence of ~32~1-UTP, and northwestern blot analyses were perfomed. The 

results demonstrate binding of an -18 kD protein to the 3'UTR of FN mRNA containing the wild 

type ARE in LC3-transfected cells but not vector-transfected ceiis (Figure 45, lane 2 versus lanr 

1). In addition, the binding of this protein appears to be specific or has a high affhity for the wild 

type FN 3'UTR compared to M 3'UTR with mutated ARE (compare lane 2 to 4). The size of this 

protein is close to the size of recombinant rat LC3 which is predicted to be 16.3 kD but frequently 

exhibits a relative higher molecular mass about 18 kD on the SDS-PAGE (Mann and Hammarback. 

1994). Io agreement with this, western immunoblot analysis of the same membranes using LC3 

anti-senun revealed a immunoreactive band of the same molecular weight in LC3 transfectants 

(data not shown). These data indicate that recombinant LC3 expressed in LC3 transfectants 

maintains i ts ARE-dependent RNA-binding capacity . 

DISCUSSION 

We have recentiy purified a FN mRNA ARE-binding protein and identified it as LC3 of 

MT-associated protein 1 (as determined by N-terminai sequence aaaiysis and irnmunoiogicül 

recognition). The work described in this Chapter was undertaken to define the role of LC3 in 

regulating FN expression. Our initial screen of several celi lines for expression of LC3 showed 

that HT1080 ceils, a human fibrosarcoma ceU iine (Rasheed, et ai., 1974), does not have detectable 

LC3 by western irnrnunoblot anaiysis. W1080 has also k e n  shown to express low levels of FN 

and to lack cell surface FN matrix deposits (Oliver, et al., 1983; Dean, et ai., 1988). Thus. 

transfection of LC3 in HT1080 cells provided us with the opportunity to investigate the function of 

this protein in modulating FN expression. 



Expression of LC3 in W1080 c e k  resulted in a 4-fold incRase in newly-synthesized FN 

protein in culture media d e r  a 20 h period of metabolic labelhg and this was associated with dense 

FN matrut deposits on ceil surfaces. Comparative analyses were controlled for equal amounts of 

metabolicaliy labeled protein. Pulsechase studies indicated that the increase in FN protein in the 

conditioned media was not associated with an altered pattern of FN protein secretion or 

degradation, but rather confinned an increased rate of FN biosynthesis. Northem blot analysis 

revealed no increase in steady state levels of FN mRNA in the LC3 transfectants and no alteration 

in the stability of FN mRNA was observed &ter inhibition of transcription for 24 h using 

actinomycin D. These data suggested that the increased FN expression in LC3 transfectants was 

due to enhanced mRNA translation. 

We then attempted to elucidate the mechanism by which LC3 regulates FN mRNA 

translation using polysome profde analysis. This approach permitted analysis of the association of  

the FN mRNA with the translational machinery, the ribosomes and polysomes, in the presence o r  

absence of LC3. Most of the FN mRNA was found to be located in the sucrose gradient fractions 

containhg polysomes in either vector or LC3 transfectants, suggesting that the FN mRNA is 

translationally activated under both conditions. However, while comparable amounts of FN 

mRNA were present in the sucrose gradients of vector- and LC3-transfected cells, the distribution 

of FN mRNA in the polysome profde demonstrated a shift to and compression in the bottom of the 

sucrose gradient in LC3 transfectants, indicating that FN mRNA was associated with heavier 

polysomes in these ceiis. Thzse features are consistent with increased efficiency of ribosome 

recnlltment and a rapid progression frorn the preinitiation compiex to polysomes resulting in an 

enhancement of translation. A sirnilar observation has been made in 3T3-Li preadipocytes in 

which expression of Hel-NI, also an ARE-binding protein, increases glucose transporter 

(GLUTI) expression, and this is associated with accelerated movement of the GLUTL mRNA 

toward the high density region of the sucrose gradient (heavy polysomes) (lain. et ai., 1997). 

Ours is the f i t  report in which we have shown the compatibility between microtubule association 

and ribosome recruitment in effecting mRNA translation. 
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Figure 45. LC3 expressed in LC3 transfectants binds to the 3'UTR of FN mRNA 

Northwestem blot andysis was c h e d  out using the radiolabeled 3'UTR of FN mRNA containing 

wild type (FN3'UTR) (lanes 1 and 2) or rnutated ARE (FNS'UTRA) (lanes 3 and 4) to determine 

RNA-binding activity of LC3 expressed in stable transfectants (Ianes 2 and 4). For cornparison. 

vector transfectants were used as a control (lanes 1 and 3). A protein at -18 kD bound to the 

FN3'UTR with wild type ARE was observed in LC3 transfectants (lane 2) .  A band at -20 kD 

with less intensity was also observed in LC3 transfectants probed with the FNTUTRA containing 

mutated ARE (lane 4). Controls vector transfectants showed no RNA binding activities (lanes 1 

and 2). 



We dso  sought to determine the association of LC3 protein with FN m W A  in the context 

of translational machinery by comparing the dishibution pattern of LC3 protein with FN mRNA in 

the polysome pronle of the LC3 transfectants. The dual distribution of LC3 protein in the sucrose 

gradient indicated that while the rnajority of LC3 protein was located at the top of sucrose gradient 

(less dense) (Figure 44c, fractions 1 -9) containing the translationally-inactive ribosome subunits. a 

considerable amount of LC3 protein was also found with FN mRNA at the bonom of the sucrose 

gradient (more dense) containing heavy poly somes (fractions 1 2- 1 7) whic h were translational l y 

activated While the very soluble form of LC3 protein at the top of the gradient (fraction 1) appears 

to result from the dissociation of MTs foUowing detergent lysis and homogenization of the cells. 

the CO-migration of LC3 with 40s ribosome subunits in the sucrose gradients (fractions 5 and 6) 

suggests an association of LC3 with 40s ribosome subunits which requires further clarification. 

Le., does this represent a separate pool or a modified, e-g., phosphorylated. LC3 protein. 

Furthemore, the second peak of LC3 at the bottom of gradient is not sirnply the CO-sedimentatioti 

of LC3 with remnants of MT structures, since no tubulin protein was detected by western bloc in 

those fractions. Rather, we suggest that the LC3 protein at the bottom of the gradient in LC3 

transfectanü is related to its association with ribosomes through binding of FN mRNA. as well as 

other &As as yet unknown. This is supported by northwestem analysis in which LC3 

expressed in LC3-transfected cells appears to bind the 3'UTR of FN mRNA in an ARE-dependent 

manner. These &ta suggest that the increased translational initiation and ribosome recruitment of 

FN mRNA in LC3 vansfectants may be the result of a direct sequence-specific interaction of LC3 

with the ARE in the 3'UTR of FN mRNA. This interpretation is compatible with a previous 

working mode1 in which the 3'UTR interacts with S'-end to facilitate recruitment of 40s ribosomes 

(Sachs, et al., 1997) or acts in cis to increase the local concentration or transient reservoir of 

ribosomes for re-recruifment (Tanguay and Gallie, 1996). 

While the emphasis of our studies has k e n  on the functional analysis of the effect of LC3 

on M mEWA translation, the coincident changes of cell morphology and growth rate following 

expression of LC3 in HT1080 ceils are aiso of considerable significance. The reduced expression 



of FN is a common feature of neoplastic transformaiion in a variety of cells (Yamada, er al-, 1977: 

Vaheri and Mosher, 1978; Steele, et aL, 1988; Varani, et ai., 1991) including HT1080 cells 

(Oliver, et al., 1983), and correlates with the metastatic property of malignant ceiis (Roos, 1984). 

Induction of FN expression and its matrix assembly by growth factors or hormones in HTLOIO 

cells, alters their morphology (more flattened) and inhibits cell growth in vitro (Kahari. et ni.. 

1992; McCarthy and Kollmus, 1995). Moreover, overexpression of recombinant FN in HT1080 

cells reduces their migration in vitro and tumongenicity in vivo (Akamatsu, et r d .  1996). 

Increased M expression in LC3-~sfected H'I'1080 cells was similarly associated with changes 

in phenotype reflected by a flattened morphology and slower growth rate. Thus, the iack of LC3 

expression in HTlOSO cells cornpared to their normal counterpart, human fibroblasts. may be 

directly involved in the acquisition of tumorigenicity. 

While we have focused on the relationship between LC3 and FN expression and conducted 

studies in HT1080 cells, it is important to note that LC3 was CO-purified with MT-associated 

protein 1, cloned from a rat brain cDNA library and present in large arnounts in brain tissues and 

neuron cells (Mann and Hammarback, 1994). The better organized MT structures in HT 1080 LC3 

transfectants is consistent with this previous study. The presence of high levels of LC3 and highly 

organized MT strucnires in neuron cells, as well as a dud function of LC3 related to both mRNA 

and tubulin binding, suggests that LC3 may funchon in RNA -cking. 



GENERAL DISCUSSION 

Increased expression of TGF-f3 1 and FN is associated with the intima1 cushion formations 

in the DA and neointimd formation as the result of various pathologic etiologies. Although the 

funetional involvement of TGF-p and FN in SMC migration in vaseular neointimal formation has 

been examined, littie is known about their regdation. Using cultured EC and SMC isolated from 

DA, we have demonstrated coordinate, tissue-specific, and developmentally-regdated expression 

patterns of EC TGF-pl and SMC FN that directly influence the migratory phenotype of DA SMC. 

These observations provide a rationale for analyzhg the specinc regdatory rnechanisms accounting 

for the increased expression of TGF-p 1 and FN during intima1 cushion formation. 

DA EC at 100 days of gestation produce more TGF-f31 than 100-day Ao or 138-day DA 

EC. This increased DA EC TGF-Pl expression in early gestation is Likely controlled by 

mechanisms that increase transcription and translation of a relatively unstable mRNA. This 

hypothesis is in keeping with a previously described process whereby the decay of unstable 

cytokine and oncogene mRNAs by the 3'UTR ARE is mediated by ongoing translation (Savant- 

Bhonsale and Cleveland, 1992; Aharon and Schneider, 1993; Winstall, et al., 1993, and is 

supported by the fact that an ARE-like element is present in the 3'UTR of TGF-P 1 mRNA. 

While the function of the ARE in 3'UTR of TGF-P 1 mRNA has not been deternined, the 

role of the FN 3'UTR ARE in FN expression has ken  characterized through the experimental data 

presented in th is  thesis. Consistent with previous observations (Shaw and Kamen, 1986: Jones 

and Cole, 1987; Kniys, et al., 1987; h y s ,  et al., 1988; h y s ,  et ai., 1989; Han. et 01.. 1 9 9 0 ~  

Han, et al., 1990b; Grafi, et al., 1993; Kruys, et al., 1993; Marinx, et al., 1994; Winstdl, et dl..  

1995), the FN ARE in vascular SMC affects both mRNA stabiiity and translational efficiency. 

Several lines of evidence suggest that the functional staais of this ARE is modulated by changes in 

ARE-binding factors. First, elevated expression of the ARE-binding factor, LC3, and increased 

ARE-binding activities correlate with enhanced M &A translation in DA SMC. Second. decoy 

of ARE-binding factors by exogenous ARES inhibits endogenous FN production in DA SMC. 



Third, overexpression of LC3 in Ao SMC improves FN mRNA translation to the levels observed 

in DA SMC in a dose-dependent manner. Last, expression of LC3 in HT1080 cells, which lack 

LC3, greatly enhances FN mRNA translational efficiency. Therefore, the elevated levels of LC3 

observed in DA compared to Ao SMC could be the underlying mechanism responsible for increase 

in FN mRNA translational efficiency in DA SMC. 

Other genes whose expression could be regdated by LC3 include proto-oncogenes, such 

as c-fos and c-mye, cytokines, such as TNF-a and IL- 1, and growth factors, such as TGF-P 1 and 

VEGF. All of them are highly expressed shortly after vascular injury, actively participate in 

vascular neointima formation, and with the exception of TGF-B 1 which has not yet been studied. 

their expression has been shown to be subject to control by the ARE and cytoplasmic factors. 

Thus, it would be of great interest to know whether upregulation of some of these imrnediate early 

response genes is also mediated by LC3 during the development of vascular neointima. 

LC3 was initiaüy pmed fkom brain extracts, cloned from a brain cDNA Library, and was 

characterized as a Light chah of MT-associated protein 1 (MAP1) (Mann and Hammarback. 1994). 

It is highiy expressed in the brain where many mRNA species are transported via MTs to their 

destination to be aanslated. RNAs or polyribosomes have also been shown to associate with MTs 

in various ceil types (St Johnston et al., 1989; Singer, 1992; Steward and Banker. 1992: 

Suprenant, 1993; Wilhelrn and Vale. 1993; St Johnston, 1995). Signals that direct intracellular 

transport and localization of mRNAs are found exclusively within the 3'UTR of mRNAs 

(Macdonald and Struhl, 1988; Gottiieb, 1992; Gravis and Lehman, 1992; Mowry and Melton. 

1992). Several RNA-binding factors that bind to locahed mRNA have also been shown to bind to 

MTs (Elisha, et al., 1995; Han, et al., 1995; Schurnacher, et al., 1995). This highlights the 

possibility that as a bifunctional protein, LC3 might dso involve mRNA localization. While there 

has been a wealth of evidence suggesting that MTs are involved in the translational regulation of 

localized mRNA, their effect on the translationaiiy activated mRNAs of secreted proteins such as 

FN is unexplored. However, we have shown that MTs may involve ER membrane sorting of FN 

rnRNA-ribosome complexes, although the mechanism remains to be delineated. 



LC3 ciiffers from ail other ARE-binding factors cloned and characterized (Malier, 1989: 

Bohjanen, et al., 199 1; Brewer, 199 1 ; Malter and Hong, 199 1 ; Rondon, et al.. 199 1 : 

Vakalopoulou, et al., 1991; Bickel, et al., 1992; Bohjanen, et al., 1992; Port, et al., 1991: 

Stephens, et al., 1992; Hamilton, et al., 1993; Levine, et al.. 1993; Zhang, et al., 1993; Katz, et 

al., 1994; Nakagawa, et al., 1995; Chung, et al., 1996; Ma, et al-, 1996). Its highly positive 

charge, a r m e - r i c h  contents, and putative phosphorylation sites might contribute to its mRNA 

binding (Burd and Greyfuss, 1994). Our chernical analysis and purification studies suggested that 

LC3 might form aggregates or associate with other proteins through disulfide bonds. It also exists 

within different cellular compartments as two different forms, possibly due to its phosphorylation 

stanis (Mason et al, 1997). This may explain its bi-phasic distribution patterns on polysomc 

profde, that is, its coaistribution with 40s ribosome subunits as weii as FN mRNA on polysomes. 

WhiIe its physical association with 40s ribosome subunits needs to be clarified this phenornenon 

is of great importance, since it fulfills the 5' and 3' crosstallllng model regarding regulation of 

translational initiation for certain genes by the specific interaction of RNA-binding protein and 

3'UTR (Jacobson, 1995; Jacobson and Peltz, 1996; Pain, 1996; Sachs, et ai., 1997). In oiher 

words, LC3 protein could be the 'bridge' across the 5' and 3'UTR of FN mRNA that facilitates 

recnlltment of 40s ribosomes. This interpretation is also compatible with another working model 

in which the 3'UTR acts in cis to increase the local concentration or transient reservoir of 

ribosomes for re-recruitment (Tanguay and Gailie, 1996) and the operation of this model rnay also 

be modulated by a sequence-specifc RNA-protein interaction. Moreover, binding of LC3 to ARES 

rnay improve iranslational efficiency by preventing a physical interaction of ARES with poIy(A) 

tail, which has been shown to reduce translational effîciency (Grafi, et al., 1993). 

Our observations suggest a novel paradigm. Previous studies have suggested that 

microtubule associated proteins regulate transport and repress mRNA translation and that ARE- 

bïnding proteins also repress translation, although at least one study suggests a function in 

enhancement of translation by increased ribosome recruitment and translationai initiation. Our 

studies propose that a microtubule-associated protein that is also an ARE-binding protein may 



function both in sorthg mRNA and in initiation of tranlsation. This is illustrated in the following 

hypothetical model of translational control of FN expression by LC3 (Figure 46). Three potential 

sites where LC3 may play a role in FN mRNA translation are indicated by A, B, and C .  In A. 

LC3 binds FN mRNA and attaches to MTs. This might facilitate sorting of FN mRNA to RER 

directed by nascent signal peptide. In B, binding of LC3 to ARE prevent association of ARE with 

poly(A) (Gafli, et al. 1993), resuiting in release of poly(A) tail which rnay prornote FN mEWA 

translation via interaction of poly(A) binding protein (Pab 1) and two subunits of mRNA-associated 

initiation factor eIF4F, eIF4E and eIF4G. The cap binding protein eiF4E then dock the 40s 

ribosome subunit onto 5' cap structure. This is, in fact, a 5' to 3' close model modified from in 

Figure 8 in page 50 (Sachs, et al, 1997). In C ,  using B as a prototype model, binding of LC3 to 

ARE may directly involve 40s ribosome subunit recruitment through its interaction with unknown 

40s-associated factor. 

Lack of LC3 expression in  HT1080 cells is an unexpected fmding. HTl080 cells have low 

levels of FN production compared to normal human fibroblasts. Expression of LC3 in HT1080 

produces 4- to 5-fold more FN protein solely due to enhanced FN mRNA translation and increased 

ce11 surface FN deposits. This is associated with re-organization of MT structures. a flattened 

spread ceIl shape and slower ce11 growth. The rnechanisms by which LC3 mediates FN mRNA 

translation have been defied and related to increased ribosome recruitment. Our experimental 

observations are consistent with a recent finding by Jain and colleagues (Jain, et al., 1997) in 

which expression of Hel-N 1, also an ARE-binding protein, in 3T3-L 1 preadipocytes increases 

glucose transporter (GLUTl) expression, and this is associated with accelerated movement of the 

GLUTl mRNA toward the high density region of the sucrose gradient (heavy polysomes). 

Together, these data strongly suggest that a direct sequence-specific interaction of the 3'UTR 

ARES with its binding proteins not only modulates mRNA stability but also promotes mRNA 

translation by uicreasing translational initiation and nbosome recruitment. The studies also suggest 

that the function of ARES is not exclusively related to labile mRNA of cytokines, growth factors. 

and proto-oncogenes, they rnay also regdate translation of stable mRNAs encoding ECM proteins. 
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Figure 46. Proposed hypothetical mode1 of interaction of LC3 and ARE in 

translational control of FN mRNA as described in text 



FUTURE SWDIES 

The findings suggesting that increased TGF-p 1 expression in 100-day DA EC is due to 

increased transcription and translation of a relatively unstable mRNA begs exploration of the 

possible mechanisms involved. The enhanced transcription of the TGF-p1 gene in DA versus Ao 

EC can be addressed by M e r  analyzing its promoter activity in those cells. Nested deletion 

constructs or deletion of the known transcription factor binding domains (Kim. et al., 1989a: 

Kim, et al., 1989b; Kim, et al-, 1989c; Kim, et al., 1990; Scotto, et al., 1990; Kim, et al., 199 L ) 

would determine their effect on TGF-pl gene transcription. DNase 1 footprinting could be used to 

defme transcnp tional regulatory elements. Gel shift assays with nuclear extrac ts would help to 

evaluate whether binding complexes were formed with certain cis elements in DA versus Ao cells 

and if the nature of these elements suggest that h o w n  transcription factors are involved. Antibody 

supershift assays could be used to confm their activity. The potentid effect of the ARE-like 

element in the 3'UTR TGF-pl mRNA on mRNA stability and translation could also be explored 

by applying the same strategy used in the study of the FN ARE in this thesis. On the other hand it 

is entirely possible and consistent with other models that post-transcriptional regulatory elements 

are present within the S ' U n  or even within the coding region of the TGF-f3 1 mRNA. 

IdentiQing LC3 as an RNA-binding protein and showing its interaction with the FN ARE 

has provided new and important information about the translational regulation of FN expression 

but has also raised additional questions. Above ail, what is the relationship of the LC3 protein to 

the other two RNA-binding activities observed in SMC with molecular weights of approximately 

30 kD and 60 kD, or to the 40 to 50 kD protein immunoreactive with LC3 antiserum in human 

fibroblast cells and HT1080 cells? It is interesthg that Mann and Hammarback (Mann and 

Hammarback, 1994) who initially cloned the LC3 cDNA afso found a 50 to 60 k D  protein 

immunoreactive with LC3 antiserum in rat brain tissue, and only a 1.7 kb rnRNA species 

hybridized with a 'full-length' LC3 cDNA of 0.9 kb that has a very short SUTR and lacks a 

consensus sequence consistent with eukaryotic start codons (Kozak, f986a; Kozak, 1986b). In 



addition, in both our study and the one conducted by Mann and Hammarback (Mann and 

Hammsthack, 1994) the amino terminus of LC3 protein is not blocked during N-terminai sequence 

analysis by Edman degradation. Together, these observations strongly suggest that the cDNA 

clone of LC3 is not fidl length, and that LC3 may be derived £rom a larger polypeptide precursor. 

To understand its nature, a complete cDNA clone encoding the LC3 peptide is required. This 

could be done by screening a weU estabfished brain cDNA iibrary with the radiolabeled LC3 

cDNA. 

A combination of biochemical and immunological approaches may also be used to detect 

other proteins with which LC3 protein associates in cytoplasm, especiaily as a form of mRNP 

complex associated with 40s ribosome subunit For example, cytoplasrnic proteins that bind LC3 

could be selected using a recombinant GST-LC3 protein column, and then screened by antibodies 

against translational initiation factors or 40s ribosome subunit-associated factors. In parallel. 

GST-LC3 protein column could also be used to isolate LC3-targeted mRNAs, and establish a 

cDNA library selected by LC3 protein. The possible binding of LC3 to RNAs which are known to 

contain ARES in 3'UTR such as proto-oncogenes, c-fos and c-myc; cytokines, TNF-a and IL- 1 : 

and growth factors, TGF-f31 and VEGF could also be tested by in vitro gel shift assays. 

lntracellular localization of LC3 protein could be achieved using immunoelectron 

microscopy with a view to determining whether it CO-localizes with membrane-associatrd 

ribosomes. Following the distribution of epitope-tagged LC3 protein in living cells with or 

without intact MT structures may provide insight into how MTs affect FN rnRNA translationai 

efficiency and polysomal distribution of both LC3 protein and FN mRNA. 

The factors which regulation the dual function of LC3 protein, and its intracellular 

locahation may depend on the LC3 peptide sequence and structural conformation. LC3 is a very 

basic, positively charged protein, containhg severai putative phosphorylation sites. It contains no 

known RNA recognition motif but an arguline-rich sequence similar to that observed in some of 

RNA-binding proteins (Burd and Greyfuss, 1994). Its MT-binding site has not been identified. 

Peptide sequence alignment has found no known protein peptide homologous to LC3. These 



observations make attempting to crystallize LC3 protein a very attractive task. Successful 

crystaihation of LC3 protein should provide structurai information pertinent to its RNA and MT 

binding functions, which would guide the design of M e r  site-directed mutagenesis studies aimed 

at specificaliy definhg RNA and MT binding sites. The function of putative phosphorylation sites 

in LC3 peptide in RNA and MT binding couid also be probed by a specmim of kinase inhibitors or 

antibodies. It would aiso be valuable to examine whether LC3 expression and hinction, could be 

also regulated by cytokines and growth factors, or alterations in celi-matrix interaction, as has been 

shown for other ARE-binding proteins [(Sirenko, et al., 1997), and Dr. Wei-Jun Ma, personal 

communication]. More recent work in our laboratory has shown that LC3 expression in coronary 

SMC is regulated by TNF-a (Mason, et al 1997). 

Another interesting aspect of these studies is the apparent absence of the 16 kD LC3 protein 

in the malignant HT1080 cells, and the ability to 'reverse' transformed NT1080 cells in tissue 

cultures by LC3 transfection. The Iack of LC3 protein in HT1080 cells may be due to an aberrant 

pst-translationai modifcation resultuig in its degradation, if LC3 protein belongs to a polypeptide 

derived from a larger protein precursor as discussed above. Altematively a DNA rearrangement in 

HT 1080 cells may have resulted in loss of LC3. The latter could determined by Southern blot 

analysis. In addition, inoculation of LC3-tmsfected HT1080 cells into immunodeficient rats 

should reveal whether the 'reverse' transformed HT1080 cells really lose or show dirninished 

tumongenicity in vivo. 

Animal studies could also be applied to examine whether the same mechanism is 

responsible for enhanced FN expression in tissue cultures could account for increased FN 

expression in vivo. For example, virus vectors can be used for NI vivo delivery of decoy ARES 

into fetal DA before the intimal cushion formation. The idea is that expression of exogenous 

ARES would sequestrate ARE-binding factors, thereby reducing EW rnRNA translation. By 

comparing FN expression and morphologie changes related to intimai cushion formation in DA 

transfected with ARE-containing versus ARE-mutated virus-liposome vector complex, one not 

only could detennine whether the ARE functions in modulating FN expression in vivo, but also 



ascertain whether the M-enriched rnatrix is a prerequisite for SMC migration and intima1 cushion 

formation. Indeed, we have recently shown that in fetal lambs delivery of ARE-containhg vector 

into DA prevents intima1 cushion formation (Mason et al, 1997). 

Our studies therefore reveal important posttranscnptional mechanisms regutating the 

program which orchestrates intimai cushion formation in the DA. Moreover, a novel relationship 

is revealed between an RNA/MT binding protein and enhanced efficiency of translation of a 

secreted m a h  protein. Loss of this mechanism in HT1080 human fibrosarcoma cells compared 

to normal human fibroblasts may be related to their malignant phenotype. 
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