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ABSTRACT

Intimal cushion formation in the fetal ductus arteriosus (DA) is characterized by
subendothelial accumulation of extracellular matrix (ECM) and smooth muscle cell (SMC)
migration. Elevated endothelial cell (EC) hyaluronan and SMC fibronectin (FN) synthesis in DA
versus aortic (Ao) SMC modulate the elongated ‘migratory’ phenotype of DA SMC. Increased DA
EC hyaluronan synthesis is transforming growth factor-f1 (TGF-B)-dependent, and increased DA
SMC FN synthesis is attributed to enhanced mRNA ranslation. This thesis addressed whether
TGF-B1 expression was increased in DA versus Ao EC and whether the level of regulation was
transcriptional or post-transcriptional. It then focused on the molecular mechanism regulating
enhanced FN mRNA translation in DA SMC. We demonstrated a one-fold greater synthesis of
TGF-B protein in cultured DA compared to Ao EC accompanied by increased EC TGF-§
expression in 100-day gestation (term =145 days) DA versus Ao tissues. By 138-day gestation.
TGF-B protein synthesis and mRNA levels were reduced in DA EC to that observed in Ao EC.
The increased TGF-f expression in 100-day DA EC was related to enhanced transcription and
translation of a relatively unstable TGF-f1 mRNA. We then showed that an AU-rich 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 (MAP1). Overexpression of LC3 in Ao SMC results in an
enhanced FN mRNA translation. Polysome profile 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 HT 1080 cells promotes FIN mRNA translation associated with
enhanced ribosome recruitment. These data suggest that LC3-ARE interaction facilitates FN

mRNA translation.




Acknowledgments

In retrospect, I see clearly how lucky I was to have been awarded the opportunity to
conduct my Ph.D. training at the University of Toronto. At the time I began my studies. it was the
dream of many young graduates back in China to be so fortunate. It was even more fortuitous to
have Dr. Marlene Rabinovitch, an renowned vascular biologist, as my mentor. [ would like to
thank her for her tireless support and excellent guidance throughout my Ph.D. training. Her
determination to succeed in and her dedication to science has been an enormous influence and will
stand as the model on which I hope to shape my future career.

I am thankful to the members of my Thesis Advisory Committee: Drs. P. Hamel, M.
Ranadive, P. Ray, J. Squire, and P. Thorner, for their insights and critical reviews of my thesis.
Thanks must also go to Drs. Fred Keeley and Alex Hinek for helpful discussions and suggestions,
and to Dr. Clayton Buck who granted his time to read my thesis and to provide important
comments.

I am indebted to members of Dr. Rabinovitch's laboratory. They include Ms. Claire
Coulber, the 'master of all' lab managers, whose daily help in my 'lab exercises’ was continuous
and unconditional; Ms. Joan Jowlabar and Susy Taylor for always supporting my efforts.
preparing countless slides and mounds of paperwork, and making my English more English!
Other people in the lab have been of enormous support and have helped me to grow professionally.
I am also grateful to Professors in the Department of Laboratory Medicine and Pathobiology and
Cardiovascular Sciences Collaborative Program. They exposed me to various fields of scientific
endeavor and expanded my education in different disciplines.

Lastly, I owe my deepest thanks to my wife and son who endured numerous nights alone.
while I was surrounded by ‘cells and molecules’. Their understanding, support, and love are
invaluable. Without them, this thesis would not be a finished task. I dedicate this thesis to my

beloved wife and son.

iv




CONTENTS

Lists of Contents
List of Figures and Table

Abbreviations

INTRODUCTION

General introduction

Normal Vascular Biology
Vascular neointima

Ductus Arteriosus as 2 Model to Study Neointimal Thickening

Ductus Arteriosus
Intimal Cushion Formation
Morphologic Changes Related to Intimal Cushion Formation
Natural Process of Intimal Cushion Formation

Mechanisms Related to Intimal Cushion Formation

Transforming Growth Factor-f
Structure and Function
Expression and Role of TGF-B1 during Cardiovascular Development
The presence of TGF-B1 in Vascular Iniimal Thickening
Effects of TGF-B1 on Vascular Neointima Formation

Regulation of TGF-B1 Expression

Fibronectin

Xil

12

W W




Structure and Function

Expression of Fibronectin during Cardiovascular Development
Effect of Fibronectin on Cardiovascular Development
Altered Fibronectin Expression in Vascular Intimal Thickening

Role of Fibronectin in Development of Vascular Neointima

Regulation of Fibronectin Expression

Role of 3' AU-rich Elements in mRNA Translation
Effect of AREs of 3'UTR on mRNA Translation
Mechanisms of Translational Modulation Mediated by the AREs
ARE-binding Proteins and their Functions
Models of 3'UTR Modulating mRNA Stability and Translation
The AU-rich Element in 3'UTR of Fibronectin mRNA

Rationale, Feasibility, and Outline of the Present Studies

HYPOTHESIS AND OBJECTIVES

MATERIALS AND METHODS

I. Assessment of TGF-bl Expression and its Regulation in DA EC

Immunohistochemistry

Cell Culture
Immunoprecipitation

Western Immunoblot Analysis
Northern Blot Analysis
Stability of TGF-bl mRNA
Statistical Analysis

vi

40
43

46

51

55

55



II. Functional Assessment of an AU-rich Element in FN 3'UTR 61

Cell Culture 61
Plasmid Construction and Site-directed Mutagenesis 62
In Vitro Transcription 63
Transfection and CAT assay 64
RNase protection assay 65
Indirect immunofluorescence 66
Preparation of S-100 Cytoplasmic Extracts 67
RNA Gel Mobility Shift Assays 67
Characterization of Binding Complex Formation 67
UV-crosslinking assay 67

II1. Purification and Characterization of a 15 kD FN ARE-binding Protein 68

Preparation of S-100 Extract 68
Purification and Identification of FN mRNA Binding Protein 68
Western Blotting 69
Indirect Immunofluorescence 69
Fluorescence In Situ Hybridization (FISH) 70
~  Immunohistochemis;y 0
Expression of Recombinant LC3 and RNA Binding 70
Overexpression of LC3 in DA and Ao SMC 71
Measurement of FN Synthesis 71
RNA Extraction and Northern Blotting 72
IV. Assessment of MT Effect on FN mRNA Translation 72
In Vitro Transcription and Translation 72
Cell Culture 72
Indirect Immunofluorescence 73
Fibronectin Synthesis 73




RNA Extraction and Northern Blot
Cell Fractionation
Polysome Profile Analysis
RNase Protection Assays
Western Immunoblotting
V. Assessment the Role of LC3 in FN mRNA Translation in HT1080 cells
Cell culture
Transfection
Western Immunoblot Analysis
Cell Growth Curve
Indirect Immunofluorescence
Fibronectin Biosynthesis
Fate of Newly-synthesized Fibronectin
RNA Isolation and Northern Blot Analysis
RNA decay analysis
Polysome profile analysis
RNase protection assays

Northwestern blot analysis

CHAPTER ONE
TISSUE-SPECIFIC AND DEVELOPMENTAL REGULATION OF
TRANSFORMING GROWTH FACTOR- EXPRESSION IN

FETAL LAMB DUCTUS ARTERIOSUS ENDOTHELIAL CELLS

INTRODUCTION

RESULTS

73
74
74
75
75
75
75
76
76
76
77
77
77
78
78
78
78
78

80

81

83



Increased Expression of TGF-f in 100-day gestation DA tissue
Increased TGF-P Synthesis in cultured 100-day gestation DA EC
Increased levels of TGF-B1 mRNA in cultured 100-day DA EC
Analysis of stability of TGF-B1 mRNA

DISCUSSION

CHAPTER TWO

POST-TRANSCRIPTIONAL MECHANISM REGULATING FIBRONECTIN
SYNTHESIS IN DUCTUS SMOOTH MUSCLE CELLS RELATED TO AN
3’UTR AU-RICH ELEMENT AND ITS BINDING PROTEIN

INTRODUCTION

RESULTS
The ARE in FN 3'UTR is an mRNA Translational Enhancer in Vascular Cells
Alteration of Cell Shape and Reduction of FN production in DA SMC
Identifying FN ARE-Binding Activity in SMC

Time-course, and Dose-dependent Binding of Complex Formation

DISCUSSION

CHAPTER THREE

PURIFICATION AND FUNCTIONAL CHARACTERIZATION OF A
FIBRONECTIN AU-RICH ELEMENT RNA-BINDING PROTEIN
IN VASCULAR SMOOTH MUSCLE CELLS

INTRODUCTION

83
88
93
93

100

106

129

135

136



RESULTS
Purification and Identification of the 15 kD FN ARE-binding Protein
Binding of Recombinant LC3 to FN ARE
Co-distribution of LC3 and FN in the Fetal Lamb DA
Distribution of LC3 and FN mRNA in Cultured SMC
Overexpression of LC3 in Ao Cells Enhances FN mRNA Translation

DISCUSSION

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

RESULTS
LC3 Suppresses Translation of CAT-FN3'UTR Fusion RNA in a Cell-free System
Intact MT Structures are Important for FN Synthesis
Sorting of FN mRNA to Membrane-bound Polysomes Requires MTs
Polysome Profile Analysis

DISCUSSION

CHAPTER FIVE
LIGHT CHAIN 3 OF MICROTUBULE-ASSOCIATED PROTEIN 1, AN AU-RICH

136
136
142
147
147
154

154

158

159

160
160
164
171
171

177



ELEMENT RNA-BINDING PROTEIN, INCREASES FIBRONECTIN mRNA

TRANSLATION IN HUMAN FIBROSARCOMA CELLS 181
INTRODUCTION 182
RESULTS 182

Selection of LC3 transfectants and verification of the presence of LC3 expression 182

Characterization of stable HT 1080 transfectants expressing LC3 183
Effects of LC3 expression on FN matrix deposition 188
Biosynthesis of FN in the stable transfectants expressing LC3 188
Analysis of FN mRNA levels and its stability 193
Polysome profile analysis 202
Binding of LC3 to FN mRNA LC3 transfectants 205
DISCUSSION 205
GENERAL DISCUSSION 211
FUTURE STUDIES 217
REFERENCES 221



Lists of Figures and Tables

Figure 1. Anatomic Features of Ductus arteriosus

Figure 2. Histologic Features of the Intimal Cushion of Ductus Arteriosus

Figure 3. Schematic summary of mechanisms related to DA neointimal formation

Figure 4. Migratory Phenotype of Ductus Arteriosus Smooth Muscle Cells

Figure 5. Scheme of TGF-P1 and its latent complexes

Figure 6. FN structures and variants

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

Figure 8. Model of 5' and 3' closed loop in mRNA translational control

Figure 9. Increased expression of endothelial TGF-f in 100-day gestation DA tissue
Figure 10. Increased TGF- expression in medial SMC in 100-day gestation DA tissues
Figure 11. Increased TGF-J synthesis in cultured 100-day gestation DA EC

Figure 12. A western immunoblot analysis of TGF-$1

Figure 13. Total protein synthesis and secretion in cultured DA versus Ao EC

Figure 14. Northern blot analysis of steady-state TGF-B1 mRNA levels

Figure 15. Northern blot analysis of TGF-B1 mRNA stability in 100-day DA and Ao EC
Figure 16. Northern blot analysis of TGF-f1 mRNA stability in [38-day DA and Ao EC
Figure 17. Schematic representation of the CAT constructs

Figure 18a. The ARE in the 3'UTR of FN mRNA enhances translation

Figure 18b. The ARE in the 3'UTR of FN mRNA enhances translation

Figure 19a Overexpression of pECE-CAT-FN altered cell phenotype and decreased FN
Figure 19b. Overexpression of pECE-CAT-FN altered cell phenotype and decreased FN
Figure 19¢. Overexpression of pECE-CAT-FN altered cell phenotype and decreased FN

Figure 20. Binding complex formation between the FN ARE and SMC cytoplasmic factors 126

Figure 21. Binding of cytoplasmic factor ARE probe is rapid, stable, and dose-dependent 130

Figure 22. A diagram of the purification procedure

138



Figure 23. Purification of FN ARE-binding protein

Figure 24. Identification of 15 kD FN ARE-binding protein

Figure 25. Recombinant LC3 binds to the ARE in the 3'UTR of FN mRNA
Figure 26. Co-distribution of LC3 with FN protein in DA tissues

Figure 27. Immunofluorescent staining of LC3 and tubulin

Figure 28. Dual staining of LC3 and FN mRNA in cultured DA SMC

Figure 29. Overexpression of LC3 in Ao SMC enhances FN mRNA translation

Figure 30. LC3 suppresses translation in a cell-free transcription and translation assay

Figure 31. Disruption of MTs alters SMC shape
Figure 32. Disruption of MT by colchicine inhibits FN mRNA translation
Figure 33. Phase contrast light microscopy of DA SMC treated with colchicine

Figure 34. Alteration of FN mRINA distribution in DA SMC by disrupting MT structure

Figure 35. Polysomal distribution of FN mRNA and LC3 protein

Figure 36. Expression of LC3 in stable HT 1080 transfectants

Figure 37. Effect of expression of LC3 on HT 1080 cell morphology and growth

Figure 38. Growth curve of HT 1080 cells

Figure 39. Immunofluorescent staining for MTs and FN in vector- and
LC3-transfected HT 1080 cells

Figure 40. Expression of LC3 in HT 1080 cells enhances FN synthesis

Figure 41. Kinetics of FN secretion in HT 1080 vector and LC3-transfectants

Figure 42. Steady-state levels of FN mRNA in stable HT 1080 LC3 transfectants

Figure 43. FN mRNA stability in stable HT1080 LC3 transfectants

Figure 44. Polysomal distribution of FN mRNA and LC3 protein in HT 1080 cells

Figure 45. LC3 expressed in LC3 transfectants binds to the 3'UTR of FN mRNA

Figure 46. Proposed hypothetical model of interaction of LC3 and ARE

in translational control of FN mRNA as described in text

()
—
[%4]



Table 1. Measurements of CAT activity, mRNA, and ratio of CAT activity to mRNA 112

Xiv



LIST OF ABBREVIATIONS

A, adenosine,

Ao, aorta

ARE, AU-rich element

AUBF, adenosine-uridine binding factor
bFGF, basic fibroblast growth factor

C, cytosine

CAT, chioramphenicol acety! transferase
DA, ductus arteriosus

DAPI, 4', 6-diamidino-2-phenylindole
DTT, dithiothreitol

EC, endothelial cells

ECL, enhanced chemiluminescence

EGF, epidermal growth factor

ELAYV, embryonic lethal abnormal vision
ER, endoplasmic reticulum

FBS, fetal bovine serum

FISH, Fluorescence In Situ Hybridization
FITC, fluorescein isothiocyanate

FN, fibronectin

G, guanosine

GAPDH, Glyceraldehyde-3-phosphate dehydrogenase
GLUT, glucose transporter 1

GM-CSF, granulocyte macrophage colony-stimulating factor
GST, glutathione S-transferase

Hel-N1, human embryonic lethal abnormal vision-like neuronal protein 1

Xv



hnRNP, heterogeneous nuclear ribonucleoprotein
HRP, Horseradish peroxidase

IL-1, interleukin

INF-q, interferon-ot

INF-y, interferon-y

IRE, iron-response element

IRE-BP, iron-response element binding protein
IRES, internal ribosome entry site

LC3, light chain 3

LPS, lipopolysaccharide

MAP, microtubule-associated protein

8-ME, B-mercaptoethanol

MT, microtubule

mRNP, mRNA ribonucleoprotein

NEM, N-ethylmaleimide

NP-40, Nonidet P-40

PA, pulmonary artery

PAGE, polyacrylamide gel electrophoresis
PBS, phosphate-buffered saline

PCR, polymerase chain reaction

PDGF, platelet-derived growth factor

PVDF, polyvinyldifluoride transfer membrane
RHAMM, the receptor for hyaluronan-mediated motility
RNPs, ribonucleoproteins

RRM, RNA recognition motif

RT, reverse transcriptase

SDS, sodium dodecyl sulfate

Xvi



SMC, smooth muscle cells

TBE, Tris-borate-EDTA

TGF-B1, transforming growth factor-f
TNF-c, tumor necrosis factor-o

TPA, 12-O-tetradecanoylphorbol-13-acetate
TRITC, tetramethylrhodamine isothiocyanate
3'UTR, 3' untranslated region

U, uridine

UV, Ultraviolet

VEGF, vascular epidermal growth factor

XVil




INTRODUCTION

General Introduction

This thesis investigates the regulation of endothelial cell (EC) transforming growth factor-
B1 (TGF-B1) and smooth muscle cell (SMC) fibronectin (FN) expression in the ductus arteriosus
(DA). Expression of TGF-B1 in DA EC is regulated 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 contributing to the enhanced FN mRNA translational
efficiency in DA SMC. The following introduction first briefly describes normal vascular biology
and the pathology of neointimal formation, then addresses the DA as a working model to study
expression and function of tissue-specific and developmentally-regulated genes related to vascular
intimal thickening, emphasizing TGF-B1 and FN. Regulation of TGF-B1 and FN expression is
then reviewed, highlighting post-transcriptional and translational control mechanisms. Next, the
interaction of specific RNA-binding protein(s) with AU-rich elements (ARE) in 3'UTR are

addressed and their role in controlling gene expression is outlined.
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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 elastic arteries. such as the
human aorta, there are also some subendothelial SMC proximal to an internal elastic laminae. The
media contains multiple layers of SMC which, depending on the size of the vessel, are separated
by distinct elastic laminae, and organized extracellular matrix (ECM) components, such as collagen
types I and III, as well as a variety of glycosaminoglycans and glycoproteins. The adventitia is
relatively less well organized and consists of fibroblasts, collagen, and poorly assembled elastin. in
addition to other ECM components. Physiologically, because it resides at an interface between the
blood and the vessel wall, the EC is a potential regulator of arterial wall homeostasis. It senses.
transduces, and responds to stimuli generated from changes in the mechanical, chemical, and
humoral environments (Ryan and Rubanyi, 1992; Davies and Tripathi, 1993). It synthesizes and
secretes factors that modulate vascular tone, preserves the antithrombotic inner surface of vessel
wall, maintains the anticoagulated state of the blood, and expresses cell surface molecules that
recruit inflammatory cells (Busse et al., 1993; Davies and Hagen, 1993; Springer, 1995). The EC
also maintains the structural integrity of vessel wall by producing factors which both promote and
inhibit cell growth and by regulating the production and turnover of ECM (Eisenberg, 1991:
Vanhoutte, 1991; Ryan and Rubanyi, 1992; Davies and Hagen, 1993; Davies and Tripathi, 1993).
During angiogenesis and vasculogenesis, the EC and its cell surface receptors determine formation
of the vessel wall by recruiting SMC (Risau, 1995; Shalaby et al., 1995; Folkman and D'Amore.
1996).

Smooth muscle cells, together with the ECM in the media, provide mechanical and
structural support to the vessel and regulate vascular tone. Quiescent SMC are well differentiated
cells characterized by an abundance of contractile proteins, predominantly smooth muscle-specific
actin and myosin, but little rough endoplasmic reticulum (ER) (Chambley-Campbell er al., 1981:

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




and very slow turnover (Clowes et al., 1983b). These SMC are also called 'contractile SMC'.
Once activated, SMC de-differentiate into a so-called synthetic phenotype, characterized by a rich
cellular endoplasmic reticulum (ER) and the ability to synthesize and secrete a large amount of
ECM components and growth factors (Chambley-Campbell, et al., 1981; 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 allowing cell adhesion, as well as affecting
migration and proliferation (Liu ez al., 1989; Wight, 1989; Hardingham and Fosang, 1992: Ross.
1993; Davies and Hagen, 1994; Farhadian ez al., 1996).

Vascular Neointima

Vascular neointima is a thickened intima that forms in vessels in response to various
injuries. It was first described in 1906 by Carrel and Guthrie (1906) who observed within a few
days of a vascular bypass operation, an endothelium-like glistening substance covering the sutures
at the anastomotic sites. Vascular neointima is now found in vessels injured by electrical burning.
radiation, suturation, angioplasty, venous and prosthetic bypass grafts, and endarterectomy
(Chervu and Moore, 1990; Ip er al., 1990; Schwartz et al., 1995). The neointima also forms 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).

Morphologic Changes Related to Vascular Neointimal Formation. The
neointima is characterized by abnormal migration and proliferation of SMC and accumulation of
ECM components. The histology of the neointima that develops in association with restenosis
after coronary angioplasty is that of fibrocellular proliferation, accumulation of loose collagen
fibrils and proteoglycans or formation of dense collagen 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 that of fibroblasts.
Electron microscopy reveals a variety of phenotypes. Cells that are clearly of smooth muscle
derivation are characterized by substantial myofilament bundles, a basement membrane and
positive immunoreactivity for al-smooth muscle actin, vimentin and desmin. Other cells lack
these features and may represent a more de-differentiated phenotype (Dartsch, et al., 1989) similar
to the proliferating, migrating, and matrix-secreting neointimal SMC in the carotid balloon-injury

animal model (Schwartz et al., 1990).

Process of Vascular Neointimal Formation. Balloon catheter-induced injury of the
rat carotid artery was used to establish the evolution of the neointima and this model indicated that
SMC proliferation began 24 hours after arterial injury (Clowes er al., 1983a; Clowes, et al..
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 intimal thickening continues up to 3 months after injury and is largely due to the
accumulation of ECM components produced by the SMC. A similar time course has also been
demonstrated following balloon angioplasty of carotid artery stenosis induced by electrical

stimulation in an atherosclerotic rabbit model (Hanke er al., 1990; Kocher et al., 1991).

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, er al., 1995). Activation of EC and SMC by injury induces a
cascade of intercellular and intracellular events leading to neointimal formation (Libby er 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-derived growth factor (PDGF).
basic fibroblast growth factor (bFGF), interleukin 1 (IL-1), and TGF-B 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 rat 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 model (Miano et al., 1993b). In situ hybridization has been used to show expression of ¢-
myc in SMC of human atherosclerotic plaque retrieved from the coronary vasculature (Nagamine er
al., 1989) and high c-myc mRNA levels have been found in SMC cultures from human
proliferating plaque cells compared to proliferating SMC derived from healthy human Ao and
saphenous vein (Parkes et al., 1991). The upregulation of these proto-oncogenes, such as c-myvb
(Brown et al., 1992; Simons and Rosenberg, 1992) and c-myc (Biro et al., 1993; Shi et al..
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 intimal thickening.

Ductus Arteriosus as a Model to Study Neointimal Thickening

While the rat carotid balloon injury model was important in elucidating on the mechanism
of neointimal formation, there were several drawbacks. The lesion was mostly helpful in the study
of the proliferative characteristics of SMC, but was less effective in mimicking features of
migration or ECM production. As an 'experiment of nature’, the fetal ductus arteriosus (DA)
develops 'intimal cushions'. Although the initiating factors which regulate intimal cushion
formation in the DA are still unknown, it is in many ways morphologically similar to the neointima
observed in a variety of vascular 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 increased
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 intimal cushion formation in the DA will 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 abnormal vessels.




Ductus Arteriosus

The DA is a fetal muscular artery which develops from the 6th aortic arch and connects the
pulmonary artery (PA) and Ao (Figure 1). In the fetal circulation, the DA serves to shunt the
majority of the right ventricle output away from the uninflated lungs and back into the systemic
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 significant hemodynamic disorders resulting in pulmonary hypertension, congestive
heart failure, and cardiac hypertrophy (Cassels, 1973). Triggered by the onset of breathing at
birth, the DA starts to close with a strong vascular constriction. This constriction is oxygen-
dependent and is regulated by a cytochrome-P450-mediated mechanism (Coceani et al., 1988)
which induces endothelin production (Coceani, 1994). The initial muscular constriction is
reversible and is followed by an anatomical closure which takes days and depends on the
development of preexisting structural changes, known as 'intimal cushions' (Gittenberger-de

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

Intimal Cushion Formation

Intimal cushion formation begins at the pulmonary end of the vessel and continues towards
the Ao end (Gittenberger-de Groot, et al., 1985). The nature of intimal cushion formation has
been studied in humans (Gittenberger-de Groot et al., 1980; Gittenberger-de Groot, et al., 1980:
Silver et al., 1981) and a number of animal species, including mouse (Tada and Kishimoto, 1990:
Colbert et al., 1996), dog (Gittenberger-de Groot, ez al., 1985; de Reeder et al., 1988; de Reeder er
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 Rabinovitch, 1991;
Boudreau et al., 1991; Hinek et al., 1991; 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 from the internal elastic laminae. Smooth muscle cells from the muscular media
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Figure 1. Anatomic Features of Ductus Arteriosus

Ductus arteriosus (within green circle), which connects between aortic arch and pulmonary artery.

develops intimal cushion (indicated by arrow) during late gestation time.




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

intimal cushion.

Morphologic Changes Related to Intimal Cushion Formation

Sequential morphological studies addressing intimal cushion development in the human and
dog DA revealed that glycosaminoglycans were the major contributors (de Reeder, er 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 collagen III (de
Reeder, et al., 1989). In contrast, a loss of laminin and collagen I were noted (de Reeder. ez al..
1989). As well, splitting or loss of the internal elastin laminae and reduced elastin content was
observed especially in the modified radially oriented SMC in the intimal 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 hydrophilic glycosaminoglycans, as well as adhesive matrix proteins, FN and
collagen III. These data suggested that these ECM components may be directly involved in the
formation of intimal cushions by providing the water-bound and matrix-enriched environment

which favored SMC migration.

Natural Process of Intimal Cushion Formation

Similar histological changes associated with the intimal cushion formation have been found
in the fetal lamb (Boudreau, 1990). No evidence of the intimal cushion formation is found in the
fetal lamb at the 100-day of gestation time-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
115-days of gestation however, accumulation of glycosaminoglycans in the subendothelial space,
impaired assembly of all elastic laminae, and migration of SMC from the medial layer into

subendothelial space are evident at the light microscopic level. These changes continue and by
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Figure 2. Histologic Features of the Intimal Cushion of Ductus Arteriosus

Light microscopic sections of a Movat staining of DA in (A), and Ao in (B) from 100-day
gestation fetal lambs. Both vessels are similar in appearance. By 138 days of gestation, well-
developed "intimal cushions” are visible in the DA tissue section in (C), which are characterized by
an expanded subendothelial space (the blue stained region). As well, elastic laminae are
fragmented, and SMC of inner media appear to migrate towards subendothelial 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, 1991).
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-

138 days of gestation, the intimal cushion of the DA (C) is well developed compared to Ao (D).
In addition, medial SMC near the expanded subendothelial space are detached from each other and
surrounded by increased amount of ECM materials. They are radially oriented and appear to be

migrating toward the subendothelium.

Mechanisms Related to Intimal Cushion Formation

Characterization of specific features of the intimal cushion in 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 features 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 differences in protein synthesis compared to cells from the Ao and PA
(Rabinovitch, et al., 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
well, DA SMC show unique alterations in prostaglandin synthesis in response to altered oxygen
tension (Rabinovitch, er al., 1989) that mimics 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| .

respectively.

Extracellular matrix production. A series of studies was subsequently undertaken
using the primary EC and SMC cultures isolated from the fetal lamb DA (Boudreau, 1990:
Boudreau and Rabinovitch, 1991; Boudreau, et al., 1991; Hinek, et al., 1991; Hinek and
Rabinovitch, 1993; Hinek and Rabinovitch, 1994) to investigate biosynthesis of ECM components
and their role in SMC migration. The DA-specific changes in ECM production were established by

comparing DA cells with cells from adjacent vascular sites, the Ao and PA. As well, the
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developmentally regulated changes in ECM production related to the in vivo intimal cushion
formation were determined by comparing their production in DA cells from the 100-day gestation
lamb with that from 138-day gestation lambs. The results of these studies are summarized in the
Schema in Figure 3. Our laboratory 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. Interestingly however, all these DA-specific increases in the ECM production were
apparent in cells cultured 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
cells within the first 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 matrix-enriched environment that
facilitates subsequent SMC migration into the subendothelial space and ultimately leads to the
formation of the intimal cushions observed in vivo.

In addition to quantitative differences in matrix production, DA cells also appear to generate
matrix proteins that are also qualitatively different. For example, the tropoelastin produced by DA
SMC is largely in the form of a truncated species with a molecular weight of 52 kD. as compared
to its 68 kD counterpart found in the Ao SMC (Hinek and Rabinovitch, 1993). The truncated DA
tropoelastin seems to result from reduced availability of the elastin binding protein in DA SMC.
since this molecule serves as a companion protein protecting elastin from both intraceliular and
extracellular enzymatic degradation (Hinek, er al., 1991; Hinek and Rabinovitch, 1994). As a

result, a secreted truncated product of tropoelastin remains as a soluble and highly chemotactic

peptide.

Smooth muscle cell migration. As mentioned above, the ability of hyaluronan to
bind large amounts of water results in expansion of tissue space and allows 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-rich environment (Turley and Torrance.
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Figure 3. Schematic summary of mechanisms related to DA neointimal formation

as described in the text
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1985). Similarly, FN production is increased in organogenesis and wound healing where activated
cell migration is observed (Hynes, 1990). Indeed, in a subsequent irn 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., 1991). For
the first time, the phenotypic differences between DA and Ao SMC were appreciated in vitro.
When DA SMC were cultured on a 3-dimensional collagen matrix, they exhibited an elongated
fibroblast-like morphology with peripheral lamellae and lamellipodia extending from the leading
edge (Figure 4A). A similar phenotype has been described in the other vascular SMC with
locomotory behavior (Delovs et al., 1982; Heath and Holifield, 1991; Bauriedel et al., 1992).
After a two-day culture, DA SMC that had migrated from the surface into the collagen gel could be
detected (Figure 4B). In contrast, Ao SMC display a flattened stellate 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 cell surface integrin receptors with their ligands
by addition of arginine-glycine-aspartate (RGD) peptide, a known cellular binding motif in FN and
other ECM proteins, also 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 a5 or
ayB3, as their interaction with FN is susceptible to RGD inhibition (Hynes, 1990). This notion is
supported by a later experiment in which integrin receptors involved in adhesion and migration of
DA SMC on different ECM protein-coated surfaces were examined by blocking antibodies and
immunofluorescent staining, and isolated by ligand affinity chromatography and
immunoprecipitation (Clyman et al., 1992). Adhesion and early migration of DA SMC on FN
appears to rely on ] integrins, including a58]. Later migration however, depends on avB3
integrin. Recently, transient expression of integrins, including as5B] and ayB3, has been

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

Phase-contrast microscopic photograph of DA and Ao SMC on collagen gel. DA SMC in (A)
exhibit a spindle-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 cells migrate into collagen (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 Biol 143:235-247, 1991).
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The increased synthesis of hyaluronan by DA EC may also contribute to migration of SMC
in vivo through interaction of this matrix component with SMC receptors, i.e., the hyaluronan
binding protein (renamed the receptor for hyluronan-mediated motility or RHAMM) (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 cells (Boudreau, et al., 1991). Thus. the increased
production of FN by DA SMC is essential in keeping their elongated mobile phenotype. In
addition, FN and hyaluronan appear to interact cooperatively with their cell surface receptors to
allow enhanced migration by DA SMC into a hyaluronan enriched subendothelial environment.

The increased synthesis of chondroitin sulfate by DA SMC may also promote their
migration in vivo, since it can remove elastin binding proteins from the cell surface, leading to
impaired assembly of elastin fibers, a feature characteristic of DA in vivo (Hinek, et al., 1991).
Removal of elastin 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 well, the highly soluble and chemotactic properties of the truncated
elastin peptide might also promote SMC migration independent of the features related to

hyaluronan and fibronectin described above.

Transforming Growth Factor-B. Once the morphologic changes during DA intimal
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-B (TGF-B), a known potent stimulator of ECM synthesis (Roberts and Sporn, 1989;

Amento et al., 1991), has been assessed during the development of the intimal cushions and
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closure of the DA (Boudreau, et al., 1992; Tannenbaum et al., 1996). Abundant TGF-31 was
found in DA compared to Ao tissues from 100-day gestation fetal lambs by immunohistochemistry
(Boudreau, et al., 1992). Increased expression of all three isoforms of TGF-§ is also noted
associated with the closing DA shortly in the newborn lambs (Tannenbaum, et al., 1996). The role
of TGF-P on the synthesis of ECM proteins has been 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-B-
dependent, since a TGF-B neutralizing 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 studies showing that TGF-B increases FN expression by enhancing its
transcription and mRNA stability (Dean et al., 1988; Kahari et al., 1991; Kahari er al., 1992), the
enhanced FN synthesis in DA SMC did not appear to be TGF--mediated. Instead, a post-
transcriptional mechanism which increases FN mRNA translation appeared to be involved

(Boudreau, et al., 1992).

Transforming Growth Factor-f

TGF-$ is a member of the polypeptide growth factor families that control embryonic
development and tissue homeostasis. It was originally isolated from human platelets (Assoian et
al., 1983), human placenta (Frolik et al., 1983), and bovine kidney (Roberts et al., 1983). Three
isoforms (TGF-B1, TGF-$2, TGF-B3) exist in mammals with 60% to 80% identities (Massague.

1990). They are disulfide-linked homodimeric peptides with a molecular weight of 25 kD.

Structure and Function

The human TGF-B1 gene is located at chromosome 19q13.1-q13.3 (Fujii et al., 1986) and
contains 7 exons (Derynck et al., 1987). TGF-81 mRNA is approximately 2.4 kb, encoding a
TGF-B1 precursor with 390 amino acids that contains a signal peptide, the active peptide, and the
latency associated peptide (Gentry et al., 1987) (Figure 5). The disulfide-linked homodimers of
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Figure 5. Scheme of TGF-B1 and its latent complexes

TGF-B1 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 (LAP, AA residues
30-278), and mamre TGF-§ peptide (residues 279-390). The small latent complex consists of the
TGF-B homodimer, noncovalently associated with the homodimeric form of LAP (middle). In
some cells, the small latent complex associates with an additional 125- to 160-kD protein. the latent
TGF-B binding protein (LTBP), to form the large latent complex (Modified from Rrande J.P..
Proc Soc Exp Biol Med 214:27-40, 1997).
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TGF-B1 noncovalently interact with homodimers of the latency associated peptide and form a small
latent complex (Harpel er al., 1992; Olofsson et al., 1992). This small latent complex associates
with an additional protein, named the latent TGF-B-binding protein (Pircher et al., 1986; Kanzaki
et al., 1990)), and is secreted as an inactive high molecular weight precursor polypeptide
(Wakefield et al., 1988; Miyazono et al., 1990). After removal of the signal 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 112-amino acid peptide from the
carboxyl-terminal of the precursor, and a proximal 249-amino acid peptide, the latent associated
peptide (Olson et al., 1986; Gentry, et al., 1987; Gentry et al., 1988). The mature TGF-B1 can be
released from the latent complexes and activated by a number of different processes, including
transient acidification or alkalization, exposure to 0.02% sodium dodecyl sulfate (SDS) or 8 M
urea, and protease activation (Lyons et al., 1988; Miyazono et al., 1988; Lyons er al., 1990:
Miyazono, et al., 1990). It has also been shown that co-cultures of vascular EC and SMC produce
activated TGF-$1 (Antonelli-Olridge et al., 1989). TGF-B1 has a variety of effects on

development, differentiation, wound healing, and tissue remodeling. TGF-B1 has also been

extensively studied in the cardiovascular system.

Expression and Role of TGF-f1 during Cardiovascular Development

The temporal and spatial expression of TGF-B1 has been characterized in association with
cardiac development (Choy ez al., 1991; Millan et al., 1991). The epithelial-mesenchymal cell
transformation in the embryonic heart appears to be mediated in part by TGF-B1 (Potts and
Runyan, 1989). "Knockout" experiments indicate that TGF-B1 is important in normal
cardiogenesis, since severe cardiac abnormalities, including a poorly developed ventricular lumen
with disorganized ventricular muscle and valves, have been observed in mice homozygous for the
mutant TGF-B1 allele born to a homozygous TGF-B1 null female to prevent trans-placental
transmission of TGF-B1 (Letterio et al.,, 1994). TGF-B1 is also required for the normal

development of the vascular system, since 50% of TGF-B1 null mice die from a severe defect in
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yolk-sac vasculogenesis, probably resulting from abnormal interaction between epithelial and
mesenchymal cells (Dickson et al., 1995). In an organ culture that fuses myocardial cell
aggregates with cardiac mesenchymal cell aggregates, TGF-PB 1-mediated induction of interstitial
matrix production and deposition leads to the differentiation of these two tissues (Armstrong and
Armstrong, 1990) and stimulates cellular proliferation (Choy er al., 1990). In normal
development, latent TGF-B1 produced by EC is activated when these cells interact with
mesenchymal cells (Antonelli-Olridge, et al., 1989). The activated TGF-B1 then stimulates matrix
production and deposits (Roberts and Sporn, 1989; Nabel ez al., 1993; Kanzaki et al., 1995; Saltis
et al., 1996; Grande, 1997), induces differentiation of the mesenchymal cells into SMC, and
inhibits EC proliferation (Antonelli-Olridge, et al., 1989).

The presence of TGF-B1 in Vascular Intimal Thickening

Upregulation of TGF-B1 expression is associated with vascular intimal thickening resulting
from hypertension (Sarzani er al., 1989; Sarzani ez al., 1991), atherosclerosis (Ross, 1993; Lopez-
Candales et al., 1995), vein graft (Hoch et al., 1995), and angioplasty (Majesky et al., 1991; Nikol
etal., 1992), as well as advanced pulmonary vascular disease in patients (Bahadori er al., 1995)
and in rats or sheep with experimental pulmonary hypertension (Perkett ez al., 1994; Tanaka et al..
1996a; Tanaka et al., 1996b). TGF-B1 expression is increased in the thickening intima in human
coronary arteries (Merrilees and Beaumont, 1993). TGF-B1 mRNA levels in Ao are also elevated
in chronic steroid hypertension, induced in rats by deoxycorticosterone and a high salt diet
(Sarzani, et al., 1989), and in spontaneously hypertensive rats (Sarzani, er al., 1991). The
upregulation of TGF-B1 expression in the spontaneously hypertensive rats is dependent on both
age and the severity of hypertension. In a rabbit renal hypertensive model, however, the
expression of TGF-B1 in Ao appears normal once the hypertension develops, but elevated matrix
production is prolonged, presumably due to the activation of latent TGF-f1 complex (Pauletto et
al., 1994). In a balloon-injured rat carotid artery, induction of TGF-B1 gene transcription occurs

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




25

(Majesky, et al., 1991; Kim et al., 1995). The neointimal SMC are the sources of TGF-f1
production, and its distribution correlates with increased production of matrix proteins, particularly

FN and collagens. This observation suggests that TGF-B1 promotes the progression of neointimal

thickening by augmenting matrix deposition.

Effects of TGF-f1 on Vascular Neointima Formation

The influence of TGF-$1 on vascular neointimal formation has been studied with respect to
its ability to stimulate matrix synthesis (Amento, et al., 1991; Rasmussen ez al., 1995), alter cell
growth (Owens et al., 1988; Halloran er al., 1995), and induce de-differentiation (Owens, et al..
1988). Cultured Ao SMC isolated from the neointima contain more TGF-B1 mRNA and are
stimulated by TGF-B1 to produce more proteoglycans compared to SMC isolated from the normal
vessel wall (Rasmussen, et al., 1995). TGF-B1 also stimulates collagen I and III synthesis in
human vascular SMC (Amento, et al., 1991; Villarreal er al., 1996). TGF-B! inhibits proliferation
of vascular SMC (Owens, et al., 1988; Halloran, ez al., 1995) and induces cellular hypertrophy
(Owens, et al., 1988). The direct evidence for the participation of TGF-B1 in the development of
the vascular neointima comes from in vivo experiments in which infusion of TGF-B1 (Kanzaki. er
al., 1995) or direct transfer of the TGF-B1 gene (Nabel, ez 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-B1 suppress intimal
hyperplasia in an acutely injured vessel by reducing accumulation of ECM components, such as
FN (Wolf et al., 1994). Molecular mechanisms governing TGF-B1-induced matrix protein
synthesis have been elucidated at transcriptional (Kahari, ez al., 1991; Marigo et al.. 1993), post-
transcriptional (Kahari, et al., 1991; Wrana et al., 1991; Kahari, et al., 1992; Marigo, et al..
1993), and translational levels (Fine and Goldstein, 1993).

Regulation of TGF-B1 Expression

TGF-f1 can be regulated by mechanisms which influence its transcriptional activation.
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mRNA stability, or mRNA translational efficiency. Post-translational activation of latent TGF-§1
and inactivation of mature TGF-$1 by binding to ECM macromolecules also contribute to the
functional regulation of TGF-Bl1 (Massague, 1990). The proposed mechanisms for
transcriptional, post-transcriptional, and translational regulation of TGF-B1 will be outlined. since

they are directly related to the findings of this thesis.

Transcriptional Regulation. Upregulation of TGF-B! is a common 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-B1 gene is an important
and early cell response to injury. The human (Kim er al., 1989a) and mouse (Geiser et al., 1991)
TGF-B1 promoter has been cloned and there is a high degree of similarity. The TGF-B1 promoter
contains no TATA or CAAT box (Kim, et al., 1989a; Geiser, et al., 1991). Human TGF-B1 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 er al., 1989b).
Gel mobility shift assays have also demonstrated that formation of AP-1 complexes (jun and fos)
are involved in TGF-B1 transcription in response to phorbol ester and TGF-81 itself (Kim er «l..
1990). A downstream phorbol ester responsive element has been also identified in the 3'UTR
(Scotto et al., 1990). These observations suggest that the initiating signal for stimulation of
synthesis of TGF-f1 may occur via the activation of protein kinase C. In addition, the TGF-B 1
promoter contains several sequences with homology to the retinoblastoma gene product control
element which is modulated by the retinoblastoma gene product (Kim er al., 1991), as well as an
element responsive to H-ras oncogene activation (Geiser, et al., 1991). However, the influence of
these regulatory controls on TGF-B1 expression in vascular cells during vascular injury has not
been evaluated. Auto-regulation of TGF-B1 via the activity of AP-1 and Sp! transcription factors
(Kim, et al., 1989b; Kim, et al., 1990) is likely to be an important mechanism in sustaining TGF-
B1 expression at sites of injury. As a consequence, elevated production of matrix proteins gives

rise to matrix accumulation.
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Post-transcriptional Regulation. There is also increasing evidence indicating that
expression of TGF-B1 is modulated at post-transcriptional and translational levels (Assoian er al..
1987; Wager and Assoian, 1990; Ahuja et al., 1995; Cosgaya and Aranda, 1995). For example. in
a rat pheochromocytoma PC12 cell line, nerve growth factor induces TGF-B1 expression partly by
increasing its mRNA half life from 6 h to 30 h (Cosgaya and Aranda, 1995). In activated human T
lymphocytes, the immunosuppressant cyclosporine prolongs the half life of TGF-f1 mRNA
(Ahuja, et al., 1995). In human osteosarcoma, exogenous administration of TGF-B! raises the
steady-state TGF-§ mRNA level by enhancing its stability (Liu et al., 1996). As well, treatment of
hematopoietic cells with phorbol ester leads to 30-fold increase in TGF-B1 expression, resulting
from a stabilized mRNA because phorbol ester blocks a ribonuclease system that degrades TGF-B1
mRNA (Wager and Assoian, 1990). Thus, control of TGF-§1 expression via phorbol ester-

induced protein kinase C may operate at both transcriptional and post-transcriptional levels.

Regulation of TGF-f1 mRNA translation. TGF-Bl 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 controlling TGF-f1 mRNA translation (Kim er al..
1992). This region in the 5'UTR contains 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 may contain a cis element which plays an important role in the
translational regulation of TGF-B1 gene expression. Binding of a cytoplasmic factor in C2C12
myoblastic cells to the stem-loop containing region has been demonstrated by in vitro gel shift and
UV-crosslinking assays (Romeo et al., 1993). In addition, a GC-rich domain in the TGF-B1
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-B1 mRNA while increasing its
protein production by improving translational efficiency. The relative contributions of these
inhibitory and stimulatory bifunctional elements to TGF-B1 protein production may result from

temporal or cell-specific expression of certain trans-acting factors (Scotto and Assoian, 1993).




Fibronectin

The first description of FN appeared in 1948 when Morrison and colleagues (Morrison er
al., 1948) studied the fractionation of plasma and separated a protein fraction from the bulk of the
fibrinogen by its cold insolubility. They termed this protein fraction "cold-insoluble globulin”
(Clg) and further work indicated that it was a mixture of several components, including fibrinogen
(Edsall ez al., 1955). It was only in 1970, some 20 years after the first 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, immunologic studies indicated that a large
glycoprotein lost from the cell 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 confirmed their similarities (Mosesson et al., 1975: Engvall and
Ruoslahti, 1977; Hynes and Destree, 1977; Yamada et al., 1977). In 1976, a unified term.
fibronectin, was used to refer to this class of proteins (Keski-Oja et al., 1976; Kuusela et al..

1976).

Structure and Function

Fibronectin is a large dimeric glycoprotein composed of two homogeneous subunits of
molecular weight 220-250 kDa linked by disulfide bonds. This characteristic applies to both
plasma FN and cellular or ECM-bound FN. For practical purposes, three other criteria are also
used to define a protein as FN: immunological 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 all
known forms of FN (Komblihtt ez al., 1983; Schwarbauer et al., 1983; Kornblihtt et al., 1984a:
Kornblihtt ez 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 polyadenylation site 71 kb
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downstream (Patel et al., 1987). This primary transcript is spliced into a 7.5-8.0 kb mature
transcript (mRNA), including 45 invariant exons and three alternatively 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 (L, II.
II) of similar sequence elements which are 40-90 amino acids long (Figure 6). Both fibrin-
binding domains contain type I repeats, the gelatin-binding domain consists of both type I and type
I repeats, and the central segment (the cell and heparin-binding domain) is composed of type III
repeats (Hynes, 1990). The three alternatively spliced regions are located at the type [II 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 also called type
I connecting segment (IIICS), near the carboxyl terminal. The EIIIA and EIIIB regions are
alternatively spliced in many cell 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 usual function of FN is that of cell adhesion. Cell adhesion is an active
process starting from initial attachment, spreading and cytoskeletal organization, to the formation
of focal contacts with the substrate (Grinnell, 1978; Thom ez al., 1979; Couchman and Hook.
1983). Fibronectin is functionally involved in all these processes through a family of
transmembrane extracellular matrix binding receptors, integrins. Integrins are comprised of
heterodimeric o- and B-subunits that mediate cell adhesion (Albelda and Buck, 1990), as well as
cell-matrix interactions (Buck and Horwitz, 1987). Fibronectin has multiple cell-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 through the cell surface integrin receptors asp1, the ‘classic’ FN
receptor (Ruoslahti and Pierschbacher, 1987; Ruoslahti, 1991). The 10th type III repeat is
constitutively spliced in and present in all FN variants. Another cell-binding site is located in the
IICS which contains the LDV (Leu-Asp-Val) sequence (Komoriya et al., 1991). The cell surface

receptor for the LDV ligand is 41, a member of the very late antigens (VLA) family.
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Figure 6. FN structures and variants

Schema of the primary sequence of the various forms of FN. The sequence is made up of a series
of repeats of the three types with internal 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) cell-binding sites, and functional domains for matrix assembly are
indicated. At the bottom, the alternatively spliced segments in the type I 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 III connecting segment (IIICS). Type IiI
repeats are numbered from 1 to 15, excluding the EIIIA and EHIB (Modified from Kornblihtt
A.R., et al. FASEB J, 10:248-257, 1996).
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characteristic of lymphoid cells (Guan and Hynes, 1990; Mould er al., 1990). Thus, most cells
would utilize mostly the integrin receptor 2581 for adhesion and for spreading on a FN matrix.
whereas certain cell types, such as melanoma, lymphocytes, and monocytes, likely use o4 |

receptor to bind the alternative spliced LDV sequence.

Expression of Fibronectin during Cardiovascular Development

Successful organogenesis requires migration of mesenchymal cells 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 alterations in FN distribution
are observed during cardiac development (Icardo and Manasek, 1983); and high FN expression is
specifically present in migratory cells involved in the formation of the cushion tissue mesenchyme
in the embryonic heart (Icardo and Manasek, 1984). Consistent with these features, FN mRNA
levels are abundant in the migrating mesenchymal cells of the outflow tract and in the endocardial
cushion cells (ffrench-Constant and Hynes, 1988). The importance of FN for successful
embryonic development is conclusively illustrated by the lethal effect of the mouse FN null
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 et al., 1990). This
study showed that FN expressed in Ao during early fetal development (8 to 12 week) contains both
EIIA and EIIIB variants, but these isoforms are decreased by 20-25 weeks of gestation. In
contrast, the medial layer of the adult Ao produces FN which contains neither EIIA nor EIIIB
domains, whereas the SMC in the thickened intima of an atherosclerotic plaque express FN

containing the EIIIA variant.




33

Effect of Fibronectin on Cardiovascular Development

During embryonic development, vascular 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 cell membrane
and the intracellular cytoskeleton, allowing the actin locomotory apparatus to follow 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
matrix (Risau and Lemmon, 1988), and microvascular EC adhesion is significantly enhanced by
FN (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 ez al.. 1989) to
support recruitment and differentiation of mesenchymal cells, results in impaired vasculogenesis

(George, et al., 1993).

Altered Fibronectin Expression in Vascular Intimal Thickening

Increased FN expression has been observed in the neointima of human atherosclerotic
plaques (Shekhonin ez al., 1987). Further studies identified the embryonic EIIIA FN variant as the
main FN component in the intimal lesion, whereas it was not detected in the medial layers or
normal vessel (Glukhova et al., 1989; Glukhova, et al., 1990). The expression of the EIIIA
variant by SMC is phenotype-dependent, that is, it is a characteristic 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 contractile cells derived from the
medial layers of the vessel wall (Glukhova, et al., 1989).

Elevated FN synthesis has also been found in restenotic human coronary arteries after
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atherectomy or percutaneous balloon angioplasty (Clausell et al., 1995), as well as in neointimal
lesions in coronary arteries after experimental cardiac transplantation in piglets (Clausell ef al..
1993) and in the thickened intima induced by endothelial denudation (Madri ez al., 1989; Ishiwata
etal., 1994; Kim, et al., 1995). The FN induced in neointima after endothelial denudation includes
the EDITIA and EDIIIB domains (Bauters er al., 1995; Dubin et al., 1995). but their functional
significance is not known. In addition, upregulated FN expression is observed in the Ao of the
hypertensive rat (Takasaki ez al., 1994), the thickened intima of hypertensive pulmonary arteries 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 arteries mainly associated with

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

Role of Fibronectin in Development of Vascular Neointima

Several roles have been 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 increased RNA and protein synthesis
(Hedin and Thyberg, 1987; Hedin et al., 1988). The RGD cell-binding motif in FN appears to be
important in this phenotypic transition since incubation of cultured SMC with RGD peptides blocks
the FN effect and SMC maintain their contractile phenotype in the cultures (Hedin, er al.. [988).
In contrast, substrate containing RGD peptides promotes the SMC switch from a contractile to a
synthetic phenotype (Hedin et al., 1989). Thus, interaction of FN with its receptor, o581, 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 receptors (Pauletto, er al..
1994).

Fibronectin has also been implicated in the mechanism regulating SMC migratory behavior.
a prominent feature of neointimal formation. Since migration of SMC during neointimal formation

is non-random, it has been presumed that there is a specific FN gradient along which cells migrate
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via interaction with a5B1 integrins (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, ef al..
1997).

Since FN is important in cell adhesion, a process involving attachment, spreading.
organization of cytoskeletal filaments, and formation of focal adhesion contacts (Couchman and
Hook, 1983), its role in cell migration must require the breaking, as well as formation of
attachments. Thus, the net effect of FN on cell migration depends on adhesive forces and traction
for movement. Studies of DiMilla and colleagues (1993) demonstrated that the initial adhesive
strength determines migration speed and the maximal migration of human SMC on FN and type [V
collagen occurs at an intermediate level of cell-matrix adhesiveness. Several factors contribute to
this intermediate level of adhesiveness, depending on the cell type, and these include the
production of proteolytic enzymes, the presence of FN in a soluble form versus its rapid deposition
in the matrix, as well as the number and, perhaps most important, the availability of cell surface
integrin and non-integrin matrix receptors which interact with other matrix moiecules, such as
hyaluronan (Bauer et al., 1992; Clyman, et al., 1992). Thus, the FN receptor a5B1 can either
mediate firm ECM attachment or cell migration depending on the microenvironment (Albelda and

Buck, 1990; Darribere et al., 1590).

Regulation of Fibronectin Expression

The molecular mechanisms regulating FN have been studied in embyrogenesis, wound
repair, and tissue remodeling, i.e., conditions in which increased expression is observed. In
contrast, decreased FN expression is a feature of oncogenically-transformed cells and the

mechanisms involved have also been broadly studied.
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Down-regulation of FN in Oncogenic Transformation. One of the pioneering
observations in matrix biology is differences in (Buck, et al., 1971) or the loss of cell surface
glycoprotein (Grahmberg and Hakomori, 1973; Hynes, 1973a) in tumor virus transformed cells.
This feature actually led to the identification of cellular FN (Mosesson, et al., 1975; Chen et al.,
1976; Engvall and Ruoslahti, 1977; Hynes and Destree, 1977; Yamada et al.. 1977). Until now, it
is still the most striking example of regulation of FN expression. Reduced FN expression has
been observed in cells transformed with tumor viruses, such as human cytomegalovirus, Rous
sarcoma virus (RSV), and adenovirus (Olden and Yamada, 1977; Yamada, et al., 1977; Vaheri and
Mosher, 1978; Hayman et al., 1981; Pande et al., 1990), or transfected with viral oncogenes, such
as adenovirus early region 1A (E1A), Ha-ras, and v-mos (Roberts et al., 1985; Setoyama et al.,
1985; Sistonen et al., 1987; Chandler and Bourgeois, 1991; Nakajima et al., 1992; Nakamura et
al., 1992; Chandler et al., 1994). Decreased FN synthesis has also been seen in cell lines derived
from malignant tumors (Pearlstein ez 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; Ali et al., 1977; Gallimore et al., 1977; Marshall. ez
al., 1977; Chen et al., 1979; Der and Stanbridge, 1980; Der and Stanbridge, 1981; Lawrence and
Singer, 1986; Steele, et al., 1988). Thus, cells selected by growth in suspension or by passage in
immunodeficient mice are often FN negative (Gallimore, 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; Schalken er al., 1988). Moreover, addition of purified FN
to various transformed cells induces cell adhesion, promotes reorganization of the cytoskeleton.
and allows the cell to adopt a more normal morphology (Chen, et al., 1976; Yamada et al., 1976:
Ali, et al., 1977). More recently, overexpression of recombinant FN in HT 1080 cells has been
shown to reduce their migration, and suppress their proliferation 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 cells by a variety of pharmacological reagents, such as cAMP (Nielson and
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Puck, 1980), butyrate (Hayman er al., 1980), dexamethasone (Furcht ez al., 1979a; Furcht ez al..
1979b), and oxamflatin (Sonoda et al., 1996), by the tumor suppresser gene krev-{ (Noda et al..
1989), or by MP41, a gene regulated by the circadian clock (Kondo et al., 1996) is also associated
with a 'reverse transformed' cell phenotype that resembles normal cells.

Multiple mechanisms may contribute to reduced cell surface FN upon oncogenic
transformation. In Rous sarcoma virus 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 cell 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 cells (Fagan et al., 1979), and this has been confirmed by
northern blot analyses (Fagan et al., 1981; Norton and Hynes, 1987). Nuclear run-on studies
indicate that the reduction in FN mRNA level is due to decreased transcription (Tyagi er al., 1983).
However, the mechanism of how the Rous sarcoma virus oncoprotein, src, represses FN gene
transcription is still unclear. In adenovirus E!A oncoprotein transformed rat fibroblasts, the
reduction of FN gene transcription is through the induction of a nuclear repressor activity related to
GI10BP (G10 binding protein) (Nakamura, et al., 1992). This nuclear factor binds to a string of
10 Gs present at -239 of the rat FN promoter, and two GC boxes at -105 and -54. The recognition
sequences of Gj0BP and transcription factor Spl overlap in the two GC boxes. Site-direct
mutagenesis studies demonstrated that all of these elements are important in transcriptional
activation, whereas the downstream GC box plays a primary role (Suzuki er al., 1995). Since the
nuclear factor G)0BP has a stronger affinity for the downstream GC box and G|( stretch than
Spl, binding of G1QBP replaces Spl, thereby repressing FN gene expression. Post-
transcriptional mechanisms can also regulate reduced FN expression in tumor cells. For example.
in HT 1080 fibrosarcoma cells, Ha-ras oncoprotein reduces either nuclear processing or nuclear

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

Upregulation of FN: Transcriptional Mechanisms. Growth factors, cytokines.
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hormones, and serum factors upregulate FN expression in a variety of cell types. Treatment of
serum-starved 3T3 cells 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 er al., 1988; Seebacher, et al., 1988). Other growth factors, such as TGF-
(Dean, et al., 1988; Kahari, et al., 1991; Kahari, et al., 1992), PDGF (Blatti, et al., 1988; Zhang
and Lo, 1995), and cytokines, such as interferon-y (INF-y) (Czaja er al., 1987; Diaz and Jimenez.
1997), serum (Blatti, er al., 1988; Dean, et al., 1988; Ryseck er al., 1989), and steroid hormones
(Nimmer et al., 1987; Dean, er al., 1988) also induce FN synthesis in many cell types via
transcriptional activation. As well, cytokines, such as IL-1B and tumor necrosis factor (TNF)-a
stimulate FN gene transcription (Clausell and Rabinovitch, 1993; Molossi er al., 1995) in vascular
SMC.

The mechanisms involved in stimulating FN gene transcription have been investigated and
transcriptional factors that bind to specific cis elements in FN promoter have been identified. There
is, in fact, high identity between the human (Dean et al., 1987), rat (Patel et al., 1986), and mouse
(Polly and Nicholson, 1993) FN promoter. Analysis of the human promoter in transient
transfection studies using promoter-reporter constructs has identified TGF-B1, serum, and cAMP
response elements (Dean, et al., 1988; Dean et al., 1989). The cAMP responsive element (CRE) is
the cis element of serum stimulation in that it can by itself confer serum responsiveness to a neutral
promoter (Dean et al., 1990), and CRE binding activities have been demonstrated in nuclear
extracts of diverse cell lines (Dean, et al., 1989; Muro er al., 1992). More recently, a tissue-
specific transcriptional enhancer element has been reported in the rat FN gene (Sporn and
Schwarzbauer, 1995). Gel mobility shift assays demonstrated fibroblast-specific binding of a
nuclear factor(s) to this element and DNase I 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 been examined.

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




39

expression (Raghow ez al., 1987; Dean, et al., 1988; Chandler and Bourgeois, 1991; Wrana, et
al., 1991; Chandier, et al., 1994; Eckes et al., 1996; Diaz and Jimenez, 1997). For example.
despite elevated FN gene transcription, TGF-B1 also stabilizes FN mRNA (Raghow, et al., 1987).
As well, the synthetic glucocorticoid dexamethasone stabilizes FN mRNA selectively in a human
fibrosarcoma cell line, HT 1080 (Dean, et al., 1988). Reduction of FN steady-state mRNA levels
and FN synthesis in non-tumorigenic human osteosarcoma cells transfected with Ha-ras, as well as
malignant human fibrosarcoma, HT 1080, is not accompanied by decreased FN gene transcriptional
activities and is linked to the activation of the Ha-ras oncogene (Chandler and Bourgeois. 1991:
Chandler, et al., 1994). The reduction is rather due to a mechanism that would alter nuclear FN
mRNA stability and/or processing (Chandler, ez al., 1994).

Post-transcriptional regulation of FN may also involve alterations in the efficiency of
mRNA translation as has been documented in early Xenopus development (Lee er al., 1984).
Temporal and spatial upregulation of FN expression observed shortly after the midblastula
transition is related to translational activation of masked maternal FN mRNA, since transcriptional
blockade by inhibition of RNA polymerase II dependent RNA synthesis with a-amanitin 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, ef al., 1994). In addition.
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 mRNA
translation (Rasoamanantena et al., 1994). As well, the antiproliferative reagent [FN-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 intimal cushion formation
demonstrated that cultured DA SMC produce up to 3-fold increased FN synthesis compared to Ao

SMC after serum stimulation (Boudreau and Rabinovitch, 1991; Boudreau, et al., 1992). Further
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assessment 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 differences in FN mRNA stability or
mRNA splicing between DA and Ao SMC (Boudreau, 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 estimated to be about 6-fold of that in Ao SMC (Figure 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 first noted in experiments in which oncogenic forms
of the c-fos gene were found to have lost a 67-nt AT-rich sequence in the 3'UTR which was
present in non-oncogenic forms of the gene (Meijlink er al., 1985). When added to the 3'UTR of
B-globulin mRNA, the ARE of c-fos (Treisman, 1985) and GM-CSF (Shaw and Kamen, 1986)
destabilize otherwise stable B-globulin-reporter mRNA. Subsequent observations made by Caput
and colleagues (Caput et al., 1986) discovered that the ARE, particularly the octanucleotide
UUAUUUAU sequence, is frequently present in the 3'UTR of inflammatory mediators or
immediate early response genes, such as cytokines, oncogenes, as well as FN. Since then. the
presence of the ARE has been shown to destabilize a large number of labile mRNAs, including c-
myc (Jones and Cole, 1987), c-fos (Wilson and Treisman, 1988), INF-B (Whittemmore and
Maniatis, 1990), IL.-3 (Wodnar-Filipowicz and Moroni, 1990), and the human tissue factor (Ahern
et al.,, 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 ef al., 1995). The ARE can either reduce or increase mRNA translational
efficiency, but this likely depends on its interaction with tissue-specific cytoplasmic proteins
(Kruys et al., 1987, Kruys et al., 1988; Kruys et al., 1989; Han et al., 1990a; Han et al., 1990b:
Grafi et al., 1993; Kruys et al., 1993; Jain et al., 1997).
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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 FN
mRNA indicates an up to 6-fold increase in FN mRNA translational efficiency in cultured DA
compared to Ao SMC (Modified from Boudreau N. et al., Lab Invest 67:350-359, 1992).
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Effect of AREs of 3'UTR on mRNA Translation

In studies addressing the regulation of human IFN-B gene expression, Kruys and
colleagues (Kruys, er al., 1987) observed that the presence of the AREs in the 3'UTR of the
mRNA greatly suppressed mRNA translation in both Xenopus oocytes and in the reticulocyte
lysate, since removal of the AREs from the 3'UTR of IFN-B 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., 1988). Further studies demonstrated that significant translational inhibition
could be achieved in Xenopus oocytes injected with the IFN-B 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-B mRNA (Kruys, et al., 1989). Subsequently, AREs containing the
octanucleotide derived from c-fos and GM-CSF have been shown to have the same inhibitory
effects on mRNA translation (Kruys, et al., 1989).

Translational suppression mediated by the AREs was also observed in somatic cells.
including RAW 264.7 macrophages (Han, et al., 1990a), rat L929 fibroblast cells, and NIH3T3
cells (Kruys, er al., 1993). For example, in the studies with L.929 cells and NIH3T3 cells, 3’UTR
regulated-reporter constructs were generated in such a way that the reporter gene, chloramphenicol
acetyl transferase (CAT) was driven by the cytomegalovirus (CMV) promoter, whereas the CAT
3'UTR was replaced by either the TNF-o 3'UTR containing the AREs or human growth hormone
(hGH) 3'UTR without the AREs. Assessment of CAT activities (protein levels), as well as CAT
mRNA levels in stable transfectants, revealed that cells transfected with the CAT construct
containing the TNF-o 3'UTR produce 100-fold less CAT protein than the cells transfected with the
CAT construct containing the hGH 3'UTR, while 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 also modulate translational efficiency.

AREs are not always associated with suppression of mRNA translation. In RAW 264.7
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macrophages, the AREs of TNF 3'UTR normally inhibit TNF mRNA translation (Han, er al..
1990a). However, lipopolysaccharide (LPS)-induced TNF-o expression is related to ARE-
dependent enhanced mRNA translation. Dexamethasone, 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 functions (Savant-Bhonsale and Cleveland, 1992; Aharon and
Schneider, 1993; Winstall, er al., 1995). In a study carried out by Savant-Bhonsale and Cleveland
(1992) inhibition of mRNA translation by mutation of the ATG initiator codon resulted in a 10-fold
accumulation of chimeric 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, i.e., upstream of the stop codon, then its mRNA degrading
property is lost. By further analysis of sucrose gradients, larger than average mRNPs were found
only with 3'UTR ARE-containing transcripts, due to an extra divalent cation-independent complex
(> 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 chimeric mRNA containing GM-CSF AREs
downstream of the coding region results in a 20- to 30-fold inhibition of translation, as well as a
corresponding 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
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secondary structure at any position upstream, but not downstream, of the ARE inhibits the
degradation of chimeric mRNA. In studies by Winstall and colleagues (Winstall, et al., 1995), the
properties of the iron-response element (IRE) were used to shuttle mRNA from ribonucleoproteins
(RNPs) to polyribosomes in response 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 intracellular iron, chimeric mRNA was sequestered in the RNPs and concomitantly
stabilized, whereas supply of iron by addition of hemin induced translation of chimeric mRNA
toward polyribosomes and restored their rapid degradation.

In contrast, two other studies using similar methods have shown that decay of mRNAs
containing 3'UTR c-fos or GM-CSF ARE:s is not coupled with ongoing translation (Koeller et al.,
1991; Chen et al., 1995). It is therefore hard to offer a unifying explanation that could reconcile
these differences, except to say that there may be differences in the mRNA decay pathways in
different cells, 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 specifically 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-B mRNA containing its ARE is
translocated onto polyribosomes to a much lower extent than the construct lacking the ARE.
suggesting a sluggish translational initiation or inhibition of the 80S monosome 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 [FN-f 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 [FN- mRNA
on the polysome profile. That is, the poly (A) rich IFN- mRNA failed to form large polysomes.

while its counterparts bearing short poly (A) tract recruit more efficiently into large polysomes.




46

While the direct effect of removal of the ARE on the polysomal distribution of [FN-8 was not
addressed in this study, the interaction of the ARE with the poly (A) tract was supported by the
experiments showing that the presence of the poly (A) tail specifically 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 might inhibit
mRNA translation by masking the poly (A) tail, thereby preventing its translation-promoting
functions (Sachs and Davis, 1989; Munroe and Jacobson, 1990; Tarun and Sachs, 1995: Tarun
and Sachs, 1996). It is therefore conceivable that, depending on the nature of the cell or the
condition under which it is being studied, the binding of a tissue-specific or induced cytoplasmic
factor to the ARE could release the poly (A) tail, thereby triggering mRNA translation (Grafi. er
al., 1993), and promoting rapid poly (A) shortening and RNA decay (Brewer and Ross, 1988:
Wilson and Treisman, 1988; Shyu et al., 1991; Grafi, er 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. Malter (1989) first identified an ARE-binding protein in lymphocyte cytoplasmic
extracts. In this study, gel mobility shift assay showed one protein-RNA binding complex which
was only present with ARE-containing synthetic mRNA, and the cytoplasmic factor was denoted
the adenosine-uridine binding factor (AUBF). UV-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 affinity for the ARE. Further studies demonstrated that the AUBF binds to
ARE-containing labile mRNAs, including GM-CSF, IL-3, INF-y, c-fos, and v-myc, 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




47

repeats of AUUUA pentanucleotides or an intact UUAUUUAU sequence binds to AUBF, and
replacement of the middle uridine of AUUUA with guanosine but not cytosine greatly inhibits its
binding activity. This protein binding assay is consistent with two other independent studies in
which the minimal length sequence of ARE required to direct mRNA decay has been determined to
be UUAUUUA(U/A)(U/A) (Lagnado et al., 1994; Zubiaga et al., 1995). AUBF is inactive in
resting lymphocytes but can be activated by 12-O-tetradecanoylphorbol-13-acetate (TPA) or
calcium ionophore (Malter and Hong, 1991), which are known to induce labile mRNA stabilization
(Shaw and Kamen, 1986 1986; Akashi et al., 1989; Yamato er al., 1989). The AUBF is a
phosphoprotein, and its ARE binding activity is regulated by its phosphorylation status and by a
redox switch of its disulfide bonds (-S-S-) to free sulfhydryl groups (-SH).

Numerous cytoplasmic proteins that bind ARE-containing 3'UTRs have since been
identified in a variety of cells or tissues (Bohjanen et al., 1991; Brewer, 1991; Rondon et al..
1991; Vakalopoulou et al., 1991; Bickel et al., 1992; Bohjanen et al., 1992; Port er al., 1992:
Stephens et al., 1992; Levine et al., 1993; Zhang et al., 1993; Katz et al., 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 stabilization (Bohjanen, er al., 1991; Vakalopoulou, er al., 1991; Bickel, er al., 1992;
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, 1991; Zhang, et al..
1993). In addition, cellular localization of ARE-binding proteins does not necessarily correlate
with mRNA stability. Some ARE-binding proteins appear to be located in both the nucleus and the
cytoplasm, suggesting that they may have functions related to the formation of mRNP complexes
in the nucleus, the processing of premRNA or mRNA transport from nucleus to cytoplasm
(Brewer, 1991; Zhang, et al., 1993; Nakamaki et al., 1995). Indeed, several nuclear proteins are
known to have RNA-binding activity, such as hnRNP A1, A0, and C (Myer et al., 1992; Hamilton
et al., 1993; Katz, et al., 1994; Nakamaki, et al., 1995), and embryonic lethal abnormal vision
(Elav)-like proteins, such as Hel-N1 and Hu-R (Levine, er al., 1993; Chung, ez al., 1996; Ma, et
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al., 1996). Surprisingly, there are also other groups of ARE-binding proteins known to have
enzymatic activities in intermediary metabolism, such as thiolase (Nanbu et al., 1993), enoyl-CoA
hydratase (Nakagawa, et al., 1995), glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Nagy
and Rigby, 1995). The significance of such dual function proteins in mRNA decay or translational
efficiency is unknown.

Several ARE-binding proteins have been purified and cloned. They include two Elav-like
proteins, Hel-N1 (Levine, et al., 1993) and Hu-R (Ma, et al., 1996), and AUF! (Zhang, et al..
1993), and AUH (Nakagawa, et al., 1995). The availability of their recombinant proteins or
cDNAs makes it possible to gain insights into their function in mRNA decay or transiational
efficiency. This was shown with the two ARE-binding proteins, AUF! and Hel-N1.

AUF1 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 requires mRNA-polysome association
(Brewer and Ross, 1988) and is facilitated by factors present in a 130,000 x g post-ribosomal
supernatant (S130) (Brewer and Ross, 1989). These factors are present as a 25S complex in low-
salt buffer or a 7S complex in high salt (0.5 M) 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, 1991).
The two polypeptides, referred to as AUF1, were then purified from S130 cytoplasmic extracts of
human erythroleukemia K562 cells (Zhang, et al., 1993). They are immunologically cross-
reactive, phosphorylated, and associated with other polypeptides in a complex. The cDNA of the
37 kDa polypeptide cloned from a Hela cell expression library contains two RNA recognition
motifs and domains that potentially mediate protein-protein interactions (Zhang, et al., 1993).

Several lines of evidence suggest that AUFI targets decay of ARE-containing mRNA in
vivo. For example, a previously described 35 kD ARE-binding protein in SMC associated with 3-
adrenergic agonist-induced downregulation of B-adrenergic receptor mRNA (Port, et al., 1992).

appears to be the AUF1. Upregulation of AUFI occurs by B-adrenergic receptor stimulation in
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SMC and correlates with increased decay of some ARE-containing RNAs (Pende et al., 1996).
Conversely, a slow decay rate of ARE-containing mRNA, such as GM-CSF mRNA is associated
with reduced AUF1 expression (Buzby et al., 1996). The binding affinity of AUF1 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 affinity of AUF1 (DeMaria and
Brewer, 1996). More recently, monocyte adherence, which induces rapid stabilization of IL-1 and
GROu« (growth related oncogene o) mRNA, is associated with a decrease in protein-RNA
complex formation related to AUF1 and the ARE. In contrast, monocyte deadhesion results in
rapid mRNA degradation and enhanced RNA-AUF1 binding complex formation (Sirenko er al..
1997). Thus, since it was first identified, there has been a growing literature supporting AUF! 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, albeit 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-N1 is a member of Elav-like proteins which bind RNA in vitro (Gao et al., 1994:
Chung, et al., 1996; Gao and Keene, 1996; Ma, et al., 1996). Hel-N1 possesses an 80-amino
acid consensus element, termed the RNA recognition motif (RRM) (Query ez 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 al., 1994; Chung, er al., 1996; Ma, er al., 1996). Hel-N1 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 P19 cells (Gao and Keene, 1996). Their expression is upregulated during neuronal cell
differentiation of P19 cells (Gao and Keene, 1996). More recently, a study by Antic and Kneene
(submitted, 1997) demonstrated that differentiation of NTera-2 cell (human embryonic carcinoma
cells) induced by retinoic acid exhibits increased expression of Hel-N1 protein which co-localizes

with mRNPs associated with polysomes, suggesting that Hel-N1 may affect mRNA translation.
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Indeed, ectopic expression of Hel-N1 in 3T3-L1 adipocytes greatly increases glucose transporter
(GLUT1) expression (Jain, et al., 1997). This increased GLUT expression is associated with a
relatively prolonged mRNA half life (7.0 £ 0.5 hours) in Hel-N1 transfectants compared to parent
cells (4.8 £ 0.7 hours). Moreover, polysomal distribution of GLUT! mRNA in Hel-N1
transfectants is exclusively located in the heavy polysomal region whereas GLUT1 mRNA in non-
transfected cells has a broad distribution ranging from ribosome subunits to polysomes. This
indicates that expression of Hel-N1 in 3T3-L1 adipocytes also results in enhanced GLUT1 mRNA
translation via a rapid translational initiation. It was not addressed, however, in this study.
whether Hel-N1 protein is also associated with mRNPs containing GLUT1 mRNA, rather an in
vitro gel shift assay was used to show that the recombinant Hel-N1 protein binds to a U-rich
region in the 3'UTR of GULT1 mRNA.

Other studies have also demonstrated that quiescent 3T3-L1 preadipocytes have a low level
of GLUT1 expression and glucose transport activity that could be upregulated by TNF-ct, phorbol
esters, okadaic acid, and 8-brom-cAMP (Comelius et al., 1990; Cornelius er al., 1991; Stephens,
et al., 1992; Jain, et al., 1997). These conditions are associated with the accumulation of GLUT1
mRNA resulting from increased mRNA stability. There is a corresponding increase in AUBF
activity specific for the AU-rich sequence in the 3'UTR of GLUT! mRNA (Stephens, et al..
1992), suggesting that AUBF increases GLUT1 mRNA stability. The main criteria used to
identify the ARE-binding protein as the AUBF was visualizing 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 a
high affinity and selectivity for the ARE in 3'UTR of c-fos, c-myc, N-myc, and IL-3 mRNAs
(Ma, et al., 1996). The possibility that this 'AUBF' in 3T3-L1 preadipocytes is related to HuR.
the non-neuronal homologue of Hel-N1, could not be excluded.

Thus, ARE-binding proteins functionally fall into 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-N1.
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contains proteins whose ARE-binding activities are associated with stabilization of labile mRNAs.

as well as enhanced 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 studied a decade ago, and translational initiation was
recognized as the limiting step and the most important site of regulation (Hershey et al., 1996:
Pain, 1996). A scanning model for translational initiation was then proposed (Kozak, 1986a:
Kozak, 1986b). The scanning model states that the 43S ribosomal subunit (carrying Met-
tRNAi™et and various translational initiation factors) binds initially 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 ribosomal unit joins to the 40S translational 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 mRNAs in
eukaryotic cells (Kozak, 1987b; Kozak, 1987a; Kozak, 1989; Kozak, 1991).

A central aspect of the scanning model is that the 5' mRNA cap structure is the interaction
site for the recruitment of the 43S small ribosomal subunit complex (i.e., the 40S ribosomal unit
and its associated translational initiation factors) to eukaryotic mRNA. More recently, studies have
shown that the 43S ribosomal subunit could also be recruited onto mRNA by an internal 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 mechanisms 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. Model of 5' and 3' closed loop in mRNA translational control

This model states that the poly (A) tail can promote mRNA translation by facilitating 40S
recruitment through either 5' cap-dependent or independent mechanisms. It hypothesizes that the
poly (A) tail could bring the 40S subunit to the 5’ end through a circularized mRNA structure by
interaction of a poly (A) binding protein, Pabl, and mRNA-associated initiation factor eIF4F that
consists of two core subunits, e[F4E and e[F4G. Subsequently, the 40S ribosomal subunit is
docked onto the cap structure due to its high affinity for the cap binding protein e[F4E. For cap-
independent translation, the 40S ribosomal unit is loaded onto mRNAs through the interaction of
elF4G and an IRES (not indicated in the diagram) (Modified from Sachs A.B. et. al., Cell 89: 831-
838, 1997).
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model of translational initiation (Sachs, et al., 1997). This model states that both mRNA 5' cap
structure and the poly (A) tail can determine 43S ribosomal subunit recruitment. While the cap
structure has the exclusive role of docking the 43S ribosomal subunit onto a unique site in the
RNA, due to its high affinity for the cap binding protein e[F4E, 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 mRINA-associated initiation factor e[F4F that consists of two core
subunits, e[F4E and eIF4G. Thereafter, the 43S subunit could be loaded onto mRNAs through
either binding of eIF4E to the 5’ cap structure or binding of e[F4G to an IRES. Whether this
model could be the 'prototype’ for interaction of other RNA-binding proteins with cis elements in
the 3'UTR, such as the ARE and its binding protein, in transiational contro! is currently unclear.
Broadly, translation could also be modulated 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 cells, 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 actin filaments. The
signals 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 er al., 1995; Han et al., 1995; Schumacher et
al., 1995). Translational regulation via RNA transport and localization 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 mRNAs that encode secreted proteins, such as matrix proteins, FN (Lee, et al..
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 al., 1992:
Rings et al., 1994b) has also been reported. It is also likely that docking of mRNAs onto
membrane-bound polysomes could be facilitated by cytoskeletal structures as compared to simple

diffusion of large mRNA-RNP particles (Rings er al., 1994a).
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The AU-rich Element in 3'UTR of Fibronectin mRNA

As discussed before, the increased expression of FN in DA SMC appears to result 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 revealed a
UUAUUUAU sequence aforementioned, which is also conserved among different animal species
(Komblihtt, et al., 1983; Schwarbauer, et al., 1983; Caput, et al., 1986). The function of the FN
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 cell types, including SMC. it
would be logical to speculate that the ARE in the 3'UTR of FN mRNA may also function to
modulate mRNA translation in vascular SMC. The difference in the ability to translate FN mRNA
in DA versus Ao SMC might be due to differences in cytoplasmic factors which could bind to the

ARE in the 3'UTR of FN mRNA.

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 al., 1988: de
Reeder, et al., 1989; de Reeder, et al.,, 1990; Zhu, et al., 1990) demonstrated that.
morphologically, the natural occurring DA intimal cushion has features that are similar to those of
the neointima which results from vascular injury. In view of the importance of TGF-B1 and FN
(Boudreau, et al., 1992; Boudreau and Rabinovitch, 1991; Boudreau, et al., 1991), both in the
pathogenesis of the vascular neointima and in the development of intimal cushions in the DA
(Figure 7), this thesis investigates mechanisms involved in modulating their expression in vascular
cells during intimal cushion formation in the DA.

Primary cultured 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 primary tissue

cultures have been established and characterized as homogeneous EC or SMC populations
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(Rabinovitch, ez al., 1988), maintaining the tissue-specific cell phenotype observed in vivo
(Boudreau, er al., 1991). The consistent and reproducible differences in tissue-specific and
developmentally-related gene expression (Rabinovitch, et al., 1988; Rabinovitch, et al., 1989:
Boudreau and Rabinovitch, 1991; Boudreau, er al., 1992) in these cells allows us to identify
regulatory mechanisms enhancing TGF-81 and FN expression related to the intimal cushion
formation in DA. Once uncovered, these mechanisms can be extrapolated to other cell systems
and, in the case of this thesis, to the behavior of a tumor cell line which is impaired in its
production of FN.

In this thesis, the first chapter describes tissue-specific and developmentally-related
expression patterns of DA EC TGF-B1 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 purification and functional characterization of a 15 kD ARE-binding protein that we
identified as light chain 3 (LC3) of microtubule-associated protein 1; the fourth chapter addresses
the involvement of microtubule structures in LC3-mediated FN mRNA translation; and the last
chapter provides evidence that a tumor cell line (HT 1080 fibrosarcoma), which shows little FN
production and no immunodetectable LC3 can revert to a slower growing cell line with well
assembled microtubules and abundant FN production following stable transfection of LC3.
Moreover, we determine that the mechanism whereby LC3 upregulates FN mRNA translation is

related to enhanced ribosome recruitment.
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HYPOTHESIS

1. Upregulation of DA endothelial hyaluronan is a reflection of a developmental and tissue-specific

regulated expression of TGF-1.

2. Differences in cytoplasmic 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 FN ARE-binding

protein.

4. Reduction in FN production in HT 1080 cells is related to loss of the FN ARE-binding protein.
OBJECTIVES

1. Define tissue-specific expression of TGF-B1 in DA EC during intimal cushion formation.

2. Determine the function of FN ARE in mRNA translation.
3. Purify, identify, and functionally characterize the FN ARE-binding factor.
4. Evaluate whether microtubule structures are involved in enhancement of FN mRNA translation.

5. Address whether reduction of FN production in HT 1080 cells is due to a lack of the FN ARE-

binding factor. If so, use these cells to further define the mechanism by which this factor regulates

FIN mRNA translation.
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MATERIALS AND METHODS

I. Assessment of TGF-f1 Expression and its Regulation in DA EC
Immunohistochemistry

The distribution and expression of TGF-f was evaluated by immunohistochemical staining
of DA and Ao tissue sections prepared from 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 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 Systems, Minneapolis, Minnesota). This antibody was purified [gG
and raised in rabbit by injection of highly-purified native porcine TGF-B1. The antibody is also
cross-reactive with TGF-B2 with less sensitivity. The sections were visualized using Vectastain
ABC Kit (Vector Laboratories Inc, Burlingame, CA) with goat anti-rabbit antibody and
hematoxylin blue counterstain. Control experiments were performed by replacing the primary
antibody with normal rabbit IgG (Dako Corp. Carpinteria, CA). The stained tissue sections were
assessed qualitatively, independently, and in a blinded fashion by 3 co-workers and there was no

discrepancy.

Cell Culture

Fetal Rambouillet lambs were delivered by Caesarian section on day 100 or 138 of a 145-
day umed 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, er al., 1988), and the vessels were separated, opened and rinsed in
phosphate buffered saline (PBS) containing 3% antibiotics/antimycotics (GIBCO, Burlington.
Ontario, Canada). Endothelial cells were harvested by scraping the luminal surface with a No. 11
scalpel blade (Ryan et al., 1978) and maintained in Medium 199 (M199; GIBCO) containing 20%

heat-inactivated fetal bovine serum (FBS, GIBCO) and 1% antibiotics/antimycotics. Endothelial
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cells 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 pCi/ml [33S]-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 removed in the
presence of proteinase inhibitors (aprotinin, leupeptin, and pepstatin, Sigma Co., St Louis, MO).
added in a final concentration of 1 pg/ml of each. To activate TGF-B, aliquots of I ml medium
were transiently acidified by adding 25 pl of 5 M HCI 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 100 pg/ml normal
rabbit IgG. The precleared supernatants were then incubated with the TGF-B neutralizing
antibodies which recognizes TGF-P (1:1000 of the stock solution, 10 mg/ml) at 4°C overnight,
followed by addition of 100 pul of protein A agarose (Sigma) for 1 h. The samples were washed
four times with immunoprecipitation buffer (50 mM Tris-HCI, pH 7.5, 150 mM NaCl, | mM
EDTA, 1 % Triton-X 100, 1 % sodium deoxycholate, 0.1% SDS, and 0.005% thimerosal)
(Colletta et al., 1991). The final pellets were resuspended in 50 pl of Laemmli sample buffer
(Laemmli, 1970), heated to 90°C for 10 min, and then resolved on a 12.5% SDS-PAGE under
non-reducing conditions. The gel was treated with En3Hance (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-f8, was cut from the gel and
counted by liquid scintillation spectrometry. To standardize values for cell number, DNA content
was determined as the mean of duplicate cell suspension aliquots, using the fluorescent dye.
bisbenzamide (Hoescht Reagent H3313, Calbiochem) as previously described (West er al., 1985).

Results are expressed as cpm/100 ng DNA. Total protein was also assessed in these series of
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experiments by total TCA-precipitated proteins found in the conditioned medium.

Western Immunoblot Analysis

To confirm the positive identification of TGF-f3, western immunoblots were also carried
out. Flasks (T-25) of subconfluent DA or Ao EC were incubated in 2 ml serum-free M 199 for 24
hr. Conditioned medium was prepared by dialyzing against 1 M acetic acid for 72 hr with 2
changes, followed by dialysis against water and lyophilization. Equal amount of proteins (20 ug)
were solublized by boiling in 40 pl of non-reducing Laemmli sample buffer 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 milk in
PBS containing 0.5% Tween-20 for 2 h and incubated for 1 h with TGF-§ antibody diluted at
1:1000 of the stock solution (10 mg/ml), 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 tetrahydrochloride (Dako) and

photographed.

Northern Blot 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 ug 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 short wave ultraviolet irradiation. A 0.9 kb
HindIIT and Smal porcine TGF-B1 cDNA fragment excised from pTGFB-Ch119 (a gift from Dr.
M.B. Sporn; NIH, Bethesda, Maryland) and a 1.2 kb cDNA probe for Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) were labeled with [32P] dCTP using a random primer kit
(Amersham, Oakville, ON) and purified with NucTrap™ push column (Stratagene, La Jolla, CA).

Prehybridization and hybridization were performed for 16 h at 42°C. Blots were washed twice at
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60°C in 2 x SSC (1 x SSC = 15 mM sodium citrate, 150 mM NacCl), 0.1% SDS for 1 h and once
in 0.1 x SSC, 0.1% SDS for 30 min. Autoradiographs of RNA blots were analyzed by relative
densitometric scanning. Values were standardized to mRNA levels of GAPDH to correct for any

differences in total RNA loaded onto gels.

Stability of TGF-81 mRNA

DA and Ao EC were cultured to subconfluence in the 100-mm dishes in M199 and 10%
FBS. Actinomycin D was then added to the cultures at a concentration of 2.5 yig/ml and cell 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 densitometric scanning.

Statistical Analysis

Statistical analysis was performed using a computerized software, SuperANOVA with
Duncan's New Multiple Range test to compare differences among the groups. Data reported in the
figures are mean * SD. p < 0.05 denotes significant difference. TGF-81 mRNA half-life was
estimated as previously described (Johnson, et al., 1995). After correction for any differences in
total RNA loading by standardizing to mRNA levels of GAPDH, TGF-81 mRNA signals were
graphically plotted as a function of time. Simple linear regression was used to determine mRNA
half-life. The differences in TGF-81 mRNA half-life between cultured DA and Ao cells isolated
from both 100-d and 138-d gestation lambs were assessed by two factor ANCOVA. The number

of animals compared in each group is indicated in the corresponding figure legend.

II. Functional Assessment of an AU-rich Element in FN 3'UTR
Cell Culture
Primary DA and Ao SMC cultures were prepared as follows. Fetal Rambouillet lambs

were delivered by Caesarian section on day 100 of a 145-day timed gestation period, as previously
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described (Rabinovitch, et al., 1988). Ductus arteriosus and Ao SMC were propagated by tissue
explant after scraping endothelial layers and removing the adventitia (Ross, 1971). Smooth muscle
cells were cultured in M199 with 10% FBS and identified morphologically by phase-contrast 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. In serum stimulation
experiments, test cells were serum-starved for 20 h after which adding 20% FBS was added for 4

h, while control cells were serum-starved for 24 h.

Plasmid Construction and Site-directed Mutagenesis

Three different chioramphenicol acetyltransferase (CAT) reporter constructs were made for
in vitro transfection studies. Plasmid pECE-CAT was generated by insertion of a BglII-KpnI
fragment from pBL-CAT2 (Luckow and Schiitz, 1987) containing full-length CAT cDNA and
SV40 small ¢ intron into the same unique site of pECE (Ellis ez 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 Bglll and Scal, and the coding sequence was repaired using synthetic
oligonucleotides flanked upstream by a Scal site and downstream immediately following the stop
codon by a HindIIl site. This full-length CAT coding sequence was inserted into pECE at the
BglHl and HindIl sites and the plasmid was named pECE-CAT3'UTR". A 717-bp KpnI-EcoRI
rat FN fragment from a plasmid SP65 (pFN) (kindly provided by Dr. R. Hynes, Center for Cancer
Research, Massachusetts Institute of Technology, Cambridge, MA), containing the full-length
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'-
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GCTCCCTCCCAGGTAAGAGAAAG-3' (mutated ARE shown underlined). A 5-end primer
GTTCTGCTTTCTTTGC-3' located upstream of the mutated site and a downstream 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 Smal site. A 170-bp Pstl-Xbal fragment
containing the mutated ARE was further released and used to replace the corresponding fragment
within pECE-CAT-FN, and the new construct was designated pECE-CAT-FNA. All 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. pPBSKS™-CAT was constructed by ligating a 260-bp XhoI-EcoR1 CAT fragment
from pBL-CAT2 into the same sites of phagemid Bluescript I KS™ (pBSKS", Stratagene). When
linearized with Xhol and transcribed with T7 RNA polymerase, a full-length 329-nt probe was
generated of which the protected CAT mRNA fragment was 260-nt. pBSKS™-B-gal, consisted of
a 289-bp Clal-EcoRV fragment of B-gal from pSV-B-gal (Promega Corp., Madison, WI) which
was cloned into the same sites of pPBSKS™. When digested with Xhol and transcribed by T7 RNA
polymerase, a full-length 377-nt probe was generated of which the protected $-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 HindITI-Xbal fragment from pECE-CAT-FN or pECE-
CAT-FNA into the same sites of pBSKS™ and transcribed by T3 RNA polymerase after
linearization with Xbal.

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 [a-32P]-UTP. DNA
templates were removed with DNase I digestion and the full-length probes were obtained by 6%
acrylamide/8 M urea gel purification.

Fibronectin mRNA oligonucleotide containing the ARE (underlined), 5'-ACCUG-
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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 oligonucleotide template, S'-AATTGATAAATAA CAGGT-
TATAGTGAGTCGTATTA-3' (ARE consensus sequence and T polymerase promoter.
respectively, are underlined), was synthesized by G & D, Center for Biomaterials, The Hospital
for Sick Children, Toronto. A 17-bp oligonucleotide, 5-TAATACGACTCACTATA-3', was
used as a primer to generate a T 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 mM of ATP, CTP, GTP, UTP and 20 units of T; RNA
polymerase. The DNA template was removed by adding RNase-free DNase [. The product of the
reaction was extracted by mixing with phenol:chloroform (1:1), and the full-length transcript was
purified on a 19% acrylamide/8 M urea denaturing gel and eluted with 1 mM EDTA, 0.1% SDS.
and 0.5 M ammonium acetate. Labeled RNA transcripts were produced by end-labeling with [v-
32P}-ATP using T, polynucleotide kinase (Boehringer Mannheim Biochemicals, Indianapolis, IN).

The unincorporated labels were removed using NucTrap™ Push Columns (Stratagene).

Transfection and CAT assay

Transient transfection was performed using the calcium phosphate method (Sambrook er
al., 1989). Twenty-four h prior to transfection, cells were plated at a density of | x 106/100mm
dish. Cells were fed with fresh medium (M 199) 4 h prior to transfection. Twenty g of plasmid
DNA were used to transfect each dish. Five pug of the plasmid pSV-B-Gal (Promega) were co-
transfected with each experiment as a control for transfection efficiency. The cells were shocked
with 10% glycerol for 1 min, then fed with fresh medium, cultured for 48 h, and harvested. In
each assay, B-galactosidase activity was measured by colorimetry, and cell lysates containing
similar amounts of activity were mixed with 0.1 uCi [14C] chloramphenicol (58.2 pCi/mmol, ICN
Biomedicals) and 20 pl of 4 mM acetyl coenzyme A (Sigma), in a total volume of 105 ul of 0.6 M
Tris-HCIl, pH 7.5 and incubated at 37°C for 1 h. The reaction was stopped by extraction of the
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acetylated products with 1 ml of ethyl acetate. The acetylated products were dried by speed
vacuum for 1 h, redissolved in 20 pl of ethyl acetate and chromatographed on thin layer plates in
95% chloroform: 5% methanol for 30 min. The plates were exposed to Kodak X-AR film for 24 h
after air-drying. The CAT activity was counted using a scintillation counter and expressed as a
percent conversion of total added [!4C] chloramphenicol after correction for background. Values
for mock transfected cells were subtracted as background counts.

Additional experiments were carried out to improve efficiency of transfection with a
'component system’ which included adenovirus, polylysine, and plasmid (Kohout er al., 1996).
The replication-deficient human adenovirus type 5 mutant, Ad5d1312, (generously provided by Dr.
Frank Graham, McMaster University, Hamilton, Ontario) was propagated in the human embryonic
kidney cell line, HEK 293 (ATCC, Rockville, MD), harvested, and purified as previously
described (Kohout, et al., 1996). Cells at passage one were seeded onto 25-mm? glass coverslips
in Petri dishes at a density of 106 cells 24 h before transfection and transfected with 5 pig 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 cells transfected with different CAT constructs were determined by
RNase protection assay. As an internal control for both transfection efficiency and loading
conditions, mRNA level of co-transfected B-gal plasmid was also examined. RNase protection
assays were carried out using an Ribonuclear Protection Assay II Kit (RPA II, Ambion, Danvers.
MA) following the manufacturer's instructions. For each reaction, 8x104 cpm CAT and B-gal
probes were hybridized with 10 g total RNA overnight at 45°C. An equal amount of yeast RNA
was used as a negative control. 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 was
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
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unit after normalized to B-gal mRNA level.

Indirect immunofluorescence

To visualize cells with positive expression of CAT, 2 x 103 cells were immediately split
into chamber slides after transfection and glycerol shock and cultured for 48 h. Cells were washed
twice in PBS and fixed using ice-cold 100% methanol for 30 min at -20°C. After preincubation in
blocking solution containing 10% normal goat serum, 2% bovine fraction V (Boehringer) for | h at
room temperature, slides were incubated with a polyclonal rabbit anti-CAT antibody (IgG; 5'-3'
Inc., Boulder CO) at 1:100 dilution overnight at 4°C. Slides were then washed four times with
PBS and incubated for 1 h at room temperature with 1:50 diluted goat anti-rabbit IgG antibody
conjugated with tetramethylrhodamine isothiocyanate (TRITC, 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 microscopy was
performed with an Olympus AHBT3 Research Photomicrographic Microscope System (Olympus).
In 3 different experiments, the CAT positive cells were counted and analyzed according to
morphology (stellate versus elongated) and cell surface expression of FN (positive or negative
immunoreactivity). For double-staining of CAT and FN protein, a monoclonal mouse anti-FN
antibody (Chemicon International Inc., Temecula, 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 fluorescein isothiocyanate (FITC).

Preparation of S-100 Cytoplasmic Extracts

Confluent cells were collected by scraping into 15 ml Falcon tubes, and spun at 2000 rpm
for 10 min. Pellets were resuspended in twice the volume of hypotonic buffer (25 mM Tris-HCI.
pH 7.9, 0.1 mM EDTA) with proteinase inhibitors, aprotinin, pepstatin, and leupeptin (1 ptg/ml
each) and lysed by 3 repetitive cycles of freeze-thaw. After a 1-h centrifugation at 100,000 g at
4°C, the supernatants were dialyzed against RNA binding buffer (15 mM Hepes, pH 7.9, 1060 mM
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KCl, 10% glycerol, 5 mM MgCl,, 0.2 mM DTT) ovemight at 4°C and stored at -70°C. The

concentration of protein was determined using the Bio-Rad protein assay kit (Bio-Rad).

RNA Gel Mobility Shift Assays

In a standard reaction, 40 g of cytoplasmic extracts from DA and Ao SMC were incubated
with 105 cpm full-length 3'UTR probes or 104 cpm of FN RNA oligonucleotide probes in RNA
binding buffer of a total volume of 20 pul containing 2 pg of E. coli tRNA for 30 min at 30°C.
RNase T was added in a concentration of 1 unit/ul, and incubation continued for | h for full-
length 3'UTR probes or for 10 min for the oligonucleotide probes. The reaction mixtures were
resolved by electrophoresis on a 1-h prerun 6% native polyacrylamide gel in 0.25 x TBE (Tris-
borate-EDTA) buffer in the cold room at 120 volts for 4 h. The gel was dried and exposed for 24-
48 h to Kodak X-AR film with 2 intensifying screens.

Characterization of Binding Complex Formation

Selective ARE-binding of cytoplasmic factors in DA SMC were determined by comparing
binding complex formations with ARE-containing or ARE-mutated FN 3’UTR probe, as well as
oligonucleotide. Competition studies were also carried out by incubation the cytoplasmic extract
for 10 min with 10 to 200-fold excess unlabeled ARE-containing or irrelevant RNA
oligonucleotides before adding the labeled RNA transcript. Dose-dependent binding of
cytoplasmic factors to RNA probes was assessed by incubating increased concentrations (2.5 ug to
40 pg) of cytoplasmic lysates with RNA probes. Binding kinetics was studied by performing the

binding reactions with a various times ranging from 5 to 60 min.

UV-crosslinking assay
Cytoplasmic lysates (40 pug) were added to the RNA probe (105 cpm) in a final volume of
20 ul. The binding reaction was carried out as previously described. The reaction mixtures were

placed onto a parafilm sheet and crosslinked by 254 nm UV radiation (Stratalinker™ 800,
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Stratagene) under auto cross link 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 UV-crosslinking studies, the cytoplasmic extracts
were incubated with 1 pg/pl proteinase K (Boehringer Mannheim Biochemica), 2% pB-
mercaptoethanol (B-ME), 10 mM DTT, 10 mM n-ethylmaleimide (n-EM), respectively, or the

probe was treated with RNase T for 30 min at 37°C prior 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-100 Extract

S-100 extract was prepared from the media of 21 sheep Ao (weight 98.91 g) after
removing adventitia and homogenized in homogenization buffer (10 mM Tris-HCI, pH 7.5: 100
mM KCI; 10 mM B-ME; 0.2 mM PMSF; 0.5 mM EDTA and 1pug/ml each of aprotinin, pepstatin.
leupeptin) and centrifuged at 100,000 rpm for 90 min. The final volume of the S-100 extract was

220 ml with a protein concentration of 4.3 mg/ml.

Purification and Identification of FN mRNA Binding Protein

The extract was extensively dialyzed against column running buffer (Tris-HCI, 10 mM. pH
7.5/KCl 10 mM/EDTA 1 mM/B-ME 1mM) and run through a DEAE-Sepharose column after the
column was equilibrated with running buffer. Flow-through from the DEAE-Sepharose (250 ml.
0.32 mg/ml) column was loaded onto a phosphocellulose column after the column was equilibrated
with running buffer. A one-step 1 M KCIl eluate was collected (130 ml, 0.16 mg/ml) from the
phosphocellulose column. The sample was extensively dialyzed with heparin running buffer (20
mM Tris-HCI, pH 8.0; 100 mM KCl), then loaded onto a heparin agarose column connected to a
liquid chromatography apparatus (ConSep L.C100; Millipore, Bedford, MA) and eluted using a
KCI gradient (80-800 mM). Fractions were collected and assayed for protein content using SDS-
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PAGE and mRNA binding activity, using gel shift assays and UV-crosslinking. Fraction [9
containing a peak 15 kD RNA binding activity (judged by UV-crosslinking), was concentrated to
20 pl by ultrafiltration using centricon-10 (Ambion). The concentrated sample was resolved by
SDS-PAGE. The gel was then electroblotted onto a polyvinyldifluoride transfer membrane
(PVDF, Amersham) and the membrane was stained with Coomassie blue. The 15 kD band was
excised and the sequence of the first 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 ug) were carried out as described in
Section I 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 chemiluminescence (ECL) kit (Amersham). The intensity

of immunoreactive bands was analyzed using NIH image software.

Indirect Immunofluorescence

For immunostaining of LC3, as well as MTs, 100-day DA SMC (103) were seeded onto
2.2-cm? coverslips, and cultured for 3 days. Cells were washed twice in PBS and fixed using ice-
cold 100% methanol for 30 min at -20°C. After preincubation in blocking solution containing 10%
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-L.C3 antiserum (dilution 1:100). Cells were incubated with first
antibody overnight at 4°C. After washed four times with PBS, cells were labeled with 1:100
diluted rhodamine-conjugated goat anti-rabbit or goat anti-mouse IgG (all dilutions 1:100) for [ h
at room temperature. After washing the slides 4 times with PBS, cell nuclei were stained with

1:10,000 diluted DAPI, in PBS for 10 min.
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Fluorescence In Situ Hybridization (FISH)

For co-localization of LC3 and FN mRNA, a digoxigenin-labeled FN DNA probe was
generated following manufacturer's recommendations (Boehringer) by random priming a 0.6 kb
human FN Kpnl/EcoRI fragment excised from pHF (a gift from Dr. R. Hynes, Center for Cancer
Research, Massachusetts Institute of Technology, Cambridge, MA). Hybridization was
performed by a method of Bassell et al (1994). Labeling LC3 was then carried out with rabbit-
anti-L.C3 antiserum 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 primary antibodies. Controls for in situ hybridization

included cells pretreated with RNase A 200 pg/ml in PBS for 1 h in 37°C.

Immunohistochemistry

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
ethanol solutions. Sections were stained with rabbit-anti-LC3 antiserum (1:100 dilution) or a
rabbit polyclonal antibody against FN (1: 200 dilution; Chemicon) 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-workers and there was no discrepancy.

Expression of Recombinant LC3 and 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
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School of Medicine, Winston-Salem, NC). The §' primer (5’-CAGGATCCCATATG-
CCGTCCGAGAAGACC-3’) led by BamHI and Ndel sites and 3° primer (5°-
CTGGATCCGAATTCAAGCATGGCTCTCTTCC-3’) led by BamHI 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, NJ) at the same sites. The GST-LC3 fusion protein
was purified using a glutathione-agarose column (Sigama) and the recombinant LC3 was released
from the column by adding thrombin to the column to cleave glutathione S-transferase. The

purified recombinant LC3 protein was verified by SDS-PAGE and western blotting.

Overexpression of LC3 in DA and Ao SMC

Cultured 100-day DA and Ao SMC were transfected with pCR3-LC3 plasmid using a
adenovirus 'component system' described above with reference to transfection of the CAT
plasmids in Section II. Cells at passage one were plated onto 17-mm well dishes at a density of
106 cell per well 24 h before transfection and transfected with two different doses of pCR-LC3
(1.67 or 5 pg/ml/well). Twenty-four h after transfection, cells were labeled with [35S]-methionine
(10 uCi/ml) and incubated for 20 h with medium (2 ml/well) mixed by adding 3 vol of methionine-
free with 1 vol of complete DMEM containing 20% FBS.

Measurement of FN Synthesis

The newly synthesized FN protein was assessed as previously described (Wrana er al..
1988) by incubating conditioned media containing equal counts of total TCA precipitated protein
(5x105 cpm/ml) with 50 pl of Gelatin 4B-Sepharose (Pharmacia). After washing 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 En3Hance, dried, and
exposed to the film. Using the autoradiograph as a template, the corresponding bands were cut
from the gel and the radioactivity determined 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 northern blot analyses were carried out with 10 ptg of total RNA
with a [32P]-dCTP random labeled (106 cpm/ml) 0.6 kb human FN cDNA excised from pHF at
sites of Kpnl/EcoRI .as described in Section L.

IV. Assessment of MT Effect on FN mRNA Translation
In Vitro Transcription and Translation

Translation of mRNAs transcribed from the fusion plasmid was carried out using the TNT
rabbit reticulocyte lysate (Promega) according to the protocol of the supplier. The fusion plasmids
CAT-FN3'UTR and CAT-FN3'UTRA were constructed by removing a Xhol and BamHI
fragment from pECE-CAT-FN or pECE-CAT-FNA (See Section II) 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 Bluescript II KS™ (Stratagene) at the same
sites. In vitro transcription and translation reactions were carried out using equal amounts (0.5 ug)
of purified fusion constructs in the presence of 5 uCi of [35S)-UTP and 10 uCi of [35S]-
methionine for 1 h at 30°C in a final volume of 25 pl. In some reactions, 0.5 or 2 ug 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 reticulocyte 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 well as western immunoblot.

Cell Culture

Primary SMC cultures were prepared as described in Section II. In the experiments 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 treatment with 10 UM colchicine (Sigma), a MT
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depolymerizing agent. After washing with methionine-free media, cells were labeled with [35S]-
methionine (100 pCi/ml) in I ml serum- and methionine-free media containing colchicine in the
above concentrations for an additional 2 h. At the end of labeling, the cells were photographed
under a phase-contrast microscope before removal of the conditioned media. The conditioned

media were collected for FN extraction and cells were lysed and extracted for total RNA.

Indirect Immunofluorescence

For double-immunofluoresence staining of LC3 and tubulin, 10 cells were plated on
coverslips and cultured for 3 days. After treatment with colchicine for 2 h, cells were fixed by 4%
paraformaldehyde in MT stabilizing buffer (100 mM Pipes, pH 6.9, 4 mM MgSO,4, | mM EGTA)
for 20 min at room temperature and permeabilized with 0.1% Triton X-100 in PBS for 2 min on
ice. Fluorescent labeling for tubulin and LC3 was carried out as described 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 10

min.

Fibronectin Synthesis

Measurement of FN protein production was performed as described in Section IIL, by
incubating conditioned media containing equal counts of total TCA precipitated protein (107
cpm/ml) with 50 pl of Gelatin 4B-Sepharose. Fibronectin retained on the beads was eluted by
boiling for 5 min in 100 i of SDS-sample buffer and resolved by 6% SDS-PAGE under reducing

conditions.

RNA Extraction and Northern Blot

Total RNA extraction and northern blot analyses were carried out with 10 pg of total RNA
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and [32P}-dCTP random labeled 1.4 kb human FN cDNA (GIBCO) (106cpm/ml) as described in

Section III.

Cell Fractionation

Normal cultured DA SMC or cells treated with 10 pm colchicine for 4 h were washed in
PBS and scraped into 14 ml Falcon tube in 5 ml PBS. After centrifugation at 500 g for 5 min, the
cell pellets were extracted 5 min on ice with 1 ml lysis buffer [10 mM Tris-HCI, pH 7.4, 0.15 M
NaCl, 5 mM MgCl, 0.1 mM PMSF, 10 mM DTT, 100 pg of cyclohexamide/ml, 100 units of
RNAguard (Pharmacia)/ml, 0.5% Nonidet P-40 (v/v), and lysed with a Dounce homogenizer, type
B pestle. After removal of nuclei by centrifugation at 1000 g for S min, the lysate was centrifuged
at 16,000 g for 30 min. RNA was extracted from the supernatant containing free and cytoskeletal-
bound polysomes and the pellet containing membrane-bound polysomes (Hesketh and Pryme.

1991) and analyzed for FN mRNA by northern blot analysis.

Polysome Profile Analysis

Analyses of polysome profiles by sucrose gradient fractionation were performed using 2 X
107 confluent cells as previously described (Chen, et al., 1995). Cells were harvested and
homogenized with lysis buffer (10 mM Tris-HCl, pH 7.4, 100 mM NaCl, S mM MgCl;, 200
U/ml RNasin, 100 pg/ml cyclohexamide, 0.5% NP-40). Nuclei were pelleted by centrifugation at
4°C and 12, 000 g for 3 min. Two hundred pi of resulting supernatant were layered on 4.5 ml of
15-40% 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 nm. Proteins and RNA were extracted from each
fraction using Trisol (GIBCO) according to the manufacturer's instructions. Further analyses of
the distributions of LC3 protein and FN mRNA were done by western immunoblotting and RNase
protection assay. The results were analyzed by NIH image program, and used for graphic

presentation.
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RNase 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 cultured lamb Ao SMC cells was primed with a synthetic oligonucleotide, 5'-
TGTTCGGTAATTAATGGAAATTGG-3', which compiemented with the 3' end of human FN
exon 7, and the reaction was driven by the MMLYV reverse transcriptas (GIBCO). The PCR
reaction was then carried out by adding the 5’ primer, 5'-TTTCTGATGTTCCGAGGGACC-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 pCR®@2.1 vector (Invitrogen Co., San Diego, CA).
After linearizing by Sacl, a 329-nt antisense RNA was generated by an in vitro transcription
reaction using T7 RNA polymerase. The expected protected FN mRNA was 221-nt. RNase

protection assays were carried out as described in Section IL.

Western Immunoblotting
Western immunoblot analysis of LC3 was performed as described in Section I using S-100
extracts (10 pg). The blot was developed using an enhanced chemiluminescence (ECL) kit

according to the supplier's instructions.

V. Assessment the Role of LC3 in Fibronectin mRNA Translation in HT1080 cells
Cell culture

All cell lines, including rat embryonic aortic smooth muscle cells (A 10), mouse NIH3T3
cells (3T3), Chinese hamster ovary cells (CHO), SV40 transformed African Green monkey kidney
cells (Cos7), human fibrosarcoma cell line (HT 1080), and normal human skin fibroblasts (CCD-
973SK), were obtained from ATCC (American Type Culture Collection, Rockville, MD), and
cultured with EMEM with 10% FBS and 1% antibiotics. For all comparative studies, cells were
passaged at the same time and plated at the same density. To assess morphologic differences, the

cultures were photographed with a phase-contrast microscope (Nikon Inc. Garden City, NY).
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Transfection

Twenty-four hours prior to transfection, HT 1080 cells 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 pCR3-LC3 or vector pCR3 were used to transfect
each dish for 8 h. The cells were then shocked with 10% glycerol for 1 min and fed with fresh
complete medium containing the aminoglycoside G418 (200 pg/ml, GIBCO). The media were
changed every two days with gradually increasing concentrations of G418 up to 800 pg/ml.
Fourteen clones transfected with pCR3-LC3 were selected on the basis of resistance to G418 (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, as
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 pug) or polysomal fractions were carried
out as described in Section I with rabbit anti-LC3 antiserum. The blot was developed using an

enhanced chemiluminescence (ECL) kit.

Cell Growth Curve

HT 1080 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 103
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
(American Opitcal Scientific Instrument Division, Buffalo, NY) by averaging two separate counts

for each well.




77

Indirect Immunofluorescence

HT1080 cells were plated on 2.2 cm? coverslips at a density of 105 cells/well and cultured
for 3 days. Immunofiuoresence staining of tubulin and FN were carried out as described in
Section II and IIT 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, cells were mounted with antifade
reagent (Molecular Probes Inc., Eugene, OR). For negative controls, normal mouse or rabbit [gG

was used instead of first antibodies.

Fibronectin Biosynthesis

HT 1080 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 a density of 109 cells/well.
After 24 h, cells were labeled with [35S]-methionine (10 uCi/ml) for 20 h in 2 ml media mixed
with 3 vol of methionine-free and 1 vol of complete MEM containing 20% FBS. The conditioned
media were collected for analysis of FIN protein and the cells were used to extract total RNA and to
assess steady state levels of FN mRNA. Measurement of FN protein production in conditioned
media with equal amount of total TCA precipitated protein (5x105cpm/mi) was performed as

described in Section II1.

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 experiments. Twenty-four hours after plating
HT1080 cells into 6-well dishes at a density of 106 cells/well, the cells were washed twice with
methionine-free MEM and labeled with [33S]-methionine (100 uCi/ml) for 2 h in 2 ml methionine-
free 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 cell lysates.

containing 5x105cpm/ml were collected for analysis of FN synthesis and secretion, as previously
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described. Cell-associated FN was solubilized in PBS containing 0.1% SDS and 0.5% NP-40.

RNA Isolation and Northern Blot Analysis
Northern blot analyses of FN mRNA were carried out using 10 pg total RNA extracted
from the cells as described in Section ITL

RNA decay analysis

HT1080 cells expanded from the pools of eight LC3-transfected or four vector-transfected
clones were cultured 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 g/ml and cells were
incubated for various times from 4 to 24 h before extraction of total RNA. Northern blot analyses

were carried out as described in Section III.

Polysome profile analysis

HT 1080 cells expanded from pools of eight clones with stably expressed LC3 or four
vector-transfected clones were used in these experiments. Analyses of polysome profiles by
sucrose gradient fractionation were performed as described in Section IV. Proteins and RNA were
extracted from each fraction using Trisol reagent. Further analyses of the distributions of LC3

protein and FN mRNA were done by western immunoblotting and RNase protection assays.

RNase protection assays
RNase protection assays were carried out as described in Section II. The construct used in
in vitro synthesis of the antisense human-specific FN RNA probe for the RNase protection assay

was generated as described in Section IV.

Northwestern blot analysis

Northwestern blot analysis was carried out as previously described (Chen et al., 1993)
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with modifications. Protein samples were resolved under non-reducing conditions on a 10-20%
tricine gel and electroblotted onto a nitrocellulose membrane at 4°C. Proteins were renatured in
RNA-binding buffer (10 mM Tris-HCI, pH 7.9, 100 mM KCI, 5 mM MgCl,, | mM EDTA, 0.2
mM DTT, 1 x Denhardt's solution) overnight at 4°C. After blocking with RNA-binding buffer
containing 100 pg/ml 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 107 cpm/ml and membranes were incubated at room temperature for | h.
Membranes were then washed with RNA-binding buffer without tRNA until desired signals were
reached (typically 200 - 400 cpm by Geiger Counter) and exposed to film. Identical membranes

were also used for western immunoblot analysis of LC3.
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CHAPTER ONE

TISSUE-SPECIFIC AND DEVELOPMENTAL REGULATION OF
TRANSFORMING GROWTH FACTOR-f EXPRESSION IN FETAL

LAMB DUCTUS ARTERIOSUS ENDOTHELIAL CELLS
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INTRODUCTION

During late gestation, the fetal ductus arteriosus (DA) undergoes morphologic changes
leading to the formation of 'intimal cushions’ in a variety of animal species (Yoder, et al., 1978:
Gittenberger-de Groot, et al., 1985; de Reeder, ef al., 1988; de Reeder, et al., 1989; de Reeder. et
al., 1990) and in the human (Gittenberger-de Groot, er al., 1980; Silver, ez al., 1981: Slomp, et
al., 1992). These structures partially occlude the DA lumen and assure that the vessel closes
completely when it constricts post-natally (Clyman, 1987; Coceani, et al., 1988). Structurally.
intimal cushions are associated with smooth muscle cell (SMC) migration into a subendothelium
enriched in glycosaminoglycans, especially hyaluronan (Gittenberger-de Groot, et al., 1985: de
Reeder, et al., 1988). We studied the mechanism of intimal cushion formation in the fetal lamb. a
process which takes place largely between 100 and 138 days of a 145-day gestation period. Using
cultured endothelial cells (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, hyaluronan production is reduced to the levels observed in Ao cells.

The role of increased DA endothelial hyaluronan production during the intimal cushion
formation was further elucidated when we showed the relationship of this feature to SMC
migration into the subendothelium. Using 3-dimensional collagen gel assays, DA SMC showed
enhanced migration as well as a streamlined elongated mobile phenotype when compared with Ao
SMC (Boudreau, et al., 1991). The migratory phenotype of DA SMC was related to their
increased production of fibronectin and increased expression of a cell surface specific hyaluronan
binding protein, the receptor for hyaluronan mediated motility (RHAMM) (Hardwick et al., 1992).
This receptor is particularly evident at the leading edges of the DA SMC and is associated with their
enhanced migration in response to a hyaluronan-enriched matrix.

The increased production of DA endothelial hyaluronan appears to be regulated by

transforming growth factor-B (TGF-f) in that neutralizing antibodies to TGF-B reduce its
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synthesis 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 also be accompanied by similar changes in the expression of TGF-B. Indeed, we
have documented that there is an increased intensity of immunostaining for TGF-B1 in 100-day DA
compared with Ao tissues (Boudreau, et al., 1992). However, the endothelial-specific expression
of TGF-B has not been addressed. Increased expression of TGF-f has also been found in the DA
during its post-natal closure (Tannenbaum, e? al., 1996).

TGF-f is a homodimeric peptide with a molecular weight of 25 kD. TGF-B is synthesized
and secreted by cells as a latent complex that requires activation to gain binding activity to its cell
surface receptors. Of the three isoforms (TGF-B1, B2, and 33) that have been characterized in
mammals, the expression of TGF-B1 has been shown to be tightly regulated during development
in embryos (Heine, et al., 1987; Lehnert and Akhurst, 1988) and developing hearts (Potts and
Runyan, 1989). TGF-B1 is required for normal cardiogenesis (Letterio, et al., 1994) and
vasculogenesis (Dickson, et al., 1995). Upregulation of TGF-B1 expression is associated with
vascular intimal thickening resulting from hypertension (Sarzani, et al., 1989), atherosclerosis
(Ross, 1993), and angioplasty (Majesky, et al., 1991; Nikol, et al., 1992). Both transcriptional
(Kim, et al., 1989a; Kim, et al., 1989b; Kim et al., 1989c; Birchenall-Roberts ez al., 1990; Kim. er
al., 1990; Kim, ez al., 1991) and post-transcriptional mechanisms are involved in the regulation of
TGF-B1 (Wager and Assoian, 1990; Kim, et al., 1992; Romeo, er al., 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-f in the DA compared to the Ao in early and late gestation fetal
lambs. We found, by immunohistochemical assessment, an increase in TGF-f in DA compared to
Ao endothelium from 100-day gestation fetal lambs and a reduction to comparable levels of
expression in tissue from 138-day gestation lambs. In keeping with these observations, the
production of TGF-B is increased significantly in cultured 100-day DA compared with Ao EC and

decreased in 138-day DA EC whereas no site-related differences were seen. Northem blot analysis




83

demonstrated that TGF-B1 mRNA levels were slightly but not significantly increased in 100-day
DA comparing with Ao EC although the half life was shorter, suggesting increased transcription
and translation of a relatively unstable mRNA. TGF-B1 mRNA levels were reduced in 138-day
DA and Ao EC related to reduced mRNA transcription and stability respectively. Thus we have

uncovered differences in the levels of regulation of DA endothelial TGF-f which determine its

tissue-specific and developmental patterns of expression.

RESULTS
Increased Expression of TGF-p in 100-day gestation DA tissue

TGF-B1 expression in 100-day gestation fetal lamb DA and Ao tissues was studied
previously using immunostaining (Boudreau, ez al. 1992). Positive staining was observed in the
subendothelium and throughout the media and adventitia layers of DA tissue. There was relatively
less dense immunostaining in the corresponding Ao tissue. This study confirmed and extended
our previous observations. Tissue sections prepared from DA and Ao tissue from 3 different 100-
day and 138-day gestation fetal lambs were evaluated by immunohistochemical staining using a
rabbit anti-TGF-B neutralizing antibody, visualized using a Vectastain ABC Kit, and counter-
stained by hematoxylin blue. Control experiments were performed by replacing the primary
antibody with normal rabbit IgG. The findings were consistent and reflected similar tissue specific
and developmentally regulated changes in all samples examined. As shown in Figure 9, positive
staining for TGF-f was associated with EC in 100-day DA tissues (A), but not appreciated in the
endothelial lining in tissues from the 100-day gestation Ao or 138-day 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-B in 100-day DA EC, which is
developmentally regulated. In addition to its endothelial expression, TGF-f was also observed in
the medial SMC in all 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
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Figure 9. Increased expression of endothelial TGF-f in 100-day gestation DA

tissues

Representative immunostaining of tissues from DA and Ao showing positive staining for TGF-
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). Comparison is representative of vessels from 3 different animals at each

time-point.




Figure 10
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Figure 10. Increased TGF-f expression in medial SMC in 100-day gestation DA

tissues

Representative immunostaining of tissues from DA and Ao showing increased TGF-f expression
in medial SMC from [00-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 [gG
are negative for immunostaining (E). Comparison is representative of vessels from 3 different

animals at each time-point.
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Increased TGF-B Synthesis in cultured 100-day gestation DA EC

Primary cultures of EC from both 100-day and 138-day gestation lambs were then

established and used for assessment of biosynthesis of TGF-B. Subconfluent cultures of either
DA or Ao EC were labeled with [35S]-cysteine and methionine for 24 hr. Conditioned media were
collected and the newly-synthesized TGF-p was immunoprecipitated with TGF-B neutralizing
antibodies. The proteins were resolved by SDS-PAGE and values were normalized for total DNA
content. Results are expressed as cpm/100 ng DNA. Figure 1l summarizes the
immunoprecipitation studies. Figure 11a shows a representative autoradiograph of these studies

and Figure 11b is quantitative analysis of data from all harvests.

TGF-B was synthesized and secreted by both DA and Ao EC cultured from 100-day and
138-day gestation fetal lambs. The majority of newly-synthesized TGF-8 was secreted in the
culture medium while small amounts remain cell-associated (data not shown). Thus, analysis of
biosynthesis of TGF-B could be achieved by measuring TGF-B secreted in the culture media. As
shown in the Figure 11, a significant one-fold increase in newly-synthesized TGF-8 is secreted by
100-day DA EC compared to Ao EC (lane 1 versus 2, p < 0.05), while no significant increase in
TGF-f production is found in 138-day DA EC compared to 138-day Ao EC (lane 3 versus 4).
TGF-B synthesis thus decreases significantly in DA EC from 138-day compared to 100-day
gestation lambs (lane ! versus 3, p < 0.05), while comparable amounts of TGF- were found in

100-day and 138-day Ao EC.

Western immunoblot analysis confirmed the specificity of TGF-f antibodies. The
immunoreactive band from conditioned media co-migrated in 12.5% nonreducing SDS-PAGE gels
with a purified TGF-B1 peptide (R&D) at the position of 25 kD (data not shown), confirming that
the band detected by immunoprecipitation from EC conditioned media is TGF-B. Furthermore.
increased secretion of TGF-B 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 experiments by the amount of
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Figure 11. Increased TGF-p synthesis in cultured 100-day gestation DA EC

(a) A representative autoradiograph of immunoprecipitation studies showing TGF-f was
synthesized and secreted by both DA and Ao EC cultured from 100-day and 138-day gestation fetal
lambs. Arrow indicates the 25 kD TGF-B protein. (b). Statistical analysis of immunoprecipitation
studies indicates a significant one-fold increase in newly-synthesized TGF-p secreted by 100-day
DA EC compared to Ao EC. TGF-f synthesis also decreases in 138-day DA EC compared to 100-
day DA cells, but no differences were found between 100-day and 138-day Ao EC. Bar reflects
mean + SD. * indicates p < 0.05. n =7, for number of comparisons from different lambs at 100

days, and n = 5, for comparisons at 138 days.
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Figure 12. A western immuneblot analysis of TGF-B1

Increased production and secretion of TGF-B was found in media collected from cultured DA

compared to Ao EC assessed by western immunoblot. Arrow indicates the 25 kD TGF-§ protein.
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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 time-points.

Increased levels of TGF-B1 mRNA in cuitured 100-day DA EC

We next measured the steady-state levels of TGF-f1 mRNA to determine whether there
were corresponding changes, as the antibody that we used would recognize mostly the TGF-B 1
isoform. The pattern of TGF-f staining using this antibody is consistent with our previous studies
in which we showed that an increase in expression of TGF-81 in 100-day DA compared to Ao
tissues using a highly specific anti-TGF-B1 antibody (Boudreau, et al., 1992). Using northern
blot analyses, expression of TGF-f1 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-B1 mRNA levels in 100-day DA compared to Ao
EC are slightly but not significantly increased. There is, however, a significant fall in TGF-§!
mRNA levels in 138 day DA EC (p < 0.05). In Ao EC steady-state mRNA levels are also
decreased in cells from 138 day compared to 100 day tissue (p < 0.05).

Analysis of stability of TGF-B1 mRNA

To study the mechanism for the lack of significant increase in the steady-state levels of
TGF-B1 mRNA in 100-day DA compared io Ao EC and its developmental decrease in late
gestation, we carried out experiments to examine the stability of TGF-B1 mRNA in these cells.
Transcription was inhibited by actinomycin D and the remaining synthesized TGF-81 mRNA was
chased for various times ranging from 4 to 12 h. Compared to 100-day Ao EC, the levels of TGF-
B1 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-B1 (Figure 15b).
TGF-$1 mRNA decay was relatively comparable in late gestation DA and Ao EC, where the haif
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Figure 13. Total protein synthesis and secretion in cultured DA versus Ao EC

The specificity of the differences in TGF-3 produced by cultured DA and Ao EC is reflected in
similar values for total newly synthesized proteins in tissues from both 100- and 138- day
gestations. Bar represents mean + SD. n = 3, for comparisons number of comparisons of

different lambs from both gestation time points.
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Figure 14. Northern blot analysis of steady-state TGF-f1 mRNA levels.

(a) A representative northern blot analysis. Arrows indicate TGF-B1 mRNA or GAPDH. (b)
Quantitative studies show that TGF-B1 mRNA levels in 100-day DA compared to Ao EC are not
significantly increased while there is a significant fall in TGF-B1 mRNA levels in both DA and Ao
EC comparing cells from 100- and 138-day gestation lambs. Bar represents mean + SD from

assays from 4 different animals at each time-point. * indicates p < 0.05.
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Figure 15. Northern blot analysis of stability of TGF-§1 mRNA in 100-day DA
and Ao EC

(a) is the representative autoradiograph of northern blots from 3 different experiments and (b)
represents mRNA decay curves generated by plotting the remaining mRNA of three experiments to
related time-point. After correcting for any differences in total RNA loading by standardizing to
mRNA levels of GAPDH, TGF-81 mRNA signals were plotted semi-logarithmically as a function
of time. Simple linear regression was used for determination of mRNA half-life. The difference in
TGF-81 mRNA half-life between DA and Ao cells is represented by the difference in slopes of the
curves as assessed by two factor ANCOVA, and p = 0.0248.
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life of the mRNA was approximately 13 h and 9 h, respectively (Figure 16). Taken together these
data suggest increased transcription and translation of a relatively unstable TGF-f 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 100-day gestation fetal lamb DA
produce a matrix rich in hyaluronan and the corresponding SMC produce significantly greater
amounts of fibronectin than cells from the Ao (Boudreau and Rabinovitch, 1991). These changes
in DA extracellular matrix production appear to be developmentally-regulated and the increased
endothelial hyaluronan and SMC fibronectin synthesis early in gestation has been further related to
DA SMC migration by in vitro three-dimensional collagen gel assays (Boudreau, er al.. 1991).
suggesting a mechanism for the DA intimal cushion formation observed in vivo (Gittenberger-de
Groot, et al., 1985; de Reeder, er 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 intimal cushion formation by late
gestation.

It is likely that certain growth factors may be responsible for inducing the extracellular
matrix changes, which set the stage for the whole process of intimal cushion formation. TGF-$1
is likely the growth factor involved, as it is known to be the predominant TGF-B isoform
upregulated in remodeling vessels (Sarzani, et al., 1989; Majesky, et al., 1991; Nikol. et al.. 1992:
Ross, 1993) and the most potent activator for extracellular matrix production (Sarzani, et al.. 1989:
Nikol, et al., 1992; Ross, 1993). Infusion of TGF-B1 or direct transfer of the TGF-§1 gene into
the vessel wall induce intimal hyperplasia due to extracellular matrix production (Nabel, er al..
1993; Kanzaki, et al., 1995). Conversely, antibodies against TGF-B1 suppress intimal
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-B1 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 time-

point. Half-life of mRNA was calculated as described in Figure 15.
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In previous studies, we showed that the increase in DA endothelial hyaluronan is TGF-B-
dependent, since the addition of neutralizing antibodies to TGF-B in 100-day DA EC cultures
decreased synthesis of hyaluronan to the level of that seen in the Ao cells (Boudreau, et al., 1992).
We also demonstrated by immunohistochemical staining that increased amounts of TGF-B1 are
associated with 100-day gestation DA compared to Ao tissues (Boudreau, et al., 1992). We have
extended these observations in this study, first by comparing the presence of TGF-B in the tissue at
100- and 138-day gestation time-points with the expression of TGF-B in cultured cells as judged
by protein synthesis and mRNA levels.

Our data show site-related differences in the expression of TGF-f in DA cells reflected in
an increase in protein synthesis when compared to that in the Ao at 100-day gestation. I[n addition.
there is a developmentally-associated downregulation of TGF- synthesis in DA cells between the
100-day and 138-day gestation time-points. Since the antibody that we used in the
immunostaining and immunoprecipitation studies would detect mostly the TGF-f1 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 arteriosus (Tannenbaum, er al., 1996), we studied the regulation of
TGF-B expression by assessing steady-state levels of TGF-B1 mRNA. There were, however, no
significant differences in mRNA levels comparing DA with Ao EC at both gestation time points but
there was a developmental decrease in TGF-f1 mRNA level in both DA and Ao cells.

The stability of TGF-f1 mRNA was then studied and TGF-B1 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 100-day Ao cells, indicating
TGF-81 mRNA is relatively unstable in 100-day DA cells. Variability is to be expected in this type
of experiment, and so it would be best to further confirm our observations by increasing
experimental sample sizes and time points. It would be of further interest then to explore the
mechanism and to determine if there are similar features related to those described for other
cytokines. For example, previous observations have shown that the reduced stability of growth

factor or cytokine mRNAs bearing AU-rich elements consisting of the UUAUUUAU octamer are
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coupled with their increased translational efficiency (Savant-Bhonsale and Cleveland, 1992:
Aharon and Schneider, 1993; Winstall, et al., 1995).

There is likely also increased transcription of mRNA in 100-day DA EC cells, as the levels
of steady-state TGF-81 mRNA in 100-day DA EC were similar to that observed in Ao cells despite
its shorter half 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 mechanisms may be involved in the
upregulation of 100-day DA TGF-B1 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-B1 mRNA and in its stability is likely accompanied by heightened efficiency of mRNA
translation.

Previous studies concemned with the regulation of TGF-P1 expression have shown that the
human TGF-B1 promoter contains two transcription start sites and several binding domains for
known transcription factors (Kim, ez al., 1989a; Kim, er al., 1989b). For example, phorbol ester-
responsive elements have been identified in both the upstream and downstream domains of the
gene, and seem to be important in regulating TGF-81 expression at the transcriptional level (Kim.
et al., 1989b; Scotto, er al., 1990). Moreover, the transcription of TGF-f1 has been shown to be
stimulated by the product of the retinoblastoma gene through specific retinoblastoma response
elements (Kim, et al., 1991).

There is also a growing accumulation of evidence indicating that expression of TGF-B1
may be also regulated post-transcriptionally (Assoian, et al., 1987; Wager and Assoian, 1990:
Ahuja, et al., 1995; Cosgaya and Aranda, 1995). For example, nerve growth factor induces TGF-
B1 expression partly due to an increase in its mRNA half life from 6 h to 30 h in PC12 cells

(Cosgaya and Aranda, 1995). The immunosuppressant cyclosporine has also been shown to
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prolong the half life of TGF-f1 mRNA in activated human T lymphocytes (Ahuja, et al., 1995).
Although the mechanisms of the post-transcriptional control of TGF-P1 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 controlling TGF-B1 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 may contain a cis element which plays
an important role in the post-transcriptional regulation of TGF-B1 gene expression. Moreover.
Scotto and Assoian (Scotto and Assoian, 1993) have been able to show that a GC-rich domain in
the 3'UTR of can have a bifunctional effect on the overall protein expression; it may decrease the
steady-state TGF-B1 mRNA while increasing its protein production by improving the efficiency of
translation. The relative contributions of these inhibitory and stimulatory bifunctional elements to
TGF-B1 protein production may result from temporal or cell-specific expression of certain trans-
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-§1
mRNA are responsible the regulation of expression of TGF-B1 in the DA EC.

Since we had previously identified that the increased FN synthesis in the DA SMC is
regulated at a post-transcriptional 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.
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CHAPTER TWO

POST-TRANSCRIPTIONAL MECHANISM REGULATING FIBRONECTIN
SYNTHESIS IN DUCTUS SMOOTH MUSCLE CELLS RELATED TO
AN 3°UTR AU-RICH ELEMENT AND ITS BINDING PROTEIN
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INTRODUCTION

We observed a developmentally-regulated increase in synthesis of FN in cultured DA
compared to aorta (Ao) SMC isolated from 100-day gestation lambs (Boudreau and Rabinovitch.
1991). This increased FN synthesis was further related to the DA elongated migratory SMC
phenotype (Boudreau, et al., 1991). These features contribute to the SMC migration observed in
vivo, from the inner media of the vessel wall into a subendothelium enriched in
glycosaminoglycans. SMC migration contributes 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 al., 1989). Study of the regulation of
FN synthesis revealed that the increased FN synthesis in DA SMC was not associated with
increased FN mRNA levels or stability or with differences in mRNA splicing (Boudreau, ez al..
1992), suggesting enhanced translational efficiency of FN mRNA in DA versus Ao SMC. Other
studies from our laboratory using piglets to study 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 cell adhesion, migration, and differentiation (Hynes, 1990). Fibronectin
synthesis is regulated by growth factors (Dean, et al., 1988; Penttinen ez al., 1988; Seebacher. er
al., 1988), cytokines (Clausell, et ai., 1993), or serum stimulation (Dean, er al., 1990) through
increasing mRINA levels due to transcriptional activation. Post-transcriptional mechanisms have
been also reported involving in upregulating FN protein production (Dhawan er «l., 1991:
Rasoamanantena, et al., 1994; Chou et al., 1995). Dhawan et al. (Dhawan, ez al., 1991) reported
that cell adhesion modulates FN synthesis at the post-transcriptional 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 mRNA translation (Rasoamanantena, et al., 1994). In addition, Chou and colleagues (1995)

demonstrated that increased FN synthesis and secretion in human fibroblasts by altering the
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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
(Kruys, 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
mRNAs, such as tumor necrosis factor-o¢ (TNF-at), granulocyte macrophage colony-stimulating
factor (GM-CSF), interleukin-1 (IL-1), and interferons (IFN), which is also present in the 3'UTR
of FN mRNA (Komblihtt, er al., 1983; Schwarbauer, er al., 1983; Caput, et al., 1986). In most
studies, this AU-rich element (ARE) in the 3'UTR of labile mRNAs, such as c-myc (Jones and
Cole, 1987), GM-CSF (Shaw and Kamen, 1986), and c-fos (Wilson and Treisman, 1988; Shyu.
et al., 1991) correlates with rapid mRNA turnover. However, the ARE also regulates mRNA
translation (Kruys, et al., 1987; Kruys, et al., 1988; Kruys, ef al., 1989; Han, et al., 1990a; Han.
et al., 1990b; Grafi, et al., 1993; Kruys, 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; Winstall, et al..
1695) and this appears to be related to translational-dependent assembly of a >20S degradation
complex (Savant-Bhonsale and Cleveland, 1992).

Trans-acting factors in the cytoplasm may alter mRNA stability or translational efficiency
through binding to the ARE. Malter (Malter, 1989) first reported a cytosolic protein, termed
adenosine-uridine binding factor (AUBF), which binds specifically to AUUUA motifs. Bohjanen
et al. identified three factors which bind to the ARE with different binding affinities and
specificities (Bohjanen, et al., 1991; Bohjanen, et al., 1992). The ARE found in the 3'UTR of FN
mRNA (Komblihtt, et al., 1983; Schwarbauer, et al., 1983; Caput, et al., 1986) may also function
to modulate DA and Ao SMC FN mRNA stability and translational efficiency. In this study, by
using a combination of transfection and immunofluorescence 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 cells. We then demonstrated that the degree of mRNA
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translation may be related to intracellular differences in the FN ARE-binding factors in DA and Ao
SMC cytoplasmic extracts. We further identified, through UV-crosslinking studies, three binding
complexes of M, of approximately 60, 30 and 15 kD.

RESULTS
The ARE in FN 3'UTR is an mRNA Translational Enhancer in Vascular 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 mRNA. Messenger RNAs of many
cytokines, proto-oncogenes, and adhesion molecules contain an ARE in their 3'UTR. This
element has been documented as an mRNA destabilizing element (Shaw and Kamen, 1986; Jones
and Cole, 1987; Wilson and Treisman, 1988) or a modulator of translational efficiency (Kruys. er
al., 1987; Kruys, et al., 1988; Kruys, ez al., 1989; Han, et al., 1990a; Han, er al., 1990b; Kruys.
et al., 1993; Marinx, et al., 1994). One copy of UUAUUUAU is also within an AU-rich region in
the FN 3'UTR (Kornblihtt, ez al., 1983; Schwarbauer, er al., 1983; Caput, er al., 1986) with
unknown function. To determine whether the FN ARE may be involved in the augmentation of
FN mRNA translational efficiency in primary cultured DA versus Ao SMC, we first generated a
3'UTR regulatory CAT construct (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 level of CAT protein (activity) as well as mRNA
were measured. Table I summarizes the data illustrated in Figure 18 using cells from 3 different
fetal lambs.

Figure 18a demonstrated that DA SMC transfected with pECE-CAT-FN showed a 2.4-

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 (p < 0.05). RNase protection studies
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Figure 17. Schematic representation of the CAT constructs

CAT transcription is driven by the SV40 early 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 I. Measurements of CAT activity, mRNA, and ratio of CAT activity to mRNA

Transfectant CAT activity (n = 6) CAT mRNA (n=3) CAT activity/mRNA
DA/pECE-CAT 30.678 + 4.396 2.223 + 0.075 13.800
DA/pECE-CAT-FN 19.272 + 4.622* 1.117 + 0.074* 17.253
DA-pECE-CAT-FNA 5.745 + 0.847 3.963 + 0.154 1.450
Ao/pECE-CAT 18.330 + 2.218 1.830 +0.190 10.016
Ao/pECE-CAT-FN 11.078 + 1.923# 1.143 £ 0.046* 9.692
Ao/pECE-CAT-FNA 4915+ 0.523 3.783 + 0.202 1.299

Values are mean + SEM; n = number of experiments. * p <0.05, compared to the group above and below by
SuperANAOVA and Duncan New Multiple Range test.

r4g!
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showed a significant decrease in CAT mRNA levels in both DA (50%) and Ao SMC (38%)
transfected with pPECE-CAT-FN compared to pECE-CAT after normalization using [3-gal mRNA
levels (Figure 18b). This is in agreement with the level of CAT activities found in these cells,
suggesting that the 3'UTR of FN mRNA may decrease CAT mRNA stability relative to the native
CAT 3'UTR. The CAT mRNA levels were, however, greatly decreased (~70%) in both DA and
Ao cells transfected with pECE-CAT-FN compared to pECE-CAT-FNA (p < 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 I), 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 amplified in DA compared to Ao SMC.

Alteration of Cell 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 carried out to
verify the functional presence of FN ARE-binding factors in SMC, and their potential 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 mRNA.
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 cell shape (Boudreau.
etal., 1991). To determine whether this does in fact occur, we examined CAT-positive cells by

immunostaining and correlated the cell shape and the expression of FN with transfected 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 thin layer chromatography: bottom is
the quantitative results of CAT assays from 6 separate transfection studies using control plasmid
(pPECE-CAT), plasmid containing wild type ARE (pECE-CAT-FN), and plasmid containing
mutated ARE (pECE-CAT-FNA). Mock transfected cells show radiolabeled non-acetylated
chloramphenicol only, whereas the acetylated product is observed in cells transfected with CAT
constructs (arrow). The CAT activity is significantly 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 (p < 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 only the full-length CAT (325 bp) and p-gal (378 bp) probes, respectively. Lanes 4 and 5
are negative controls using CAT and B-gal probe to hybridize with yeast RNA, respectively.
showing no protected RNA fragment. Lanes 6-8 show RNA from DA SMC and lanes 9-11 RNA
from Ao SMC transfected with different CAT constructs (lanes 6 and 9 = pECE-CAT; lanes 7 and
10 = pECE-CAT-FN; lanes 8 and 11 = pECE-CAT-FNA) hybridized with CAT, as well as B-gal
probe. The protected CAT (260 bp) and -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%) transfected with pECE-CAT-FN compared to pECE-CAT which is consistent
with the decreases in CAT activities. When compared to cells transfected with pECE-CAT-FNA
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 normalized with B-gal mRNA which was used to control for transfection

efficiency and loading conditions.
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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 = 72-89%) had an elongated
phenotype. In CAT-positive cells transfected with wild type plasmid pECE-CAT-FN (mean = 21.
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), 77%
(75-80%) were elongated. The decrease in the percentage of elongated cells following transfection
with pECE-CAT-FN was significant (p < 0.05). Figure 19b is a representative photograph of
cells from these experiments. The CAT-positive cells (red staining) were identified as cells in
which there was cytoplasmic staining with a rhodamine-tagged anti-CAT antibody. The CAT-
positive cells transfected with control plasmid pECE-CAT showed an elongated phenotype (A).
The switch from elongated (A) to stellate phenotype was observed in cells transfected with wild
type plasmid containing intact ARE (pECE-CAT-FN) (B), but not in cells transfected with ARE-
mutated plasmid (pECE-CAT-FNA) (C). Moreover, consistent with the CAT assay, CAT-positive
cells transfected with ARE-mutated plasmid pECE-CAT-FNA (C) showed a decrease in intensity
of CAT immunostaining compared to cells transfected with pECE-CAT-FN (B).

Since transient transfection using the calcium phosphate method had only a 1-2%
transfection efficiency and cells were cultured at low density to visualize cell morphology, it was
difficult to assess FN production. To overcome this limitation, we used a more efficient method of
adenovirus transfection (see Materials and Methods, Section II). This system had been shown to
allow more than 70% of primary cultured cardiac cells to express transfected genes (Kohout, er al..
1996). We applied double-immunofluorescence using both a Texas-red-tagged antibody to
visualize CAT expression (Figure 19¢, A, C, E), as well as a FITC-labeled antibody to examine
the FN expression (B, D, F). While almost all the cells transfected with CAT constructs showed
positive staining for CAT, we observed a consistent decrease in the accumulation of FN in the cell
cultures transfected with pECE-CAT-FN (D) compared to pECE-CAT (B) or pECE-CAT-FNA
(F), which also seem to correlate with a stellate compared to an elongated phenotype. Negative

control using normal IgG showed that almost all the fluorescence signal was abolished (G).
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Figure 19. Expression of pECE-CAT-FN altered cell shape and decreased FN

(a) A graph summarizes the quantitative analysis of the change of cell shape in CAT-positive cells
from three different experiments. The bar value equals the mean percentage of cells with elongated
shape + 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

cells transfected with pECE-CAT-FN compared to cells transfected with other two plasmids.
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Figure 19b



Figure 19. Expression of pECE-CAT-FN altered cell shape and decreased FN

(b) A representative photomicrograph showing cells transfected with control plasmid pECE-CAT
(A), ARE-containing plasmid pECE-CAT-FN (B) or ARE-mutated plasmid pECE-CAT-FNA (C)
using calcium phosphate method. The cells were stained for CAT with rhodamine-conjugated
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 cell shape from elongated to steilate.
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Figure 19. Expression of pECE-CAT-FN altered cell shape and decreased FN

(¢) A representative simultaneous immunofluorescence staining of CAT (A, C, E) and FN protein
(B, D, F) in transfection studies using a ‘component’ adenovirus delivery system (see Materials
and Methods, Section IT). Almost all 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 FN is less intense in cells
transfected with pECE-CAT-FN (D) compared to either control plasmid pECE-CAT (B) or ARE-
mutated plasmid pECE-CAT-FNA (F). Control using normal IgG shows that aimost all the
fluorescence signal was abolished (G). Bar = 10 pm.




Identifying FN ARE-Binding Activity in SMC

Studies were next undertaken to identify a cytoplasmic factor(s) with FN 3'UTR ARE-
binding properties. Gel mobility shift assays were carried out in which S-100 cytoplasmic extracts
prepared from cultured DA or Ao SMC were incubated with a [32P]-labeled full-length FN 3'UTR
with intact or mutated ARE. While probe alone showed no binding complex formation (Figure
20a, lanes | 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 least one of these RNA-cytoplasmic factor interactions is related to the ARE.

The specificity of this interaction was further assessed by competition experiments using an
ARE-containing FN oligonucleotide probe, as well as an irrelevant probe (without ARE) of the
same size. Two binding complexes (top binding complex appears to be doublet bands) were
observed on a gel shift using the specific ARE-containing probe (SP) (Figure 20b, lane 2 lane |
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 radiolabeled 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 shift assays revealed formation of a similar binding complex between ARE-
containing oligonucleotides and S-100 extracts from cultured both DA and Ao SMC, but a
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 serum stimulation without a parallel increase in mRNA level (Boudreau, et al., 1992).
we then determined 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 observed even under serum-free conditions (lane




Figure 20
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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 containing 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 containing the ARE (SP) or irrelevant
probe (IP). Lanes 1 is radiolabeled probe alone; lane 2 is SP + S-100 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 manner 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 | and
2) and Ao SMC (lanes 3 and 4) under serum-free conditions (lanes | and 3) or following serum-
stimulation (lanes 2 and 4). Compared to Ao S-100 extracts, an increased binding complex
formation is evident with DA S-100 extracts in both serum-free and serum-stirnulation conditions.
(d) a UV-crosslinking assay of the cytoplasmic factors with radiolabeled FN ARE-containing
oligonucleotide. Lane 1, binding complexes run under non-reducing conditions. Lane 2, binding
complexes run under reducing conditions. Lane 3, S-100 extracts incubated with 1 pg/ul
proteinase K for 30 min at 37°C before the binding reaction. Lane 4, the oligonucleotide probe
was treated with 1 u/ul RNase T before incubation with the S-100 extracts. Lanes 5-7, the S-100
extracts were pretreated with 2% B-ME, 10 mM DTT, or 10 mM n-EM for 30 min at 37°C.
respectively, before incubation with the oligonucleotide. The protein molecular weight markers are
indicated on the left. The M, of the binding complexes were estimated at ~60, 30, and 15 kD

(arrows).
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1 vs 3). After serum stimulation, increased mRNA binding activities were seen in cytoplasmic
extracts from both DA and Ao SMC, but there was a greater increase binding with S-100 extracts
from DA SMC (lane 2 vs 4).

Additional studies were carried out to determine whether the binding complex consists of
several subunits and whether the binding requires free sulfhydryl groups. as suggested for the
iron-response element-binding protein (IRE-BP) (Hentze et al., 1989) or the AUBF (Malter and
Hong, 1991). In two different experiments, we treated the cytoplasmic extracts with reducing
reagents, B-mercaptoethanol (B-ME), dithiothreitol (DTT), or the alkylating reagent, n-
ethylmaleimide (n-EM), prior to the binding 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 run under non-reducing and reducing conditions.
respectively). To confirm that the components of the binding complex were proteins and RNA.
cytoplasmic extracts were treated with proteinase K or the radiolabeled probes were pretreated with
RNase T before the binding reaction (lanes 3 and 4, respectively). Both conditions prevented the
binding complex formation originally observed, confirming a protein-RNA interaction. A weak 40
kD band observed could be attributed to incomplete digestion with proteinase K.

Of particular interest, however, was the observation that the binding complex was resolved
as an intense band at 15 kD after pretreatment of the extracts with reducing reagents, B-ME (lane 5)
or DTT (lane 6), as well as an alkylating reagent, n-EM (lane 7). The relative differences observed
in the intensity of the 15 kD band may be related to differences in reducing capacity of B-ME and
DTT in the doses used. Both reducing and alkylating conditions prevent disulfide bond formation.
Since n-EM also alkylates 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 disulfide bond-dependent interactions between multimers of the

~15 kD protein, or between the 15 kD protein and other proteins, or disulfide bond dependent
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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 studied the binding kinetics of the complex. Binding reactions were carried out for
various times before the addition of RNase T;. Incubations as short as 5 min yielded the same
amount of binding activity as 60 min incubations (Figure 21a), indicating a similar profile to that of
an AUUUA binding factor (AUBF) of different molecular weight previously described (Malter.
1989; Malter and Hong, 1991). 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 cytoplasmic extracts. Increased binding activities were found to correlate
with increasing amount of extracts used in the binding reaction (Figure 21b). 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 mRNA, and the greater binding activity in DA SMC extracts may result from an

increase in the concentration of the factor(s) or in its binding affinity.

DISCUSSION
In this chapter we addressed whether the mechanism of post-transcriptional regulation of
FN in the DA may involve the FN ARE. We first related the mechanism of post-transcriptional
regulation 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-FNA bearing mutated ARE

supported the ARE as being critical to the mechanism of increased fusion mRNA translation. A
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Figure 21
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Figure 21. Binding of cytoplasmic factor ARE probe is rapid, stable, and dose-

dependent

(a) The binding reaction was performed for different times [indicated as (in minutes) at the top of
each lane] before the addition of RNase T1. Lower shifted bands may be related to the properties
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-shifted complex is shown by the arrow while the free RNA

probe is shown by the bracket.
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decrease in CAT-FN3'UTR 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 specifically measure CAT mRNA stability.

The decrease in CAT mRNA by the wild-type ARE may be coupled with the increase in
CAT mRNA translation. There are studies indicating that destabilization of mRNA 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 al., 1995) and is related to
translational-dependent assembly of a >20s degradation complex (Savant-Bhonsale and Cleveland.
1992). Alternatively, these may represent independent events, as suggested by study of Chen and
colleagues (1995) which showed that mRNA decay mediated by the GM-CSF and c-fos ARE is
independent of ongoing translation of an RNA.

Since others have described the ARE as a repressor of mRNA translation (Kruys, et al..
1987; Kruys, et al., 1988; Kruys, et al., 1989; Han, et al., 1990a; Han, et al., 1990b: Grafi, et al..
1993; Kruys, et al., 1993; Marinx, et al., 1994), the difference between our findings and theirs
may be due to several factors. First, our experimental system used primary cultured vascular SMC
and investigated the ARE function in the entire 3'UTR of FN mRNA. Second, the ARE may
function as a repressor or an enhancer of translation, depending on binding of tissue-specitic
cytoplasmic 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, 1991; Boudreau, er al., 1991). we
reasoned that the alteration of cell shape may be due to a reduction of FN expression by
sequestering ARE-binding factors that would otherwise influence endogenous FN mRNA
translation (Later studies in Chapters 4 and 5 showed that, if sequestering ARE-binding factors

indeed happens, it may only apply for a subset of ARE-binding factors). We could not, however.
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rule out the possibility that decoy of these putative factors would also prevent binding to other
endogenous ARE-containing mRNAs. This could also affect their stability or translation, thereby
causing a change in cell phenotype. The change in cell phenotype may also be due to effect of
plasmids (difference in copy number of transfected wild type versus mutant plasmid) on protein
synthesis, although we have no reason to suggest why this would occur.

Indeed, using gel mobility shift 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-
containing oligonucleotide 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 not Ao SMC without changing its mRNA level
(Boudreau, et al., 1992). In further UV-crosslinking studies, we identified three binding
complexes with molecular weights at ~15, 30, 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 disulfide bonds by B-ME or DTT, as well 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 monomer or a protein
complex may influence its binding affinity, but this remains to be proven. This would seem worth
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 al., 1994). In addition.
since disruption of sulfhydryl 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, er al., 1989) and AUBP (Malter and Hong,
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1991), the binding complex formation does not depend on free sulfhydryl groups. Taken all
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., 1991; Brewer, 1991; Malter
and Hong, 1991; Rondon, et al., 1991; Vakalopoulou, er al., 1991; 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 al., 1995; Chung, et al., 1996; Ma, et al..
1996).

The ARE-binding factor previously described requires at least 3 AUUUA motifs to interact
with RNA (Gillis and Malter, 1991; 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.
UUAUUUALU, resulted in specific and stable binding to a cytoplasmic factor. A possible
interpretation is that 3 motifs of AUUUA (AUUUAUUUAUUUA) actually contains only one
repeat of the conserved consensus sequence, UUAUUUAU, as underlined. Recent studies based
upon functional activity of various AREs and sequence comparisons have indicated that the key
ARE motif within the AU-rich sequence is the nonamer UUAUUUA(U/A)(U/A) (Lagnado, er al..
1994) or UUAUUUAUU (Zubiaga, et al., 1995).

Our results expand previous findings that the ARE plays an important role, not only in
regulating the stability and translational efficiency of transient mRNAs coding for cytokines and
proto-oncogenes, but also in controlling the translation of the more stable mRNA, FN mRNA that
encodes a major extracellular matrix protein. Since FN plays a critical role in vascular development
and in diseases related to the control of SMC growth, differentiation, and migration, understanding
the molecular basis of its regulation is of critical importance. Also, by using primary cell cultures
which maintain distinct phenotypic properties in vitro, we have provided evidence that a trans-
acting ractor may contribute the high levels of expression of FN in the DA SMC. Purification of

the protein will be necessary to identify it and further characterize its function.
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CHAPTER THREE

PURIFICATION AND FUNCTIONAL CHARACTERIZATION OF A
FIBRONECTIN AU-RICH ELEMENT RNA-BINDING PROTEIN
IN VASCULAR SMOOTH MUSCLE CELLS
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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 UV-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 high 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 may 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, 1991). Second.
decoy of ARE-binding factors by exogenous AREs reduced FN synthesis in DA SMC and aitered
their FN-dependent elongated motile phenotype (Boudreau, ez al., 1991). More definitive evidence
requires purification of the ARE-binding factors.

This study is therefore, designed to purify the 15 kD 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 first 10 N-terminal amino acids. The
revealed peptide sequence indicated that the purified 15 kD ARE-binding protein is related to the
light chain 3 (LC3) of microtubule-associated protein 1 (MAPI). Using western immunoblot. we
confirmed that the purified peptide is LC3, and demonstrated that its 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 manner. Overexpression of LC3 in Ao SMC optimizes FN mRNA
translation, suggesting that binding of LC3 to FN mRNA may increase FN mRNA translational

efficiency.

RESULTS
Purification and Identification of the 15 kD FN ARE-binding Protein
The aim of the purification procedure was to identify the nature of the 15 kD ARE-binding

protein. We designed a large-scale purification scheme based on sequential ion exchange and
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heparin chromatography (Figure 22). Gel shift and UV-crosslinking assays were used to detect
RNA binding activity and to monitor the purification process. Most of the FN mRNA binding
activity in the S-100 extract from 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 binding protein in the S-100 extract was present as a protein complex due to
the high protein concentration of the starting material. This may explain why two separate RNA-
binding compiexes were subsequently found on gel shift using the flow-through fraction from the
DEAE-sepharose (1st column in a, lane 2), as well as on UV-crosslinking assay (~15 kD and 30
kD; b, lane 2), while 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 complex, 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
binding activities was loaded onto the phosphocellulose-column (2nd column) and the bound
material eluted by 1 M KCI. The eluate containing the 15 kD, as well as 30 kD RNA-binding
activities (a and b, lane 3) was further purified 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 UV-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 14-17 in a
and b) contained the majority 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 ~21 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 ¢ 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

Gel shift and UV-crosslinking assays were applied to monitor the purification procedure and to

determine the ARE-binding activities in samples collected from each purification step.
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Figure 23. Purification of FN ARE-binding protein

The purification procedure was monitored by (a) gel shift assay and (b) UV-crosslinking assay
using ARE-containing FN oligonucleotide probes. The protein contents in each sample were
stained by Coomassie blue (c). P = probe only as control. Bracket denotes free probe. ARE-
binding activities in S-100 extracts were revealed on gel shift as a major binding complex (a, lane
1), and ~60 kD radioactive band on UV -crosslinking (b, lane 1). Lane I in ¢ 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 flow-through was loaded onto the
phosphocellulose column and 1 M KCl eluates which contain RNA binding activities were
collected (a and b, lane 3). The eluates of the phosphocellulose-column were further applied to a
heparin chromatography and eluted with an 80-800 mM KCl gradient. Twenty-one fractions were
collected in total. Aliquots of fractions 7-21 were tested by gel shift (a, lanes 4-18) and UV-
crosslinking assay (b, lanes 4-18), and stained with Coomassie blue (c, lanes 4-18). Only
fractions 17-20 (a, lanes 14-17) contained detectable binding activity at about 15 kD (b, lanes 14-
17), which corresponded with protein staining (¢, lanes 14-17). Arrow indicates the binding

complexes or an approximately ~15 kD protein band.
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membrane. The 15 kD Coomassie blue stained band was excised (Figure 24a). The sequence of
the first 10 amino acids (after the first methionine) of this purified protein was determined as
PSEKTFKQRR. A Genbank data base search revealed that the sequence is identical to the rat
MAPI1 LC3 (light chain 3 of microtubule-associated protein 1), 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 analysis was carried out using rabbit anti-LC3
antiserum to corroborate the immunological identity of the purified 15 kD FN mRNA-binding
protein as LC3 and to examine its expression in DA versus 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 mRNA-binding

complex 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 Escherichia coli as
a GST-LC3 fusion protein. The purified 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; ¢). Three retarded binding complexes were found on the gel, the formation of which
were not evident using the ARE-mutated FN 3'UTR probe (FNA). This study indicated that the
RNA-LC3 interaction was ARE-dependent 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 competition assays using unlabeled ARE-mutated (AREA) or ARE-
containing oligonucleotides (ARE) (d). Incubation of AREA oligonucleotides with LC3 (molar
ratio = 100:1) before adding radiolabeled FN 3'UTR was inefficient in blocking formation of the
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Figure 24. Identification of a 15 kD FN ARE-binding protein

(a) Coomassie blue staining of a PVDF membrane. Fraction-19 (F19) 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 MAP1 LC3. (b) Western blot analysis using rabbit anti-
LC3 antibody pointing the identities of the purified FN mRNA-binding protein as LC3. and

provides quantitative data concerning its levels in DA versus Ao SMC S-100 extracts.



146

Figure 25. Recombinant LC3 binds to the ARE in the 3'UTR of FN mRNA

(a) A Coomassie blue stained gel showing purified recombinant LC3. Arrows indicate GST-LC3
fusion protein (~44 kD) in the bacterial lysates and the recombinant L.C3 (~15 kD) in the eluates
after cleavage of the GST-tag (see Methods and Materials, Section III). The high molecular
weight band (~70 kD) may be related to a protein product of the E. coli gene dnaK which is
involved in the degradation of "abnormal” protein in E. coli.. (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 10° cpm radiolabeled FN 3'UTR
with intact (FN), or mutated ARE (FNA). (d) Competition study with ARE-containing FN
oligonucleotides (ARE), or ARE-mutated oligonucleotides (AREA, all the U's in ARE was
replaced by G's). The unlabeled oligonucleotides were preincubated with LC3 at molar ratio 100: |
for 10 min before addition of radiolabeled FN 3'UTR (105 cpm).
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complexes. However, preincubation of ARE-containing oligonucleotides with LC3 completely

abolished 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-localizes with FN protein. In 100-day gestation DA (term = 145 days), LC3 was
observed in the EC and in the SMC exhibiting a motile phenotype in the subendothelium and in the
adjacent inner medial SMC where the structure of the intimal cushion is emerging (Figure 26a).
Staining of FN from the same tissue showed a similar 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 (¢), and FN SMC cytoplasmic

staining was somewhat less marked than in the DA SMC (d).

Distribution of LC3 and FN mRNA in Cultured SMC

Since LC3 binds tubulin directly in an in vitro microtubule-assembly assay with purified rat
brain tubulin and co-localizes with MAP1B in cultured rat neurons (Mann and Hammarback.
1994), immunofluorescent staining was performed to study 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 fixation and staining the microtubule structure.
In cells showing well maintained microtubule structures (Figure 27B), immunostaining for LC3
was evident especially in the perinuclear area but also extended throughout the cytoplasm (A ).
Negative controls using normal IgG showed no immunofluorescence (C and D). In the
simultaneous immunostaining 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 small 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 cells pretreated with RNase A (D) showed no immunofluorescence.
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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 intimal SMC exhibiting a
motile phenotype (indicated by arrow), and to some extent in adjacent inner medial SMC where the
structure of the intimal cushion is appearing (a). Staining of FN from the same tissue showed a
similar pattern (b) with staining extended into the inner 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).
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Figure 27
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Figure 27. Immunofluorescent staining of LC3 and tubulin

Cultured DA SMC were stained for LC3 and MTs using anti-L.C3 and anti-tubulin antibodies, and
rhodamine-conjugated secondary antibodies. LC3 staining is observed in the perinuclear region
(A) in cells with well preserved MTs (B). Negative controls for LC3 (C) and tubulin (D) with

normal IgG show no fluorescence staining.
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Figure 28
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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 cultured DA SMC. Like LC3.
the majority of FN mRNA staining was also found in the perinuclear area. Under the dual filter. a
small subset of two signals 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 um.
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Overexpression of LC3 in Ao Cells Enhances FN mRNA Translation

To define the role of LC3 in the regulation of FN mRNA translation, we used adenovirus
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
cells (p < 0.05). Transfection with LC3 plasmid in Ao cells increased LC3 production (Figure
29a, top) and FN synthesis (a, bottom and b) in a dose-dependent manner to the level observed in
the control DA cells. Transfection of DA cells with increasing doses of LC3 plasmid, however.
did not result in a further increase in FN synthesis, suggesting that the mechanism may be
operating at maximum efficiency. Since there was no change in FN mRNA levels following LC3
transfection in either DA or Ao cells (¢), the results 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 transacting factor as LC3 of MAP1. Several lines of
evidence led us to believe that binding of LC3 to the ARE in FN 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-distributes
with FN mRNA in the perinuclear 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
chromatography. N-terminal sequence analysis of 10 amino acids after the methionine start site
revealed a peptide sequence with identity to rat MAP1 LC3 (Mann and Hammarback, 1994) that is
further supported by western immunoblot. Although further information, such as peptide digest

and complete amino acid sequence analysis, is necessary to define this RNA-binding protein as
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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 Materials, Section III) increased LC3 production in a dose-dependent
manner. This was especially evident in Ao but not in DA cells (top). The overexpression of LC3
in Ao cells also augmented FN synthesis to the levels observed in the DA cells, whereas this was
not associated with a significant increase in FN synthesis in DA cells (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 < 0.05.
SuperANOVA and Duncan's test of multiple comparisons). However, the new synthesis of FN in
Ao cells is increased after transfection with pCR-LC3 to a significant level (p < 0.05) in a dose-
dependent manner (p < 0.05) ). (c) A northern blot analysis indicating that there is no change in
the level of FN mRNA following LC3 in either DA or Ao cells. The loading condition is

demonstrated by ethidium bromide staining of 18s and 28s ribosomal RNA.
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LC3 or arelated protein (a member of a family proteins), we went on to investigate whether in fact
the rat LC3 had features that corresponded to those attributed to the ARE-binding proteins in
vascular smooth muscle cells, e.g., RNA binding and mRNA translation. LC3 is a different
protein from other AUBFs purified or cloned thus far (Levine, et al., 1993; Zhang, er al.. 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 al., 1995), computer analysis
(MOTIFS/GCQG) failed to identify RNA-binding motifs in LC3 protein that are present in other
RNA-binding proteins, including small nuclear RNP, hnRNP, AUF1, and Elav-like RNA-binding
proteins. However, LC3 is a basic protein with a predicted pI of 9.2 and arginine-rich sequences
similar to arginine-rich RNA-binding proteins (Burd and Greyfuss, 1994). The arginine-rich
sequence (RRSFEQRVEDVRLIR) close to the N-terminal may form an RNA-binding site.

We used purified bacterial-expressed recombinant LC3 to confirm its binding to the 3'UTR
of FN mRNA. Moreover, LC3 appears to bind the 3'UTR in an ARE-dependent manner. The
fact that LC3 co-expresses with FN protein in the ‘motile’ 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 mRNA translation in DA SMC.

Our results extend previous findings that the ARE in the 3'UTR plays an important role in
regulating the stability and translation of labile mRNAs, such as cytokines and proto-oncogenes.
by showing that this element modulates translational efficiency of more stable mRNAs encoding
extracellular matrix proteins. By using primary cell cultures which maintain distinct phenotypic
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 FN.
a glycoprotein with numerous functions related to cell growth, differentiation, and migration in

development and disease.
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CHAPTER FOUR

MICROTUBULE INVOLVEMENT IN TRANSLATIONAL REGULATION OF
FIBRONECTIN mRNA BY LIGHT CHAIN 3 OF MICROTUBULE-ASSOCIATED
PROTEIN 1 IN DUCTUS SMOOTH MUSCLE CELLS




159

INTRODUCTION

Microtubules (MTs) have been implicated in the targeting, storage, sorting, and
translational control of mRNAs in a variety of cells (Singer, 1992; Steward and Banker, 1992:
Suprenant, 1993; Wilhelm and Vale, 1993; Ferrandon er al., 1994; St Johnston, 1995). Signals
that direct intracellular localization of mRNAs via MTs are found within the 3'UTR of mRNAs
(Macdonald and Struhl, 1988; Gottlieb, 1992; Gravis and Lehman, 1992; Mowry and Melton.
1992). Interactions between MTs and mRNA may be mediated by factors which could recognize
both consensus sequences in RNAs, as well as bind to MTs. Microtubule-associated proteins are
good candidates for these factors. Several trans-acting factors that both recognize a cis element in
3'UTR of RNA and also bind to MTs have been reported (Kwon and Hecht, 1993; Elisha, et al..
1995; Han, et al., 1995; Schumacher, er al., 1995). These include a spermatid perinuclear RNA-
binding protein (Spnr) in mouse male germ cells (Schumacher, ez al., 1995), a rat testis/brain
RNA-binding protein (Han, et al., 1995), and Vgl RNA-binding protein (Vgl RBP) in Xenopus
oocytes (Elisha, et al., 1995).

While a wealth of evidence indicates cytoskeletal structures, such as MTs, are functionally
involved in modulating the fate of localized mRNAs which encode cytoskeletal or cytoplasmic
proteins, sorting 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 al., 1988) or a membrane glycoprotein, lactase (Rings, et al., 1994b). Thus,
cytoskeletal structures may also influence the spatial localization of mRNA encoding secreted
proteins. In addition, docking of mRNAs onto membrane-bound polysomes could be facilitated
by cytoskeletal structures as opposed to simple diffusion of large mRNA-RNP particles (Rings. er
al., 1994a). LC3, which was initially cloned from a rat brain cDNA library, co-localizes with MTs
in cultured rat neuronal cells, and co-precipitates with in vitro assembled 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 translational regulation of FN mRNA
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by LC3.

In this chapter, we will address the role of LC3 in regulating FN mRNA translation in the
context of MT. We show that, in contrast to our previous finding in cell cultures (Chapter Two).
LC3 represses translation of chimeric mRNA containing the CAT coding region and FN 3'UTR in
cell-free 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 further experiments in which disruption of MTs in cultured DA SMC
by colchicine treatment inhibits FN mRNA translation. Analysis of intracellular 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 FN

mRNA translational enhancement is facilitated 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, 1994), its function in FN
mRNA translation could be associated with its role as a MT-associated protein. To test this
hypothesis, we first examined the effect of LC3 on RNA translation in the absence of MT. We
applied an in vitro 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 was
detected in the reticulocyte lysates (40 pg) by western immunoblot (data not shown). Equal
amounts (0.5 pg) of purified 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 enhanced mRNA translation in this cell-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 cell-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
ug (a) or 2 pug (b) LC3 protein were added to the reaction mixture (lanes 4 and 6). (c¢) A graph
summarizing 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 fusion mRNA using CAT-FN3'UTR (lanes | and 2) or CAT-
FN3'UTRA fusion constructs (lanes 3 and 4) without addition of LC3 protein (lanes | and 3) or

with addition of 0.5 pg LC3 protein (lanes 2 and 4).
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in a and b) shows no radiolabeled protein products, whereas the positive control with 0.5 pg hGH
plasmid (Promega) shows a major protein product (lane 2 in a and b). Reactions with 0.5 pg
purified CAT-FN3'UTR (lane 3 in a and b), or CAT-FN3'UTRA (lane 5 in a and b) produced
approximately equal amounts 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 pug LC3 protein
into the reaction mixtures repressed production of CAT protein in reactions with both 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 construct. Increasing the dose of LC3 to 2 ug
results in a further decrease in CAT production in reactions with both constructs (b, lanes 4 and 6).
but still a relatively greater difference is observed with the wild type construct (b, lane 4).
Densitometric analysis of data from two independent experiments (c) revealed that a 57%
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'UTRA). At higher concentrations of LC3 protein (2 png/2.5 mg reticulocyte
lysate), there was an 83% decrease of CAT production with CAT-FN3'UTR compared to a 55%
decrease using CAT-FN3'UTRA. Western blot analysis using a polyclonal anti-CAT antibody (5'-
3" Inc.) confirms the protein product as CAT (d).

Assessment of fusion RNA levels indicates that the decrease in CAT production is likely
due to translational suppression, since approximately equal amounts of full-length mRNAs were
found in the reaction mixtures transcribed from either wild type constructs (e, lane | ) cr ARE-
mutated CAT-FN3'UTRA fusion constructs (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, lane 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 all reactions, which may be due to either premature termination of the reaction or
degradation of full-length transcripts. This study suggests that, in the cell-free transcription and

translation system, LC3 suppresses mRNA translation, but the effect may not be exclusively
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dependent on the ARE, especially as evident with higher concentrations of LC3.

Intact MT Structures are Important for FN Synthesis

The results of the cell-free transcription and translation study suggest that an intact MT
system might be necessary for LC3-mediated upregulation of mRNA translation. To test this in
vivo, colchicine was applied to disrupt MT structures in cultured DA SMC and FN synthesis was
examined. Treatment of cells with 10 pM colchicine for 2 h induced changes in cell shape related
to alterations in MT structures (Figure 31); those treated with colchicine looked foreshortened with
fragmentation of MTs, which appeared as condensations in the perinuclear region, as well as at the
cell edge (B vs A). The distribution of LC3 in colchicine-treated and control cells 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).

Cells were then labeled with [35S]}-methionine for 2 h and conditioned media were collected
for FN extraction. Fibronectin extracted from conditioned media (normalized by total TCA
precipitated protein) was reduced by 80% in DA cells treated with colchicine compared to control
cells (Figure 32a, p < 0.01). The selective reduction in FN secretion following colchicine was
unlikely explained solely on the basis of blocked secretion. There is little retention of newly-
synthesized FN within the cells, although slightly more under colchicine-treated condition (Figure
32b). Northern blot analysis 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 confirmed that cells were seeded at the same density, and cell lifting and loss was not
observed during the treatment of colchicine (Figure 33). Since the time frame of the experiment
was only 4 hrs while the doubling time of these primary DA and Ao SMC is approximately 72 h.

the reduction in FN synthesis following colchicine treatment was not due to mitotic arrest. We also



165

Figure 31
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Figure 31. Disruption of MTs alters SMC shape

Cultured DA SMC were treated with colchicine for 2 h, fixed, and immunostained for tubulin and
LC3 using a monoclonal mouse anti-tubulin IgG and a rabbit anti-L.C3 antiserum as described in
Materials and Methods. Secondary antibodies used were FITC-conjugated goat-anti-mouse [gG
and Texas-red-conjugated goat-anti-rabbit IgG. Cell nuclei were stained with DAPI. Normal
rabbit IgG and secondary antibody alone served as controls. Compared to normal cultured cells
(A), cells treated with colchicine (B) are foreshortened with fragmentation of MTs (FITC staining)
which appear as prominent condensations at the cell edge. In the perinuclear region. LC3 appears
particulate and its co-distribution with tubulin results in a yellow color (overlap of Texas-red with

FITC). Control specimen (C) using normal IgG shows only DAPI staining for nuclei. Bar = 20
pum.
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Figure 32. Disruption of MT by colchicine inhibits FN mRNA translation

(a) Left is a representative autoradiograph of newly-synthesized FN extracted from conditioned
media of normal cells (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 FN extraction.
Right is a quantitative analysis from 4 different experiments. Compared to normal cultured cells.
FN synthesis was significantly decreased in cells treated with colchicine (*p < 0.01, by Student ¢
test). (b) an autoradiograph of newly-synthesized FN extracted from conditioned media (top) and
cell layers (bottom) of normal cells (lanes 1 and 2) or colchicine-treated cells (lanes 3 and 4) from
two separate experiments. The majority of newly-synthesized FN was found in the media under
both normal or colchicine-treated cultures. Only a small amount was associated with cells under
both conditions, but this did appear to increased slightly following colchicine treatment. (¢) A
representative northern blot analysis shows that the steady-state level of FN mRNA remain the
same when normal (lane 1) and colchicine-treated (lane 2) SMC are compared. 28S and 18S RNA
are shown to confirm equal loading conditions. Three different experiments showed similar

results.
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Figure 33
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Figure 33. Phase contrast light microscopy of DA SMC treated with colchicine

Compared to control cells in (A), there is no lifting or loss of cells 4 h after colchicine treatment

(B), although the cells appear less elongated after colchicine treatment. Bar = 40 pm.




171

confirmed by western immunoblot that the decreased FN synthesis following colchicine treatment

was not reflected in a decrease in L.C3 (data not shown).

Sorting of FN mRNA to Membrane-bound Polysomes Requires MTs

We next examined whether disruption of MTs alters FN mRNA distribution, i.e. its
association with membrane-bound polysomes. Cultured DA SMC were lysed with non-ionic
detergent, Nonidet P-40, and fractionated into soluble and insoluble portions. The soluble fraction
of the cytoplasmic extract contains free polysomes and polysomes released from the cytoskeleton:
while the insoluble fraction contains ER membrane-associated polysomes. RNA was extracted
from both fractions, and distribution of FN mRNA was determined by northern blot analysis. As
shown in the Figure 34, in normal cultured cells, approximately equal amounts of FN mRNA were
found in the insoluble fraction containing membrane-bound polysomes (lane 1), 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
'shifted’ in the soluble fraction (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 FN is a secreted glycoprotein, the signal peptide would direct FN mRNA to the ER.
where FN protein is translated. 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 specifically whether the effect of MTs on FN mRNA translation likely
involves LC3, we applied a polysome profile analysis to compare the distribution of FN mRNA
and LC3 protein under conditions where LC3 and FN synthesis were increased (DA versus Ao
cells), or where MTs were disrupted (DA cells treated with colchicine versus control). Post-nuclei
cell lysates were loaded onto a 15-40% sucrose gradient.

In both DA and Ao cells (Figure 35, a and b respectively), most of FN mRNA was found
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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 (10 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 polysomes
(lanes 2 and 4) by one step centrifugation at 16,000g for 30 min. Distribution of FN mRNA was
then assessed northern blot analysis. (b) A corresponding graphic presentation of distribution of
FN mRNA (% 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 FN mRNA and LC3 protein in DA (a), Ao SMC (b), and DA SMC
treated with colchicine (¢) is assessed. Post-nuclei cell lysates were layered on a 15-40% sucrose
gradient, centrifuged at 42, 000 rpm for 2 h at 4°C in a Beckman 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 immunoblotting as described in the Materials and Methods
(Section IV). Top is the photograph of RNase protection assay and western immunoblot that
represents one of two reproducible studies (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 distribution assessed by the OD at 254 nm.

which is similar in DA and Ao cells or DA cells treated with colchicine (DA/Col).
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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 monosome). This suggests that most of FN mRNA in both cells is translationally
activated. While comparable amounts of FN mRNA were found in the polysome profiles of both
cells, the polysome-associated FN mRNA in DA SMC was largely concentrated in the last 5
fractions (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 cells, from fractions 9 to 17 (b). In
general, 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 cells (Boudreau and Rabinovitch.
1991), the location of FN mRNA in heavier polysomes in DA versus Ao SMC suggests an
increase in efficiency of FN mRNA translation. Furthermore, since there were equal amounts of
FN mRNA in the polysome profiles of both cells and no FN mRNA was associated with
translationally inactive ribosome subunits, the increased FN mRNA translation in DA SMC was
likely related to an enhanced recruitment 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 monomers during the
process of homogenization of cells. The LC3 protein, however, also appeared in the polysomal
fractions which contained the majority of FN mRNA, especially in DA cells (compare a to b). For
example, LC3 was apparent in fractions 11-16 in the DA cells 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 HT 1080 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 profile 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 cells (a), the distribution of FN mRNA in those treated with
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colchicine was shifted into fractions in the sucrose gradient associated with lighter polysomes (c.
fractions 9-15). Moreover, LC3 was associated with fractions containing ribosome subunits or
RNPs and not with polysome fractions (¢, fractions 1-7). The overall distribution of polysomes.
however, was similar 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 MAPI.
The work described in this Chapter was undertaken to examine whether the mechanism of LC3
regulation of FN 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 profile analysis of FN mRNA and LC3, that an accelerated
recruitment of FN mRNA-RNP complexes onto membrane-bound polysomes is likely the
mechanism by which L.C3 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 first 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 cytoplasmic proteins (Singer, 1992; Steward and Banker, 1992; Suprenant.
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 Struhl, 1988; Gottlieb, 1992; Gravis and Lehman, 1992; Mowry and Melton, 1992). In
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Xenopus oocytes, Vgl RNA-binding protein (Vgl RBP) mediates the association of Vgl mRNA
with MT and Vgl RBP itself binds to MT (Elisha, ez al., 1995). In rat male germ cells, spermatid
perinuclear RNA-binding protein (Spnr), which binds to the 3'UTR of spermatid-specific
protamine-1 (Prm-1) mRNA, is localized to MTs and is proposed to be functionally involved in
RNA transport or translational activation (Schumacher, et al., 1995). In mouse, a testis/brain
RNA-binding protein attaches both to translationally repressed transcripts such as protamine-2
(Prm-2), tau, and myelin basic protein containing conserved sequences (Y and H elements) in the
3’UTR (Han, et al., 1995).

In previous studies, colchicine has been used to depolymerize MT to establish their pivotal
role in the transport or localization of mRNA. In our studies, we used colchicine to determine that
MT were critical to FN mRNA translation. Others have reported that colchicine treatment inhibits
synthesis of collagen (Mansour, et al., 1988), stearoyl-CoA desaturase and fatty acid synthetase
(Kasturi er al., 1984) without affecting total protein synthesis, but the mechanism was unexplored.
Colchicine has also been demonstrated in hepatectomized rats to inhibit general translation of
mRNA without affecting cell proliferation, by inducing a global dissociation of membrane-bound
polysomes (Walker and Whitfield, 1984; Walker and Whitfield, 1985). However, this mechanism
cannot explain the selective inhibition of FN mRNA translation by colchicine in our study, since
the overall polysome profile was unchanged in colchicine treated cells compared to normal
cultures, yet the association with FN mRNA was altered. The difference may be related to the
experimental model: whole hepatectomized animal and rapidly proliferating hepatic cells versus
relatively quiescent cultured SMC in our studies.

It is also interesting 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 mRNA 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




179

the absence of MTs, to influence sorting of FN mRNA onto membrane-bound ribosomes.
Similarly, in the cell-free 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, it
is also necessary to consider other mechanisms unrelated specifically to MTs. For example, the
abundance of ribosomes available for translation in the cell-free system may bypass the fine tuning
(enhanced ribosome recruitment) provided by LC3 in cell culture where competition among RNAs
for ribosome binding would be expected. Alternatively, 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 comparing intercellular 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 translationally 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 FN mRNA
on the polysomes. The LC3 in the translationally-inactive fraction would be likely due to
dissociation of MTs following homogenization of the cells 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 may associate with ribosomes
through binding of FN mRNA. A similar observation has been made in 3T3-L1 preadipocytes in
which ectopic expression of Hel-N1, another ARE-binding protein, increases glucose transporter
(GLUT1) expression due to marked acceleration of progression from the preinitiation complex to
heavy polysomes (Jain, et al., 1997). However, the association of Hel-N1 with translational

machinery (polysome profile) was not addressed in that study.
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The polysomal distribution of FN mRNA and LC3 protein in colchicine-treated cells
provides additional experimental evidence that intact MT structures are required for the interaction
of LC3 and FN mRNA, and docking of FN mRNA-RNP complexes onto polysomes. Disruption
of MTs by colchicine shifts 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 functionally distinct pools of LC3, one binds MTs, and the
other binds FN mRNA. MTs may affect FN mRNA translation by providing a 'track’ for mRNA
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 translationally-inactive compartment 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 significance in other ARE-binding proteins
(Malter, 1989), and the testis/brain 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 example.
cytokines, such as tumor necrosis factor-ct and interleukin 1, have AREs in their 3'UTR, and are
upregulated in vascular SMC in association with neointimal formation (Clausell and Rabinovitch.
1993; Clausell, et al., 1995; Molossi, er 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 recruitment and is
mediated by intact MTs. How binding of LC3 to 3'UTR of FN mRNA impacts on ribosome
recruitment and how MTs influence the interaction of LC3 and FN mRNA will be of great interest

in future studies.
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CHAPTER FIVE

LIGHT CHAIN 3 OF MICROTUBULE-ASSOCIATED PROTEIN 1, AN AU-RICH
ELEMENT RNA-BINDING PROTEIN, INCREASES FIBRONECTIN mRNA
TRANSLATION IN HUMAN FIBROSARCOMA CELLS
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INTRODUCTION

This study was designed to determine whether LC3 enhances FN mRNA translation in
other cells by a similar mechanism observed in DA SMC. We therefore screened several cell lines
for expression of LC3. Unlike normal human fibroblasts, we could not detect expression of LC3
in a human fibrosarcoma cell line, HT1080. It was of further interest that this cell line has reduced
FN synthesis and diminished cell surface deposits of FN (Oliver, et al., 1983; Dean, et al., 1988).
Upon stable transfection of HT1080 cells with LC3, FN synthesis was enhanced and cell surface
deposits of FN were observed. This was accompanied by a morphologic alteration to a flattened
cell shape consistent with a 'revertant’ phenotype (Paterson et al., 1987), a rearrangement of MTs.
and a slower growth rate. Polysome profile 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 mRNA. These data suggest that

LC3 upregulates FN mRNA translation by a mechanism involving enhanced ribosome recruitment.

RESULTS
Selection of LC3 transfectants and verification of the presence of LC3 expression
To understand the functional relationship between LC3 and FN expression, we carried out
experiments using a human fibrosarcoma HT 1080 cell line (Rasheed et al., 1974). Like other
transformed or neoplastic cells (Rasheed er al., 1974; Yamada, et al., 1977; Vaheri and Mosher.
1978; Steele, et al., 1988; Varani et al., 1991), HT 1080 has reduced or absent cell surface-
associated FN (Oliver, et al., 1983; Dean, et al., 1988). When we screened S-100 cytoplasmic
extracts from different cell lines for the presence of LC3 by western immunoblotting using a rabbit-
anti-LC3 antiserum, A10, NIH3T3, CHO, and Cos7, were all 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 HT 1080 cells (HT) with a more normal
counterpart, human skin fibroblast cells (HF), CCD-973SK, revealed a 16 kD protein

immunoreactive with anti-LC3 antiserum only in the human skin fibroblast cells and a ~40 kD
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immunoreactive protein in both cells (Figure 36a). A ~110 kD protein in HT 1080 cells was found
cross-reactive to anti-LC3 antibodies.

Stable HT1080 transfectants expressing LC3 were then generated by the calcium phosphate
precipitation method. G418-resistant clones were individually isolated and expanded. After three
passages, the presence of recombinant LC3 protein in LC3 transfectants and its absence in vector
transfectants was confirmed by western immunoblot. As shown in Figure 36b (a representative
western blot analysis examining LC3 expression in LC3 transfectants), a ~16 kD protein
immunoreactive with LC3 antiserum 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 all 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 HT1080 transfectants expressing LC3

During their preparation, we noted that LC3 stable transfectants had a flattened shape and
grew slowly in comparison to control vector stable transfectants. To confirm this observation, we
correlated cell shape with growth. Cells were plated on dishes at the same density and the number
of cells was determined at different time points ranging from one to 7-days. Cell morphology was
also recorded at different time points during the first 3 days under subconfluent conditions. As
shown in Figure 37 (a representative photograph of similar findings from all the transfectants).
stable HT 1080 transfectants expressing LC3 were more spread than vector-transfected 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 cells (C and E). At 72 h, reduced cell
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



Figure 36

184




185

Figure 36. Expression of LC3 in stable HT1080 transfectants

(a) A representative western immunoblot of S-100 extracts from human fibroblasts and HT 1080
cells shows expression of ~16 kD LC3 (arrow) in human fibroblasts (HF) but not in HT 1080 cells
(HT), while both cell lines have a ~40 kD protein immunoreactive with the LC3 antibody. (b) A
representative western immunoblot shows that three of five LC3 stable transfectants express LC3
(lanes I, 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 all transfectants
and may represent a modified form of the ~40 kD immunoreactive protein seen in the parent

HT 1080 cells.
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Figure 37
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Figure 37. Effect of expression of LC3 on HT1080 cell 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 also appreciated at 72 h (F vs E). Bar =200 pm.
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confirmed by growth curves (Figure 38). Statistically significant accelerated growth in vector-
compared to LC3-transfected cells is observed starting from the third day after plating (Student's
test p < 0.05).

Effects of LC3 expression on FN matrix deposition

Previous studies have shown that HT 1080 cells synthesize small amounts of FN and do
not show cell surface FN matrix deposits. However, treatment of HT 1080 cells with
dexamethasone increased their rate of FIN biosynthesis, and this was associated with FN matrix
deposits and changes in cell adhesion and morphology (Rasheed, et al., 1974; Yamada, et al..
1977; Vaheri and Mosher, 1978; Oliver, et al., 1983; McKeown-Longo and Etzler, 1987; Dean. er
al., 1988; Steele, et al., 1988; Varani, et al., 1991). Since these morphologic changes are similar
to those of LC3 transfectants, we assessed whether the LC3 transfectants were also associated with
increased cell surface FN matrix deposits using indirect immunofluorescent staining with anti-FN
antibodies. Cell morphology was further visualized by indirect immunofluorescence of MTs with
an anti-o.-tubulin antibody. Figure 39 illustrates a representative photomicrograph of the
transfected cells. Consistent with previous phase-contrast microscopic 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 cell surface (C).

Biosynthesis of FN in the stable transfectants expressing LC3

To confirm that FN biosynthesis was increased in LC3 transfectants, cells were labeled
with [35S]-methionine and culture media containing equal amounts of proteins determined by TCA
precipitation were used for estimate of the rate of FN biosynthesis and secretion. Figure 40a, an
autoradiograph of SDS-PAGE shows the 220 kD FN protein purified from four vector

transfectants (V1-4) and eight LC3 transfectants (L1-8) 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 < 0.05 by Student's ¢ test. Bars reflect

standard deviations from n = 4 vector transfectants and n = 8§ LC3 transfectants.
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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
immunostaining, cells stably transfected with LC3 (B) show an elongated flattened phenotype with
dense MT arrays. At the same time, vector-transfected cells (C) which exhibit little cell surface FN
immunostaining, whereas a similar density of LC3-transfected cells (D) produce intense

filamentous matrix deposits of FN on the cell surfaces. Bar =40 um
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method. The FN bands were cut from the gel and the radioactivities were determined. Figure 40b
shows a four-fold increase in newly synthesized and secreted FN in LC3 transfectants compared to
control vector transfectants. The difference is significant by Student's z-test (p < 0.01).

To establish that the rate of biosynthesis was truly increased, we also carried out protein
pulse-chase studies to determine the kinetics of FN secretion. Cells combined from all LC3 or
vector transfectants were labeled for 2 h with [35S]-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 time-points from 30 to 240 minutes. As shown in the Figure 41, in both vector
and LC3 transfectants, starting from 30 min after chasing, most of newly-synthesized FN protein
was secreted into the media while very little was found associated with or retained within cells. 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 FN

protein was noted during the chase.

Analysis of FN mRNA levels and its stability

Total cellular RNA from eight stable LC3 and four vector transfectants was isolated and
steady-state levels of FN 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 (V1-4
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 stability in either vector- or LC3-transfected cells whereas the levels of
control GAPDH mRNA decreased gradually after inhibition of transcription (Figure 43). These
data suggest that the regulation 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 transfectants is the likely mechanism.
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Figure 40. Expression of LC3 in HT1080 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 (lanes 5-12). (b) A graph showing
quantitative comparison of FN production in vector-transfected cells versus LC3-transfected cells
as described in the Methods. LC3-transfected cells have a four-increase in FN production

compared to vector-transfected cells (p < 0.05, Student z-test).
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Figure 41. Kinetics of FN secretion in HT1080 vector and LC3-transfectants

HT1080 cells were pulse-labeled for 2 h with [35S]-methionine and chased for increasing periods
of time as described in the Methods. Cell-associated FN (C) and FN secreted in media (M), were
separately extracted and resolved by SDS-PAGE. No appreciable differences in retention of FN is
observed between LC3 and vector transfectants. After 2 h labeling with [35S]-methionine, FN is
appreciated in greater amounts in the cell lysate of LC3 versus vector-transfectants, whereas after a
30 minute chase, a greater amount of FN in both cell layer and media is appreciated in LC3
transfectants. The increased amount of FN after chase reflects continuous synthesis using [33S]-

methionine in the cell.
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Figure 42. Steady-state levels of FN mRNA in stable HT1080 LC3 transfectants

A northern blot analysis shows a comparable amount of steady-state FN mRNA levels in vector-
transfected cells (lanes 1 to 4) and LC3-transfectants (lanes S 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 stability in stable HT1080 LC3 transfectants

A representative northern blot analysis of two separate experiments with similar results of FN
mRNA at different time points following actinomycin D treatment as described in the Methods and
Materials 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 loading conditions. No
apparent decay of FN mRNA was noted up to 24 h after blocking mRNA transcription, while the
levels of control GAPDH mRNA decreased gradually over time. The increased amount of FN
mRNA seen in LC3-transfected cells at 4, 8, and 12 h after actinomycin D treatment may be due to

overloading.
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Polysome profile analysis

To further determine whether the increased FN expression in LC3 compared to vector
transfectants is due to enhanced FN mRNA translation, we applied a polysome profile analysis
under identical conditions to examine the distribution of FN mRNA and LC3 protein among
ribosomes and polysomes. Cell lysates with comparable amounts of total RNA from pools of four
vector or eight LC3 transfectants were loaded onto a 15-40% sucrose gradient. RNA extracted
from each fraction with equal volume was used in RNase protection assays for FN mRNA, 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-
transfected cells (compare bottom panels of Figure 44a and b), there was a broad distribution of
FN mRNA in vector-transfected cells (a, fractions 6-17). In contrast, FN mRNA in LC3-
transfected cells 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 shift 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
cells. Thus, the polysome profiles of FN mRNA suggest that the mechanism of increased FN
protein expression in LC3-transfected cells is due to enhanced translational efficiency resulting
from a more rapid recruitment of ribosomes.

Analysis of LC3 protein in the gradient revealed a dual distribution pattern (¢). The
majority of LC3 protein was found at the top of the gradient (fraction 1), which is consistent with
LC3 as a MT-associated protein, since MTs are largely dissociated as soluble tubulin monomers
during the process of homogenization of cells. This was consistent with the presence of tubulin
(fractions 1-3) confirmed 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 at the
position corresponding to 40S ribosome subunit. However, LC3 also appeared at the bottom of

the gradient (fractions 14-17) where FN mRNA was present.
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Figure 44. Polysomal distribution of FN mRNA and LC3 protein in HT1080 cells

(a) Top is an RNase protection assay showing that there was a broad range of distribution of FN
mRNA in vector-transfected cells extending from 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 from the sucrose gradient and distribution of ribosomes. (b) Compared to vector
transfectants, all the FN mRNA in LC3 transfectants was shifted and concentrated at the very
bottom of the sucrose gradient (fractions 10-17), 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 L.C3 is also located at the bottom of the gradient (fractions 12-
17) containing polysomes and co-distributing with FN mRNA. Western immunoblot 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 performed to establish whether recombinant
LC3 expressed in LC3 transfectants could bind directly to the 3'UTR of FN mRNA and whether
the binding is dependent on the consensus ARE (UUAUUUAU). To this end, the 3'UTR of rat
FN mRNAs with either wild type (FN3'UTR) or mutated ARE (FN3'UTRA) were in vitro
transcribed in the presence of [32P]-UTP, and northwestern blot analyses were performed. 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 cells (Figure 45, lane 2 versus lane
1). In addition, the binding of this protein appears to be specific or has a high affinity for the wild
type FN 3'UTR compared to FN 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). In agreement with this, western immunoblot analysis of the same membranes using LC3
anti-serum 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 its ARE-dependent RNA-binding capacity.

DISCUSSION

We have recently purified 2 FN mRNA ARE-binding protein and identified it as L.C3 of
MT-associated protein 1 (as determined by N-terminal sequence analysis and immunological
recognition). The work described in this Chapter was undertaken to define the role of LC3 in
regulating FN expression. Our initial screen of several cell lines for expression of LC3 showed
that HT 1080 cells, a human fibrosarcoma cell line (Rasheed, et al., 1974), does not have detectable
LC3 by western immunoblot analysis. HT 1080 has also been shown to express low levels of FN
and to lack cell surface FN matrix deposits (Oliver, et al., 1983; Dean, et al., 1988). Thus,
transfection of LC3 in HT1080 cells provided us with the opportunity to investigate the function of

this protein in modulating FN expression.
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Expression of LC3 in HT 1080 cells resulted in a 4-fold increase in newly-synthesized FN
protein in culture media after a 20 h period of metabolic labeling and this was associated with dense
FN matrix deposits on cell surfaces. Comparative analyses were controlled for equal amounts of
metabolically labeled protein. Pulse-chase 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 confirmed an increased rate of FN biosynthesis. Northern 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 after 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 profile analysis. This approach permitted analysis of the association of
the FN mRNA with the transiational machinery, the ribosomes and polysomes, in the presence or
absence of LC3. Most of the FN mRNA was found to be located in the sucrose gradient fractions
containing 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 profile 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 cells. These features are consistent with increased efficiency of ribosome
recruitment and a rapid progression from the preinitiation complex to polysomes resulting in an
enhancement of translation. A similar observation has been made in 3T3-L1 preadipocytes in
which expression of Hel-N1, also an ARE-binding protein, increases glucose transporter
(GLUT1) expression, and this is associated with accelerated movement of the GLUTI mRNA
toward the high density region of the sucrose gradient (heavy polysomes) (Jain, et al., 1997).
Ours is the first 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

Northwestern blot analysis was carried out using the radiolabeled 3'UTR of FN mRNA containing
wild type (FN3'UTR) (lanes 1 and 2) or mutated ARE (FN3'UTRA) (lanes 3 and 4) to determine
RNA-binding activity of LC3 expressed in stable transfectants (lanes 2 and 4). For comparison.
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 FN3'UTRA containing
mutated ARE (lane 4). Controls vector transfectants showed no RNA binding activities (lanes 1

and 2).
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We also sought to determine the association of LC3 protein with FN mRNA in the context
of translational machinery by comparing the distribution pattern of LC3 protein with FN mRNA in
the polysome profile of the LC3 transfectants. The dual distribution of LC3 protein in the sucrose
gradient indicated that while the majority 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 bottom of the sucrose
gradient (more dense) containing heavy polysomes (fractions 12-17) which were translationally
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 following detergent lysis and homogenization of the cells.
the co-migration of LC3 with 408 ribosome subunits in the sucrose gradients (fractions 5 and 6)
suggests an association of LC3 with 408 ribosome subunits which requires further clarification.
i.e., does this represent a separate pool or a modified, e.g., phosphorylated, LC3 protein.
Furthermore, the second peak of LC3 at the bottom of gradient is not simply the co-sedimentation
of LC3 with remnants of MT structures, since no tubulin protein was detected by western blot in
those fractions. Rather, we suggest that the LC3 protein at the bottom of the gradient in LC3
transfectants is related to its association with ribosomes through binding of FN mRNA. as well as
other mRNAs as yet unknown. This is supported by northwestern analysis in which LC3
expressed in LC3-transfected cells appears to bind the 3'UTR of FN mRNA in an ARE-dependent
manner. These data suggest that the increased translational initiation and ribosome recruitment of
FN mRNA in LC3 transfectants 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 model in which the 3'UTR interacts with 5'-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-recruitment (Tanguay and Gallie, 1996).

While the emphasis of our studies has been on the functional analysis of the effect of LC3
on FN mRNA translation, the coincident changes of cell morphology and growth rate following

expression of LC3 in HT1080 cells are also of considerable significance. The reduced expression




210

of FN is a common feature of neoplastic transformation in a variety of cells (Yamada, et al., 1977:
Vaheri and Mosher, 1978; Steele, et al., 1988; Varani, et al., 1991) including HT 1080 cells
(Oliver, et al., 1983), and correlates with the metastatic property of malignant cells (Roos, 1984).
Induction of FN expression and its matrix assembly by growth factors or hormones in HT 1080
cells, alters their morphology (more flattened) and inhibits cell growth in vitro (Kahari, et al..
1992; McCarthy and Kollmus, 1995). Moreover, overexpression of recombinant FN in HT 1080
cells reduces their migration in vitro and tumorigenicity in vivo (Akamatsu, er al., 1996).
Increased FN expression in LC3-transfected HT 1080 cells was similarly associated with changes
in phenotype reflected by a flattened morphology and slower growth rate. Thus, the lack of LC3
expression in HT1080 cells compared 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 amounts 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 structures in neuron cells, as well as a dual function of LC3 related to both mRNA

and tubulin binding, suggests that L.C3 may function in RNA trafficking.




GENERAL DISCUSSION

Increased expression of TGF-B1 and FN is associated with the intimal cushion formations
in the DA and neointimal formation as the result of various pathologic etiologies. Although the
functional involvement of TGF-f and FN in SMC migration in vascular neointimal formation has
been examined, little is known about their regulation. Using cultured EC and SMC isolated from
DA, we have demonstrated coordinate, tissue-specific, and developmentally-regulated expression
patterns of EC TGF-B1 and SMC FN that directly influence the migratory phenotype of DA SMC.
These observations provide a rationale for analyzing the specific regulatory mechanisms accounting
for the increased expression of TGF-f1 and FN during intimal cushion formation.

DA EC at 100 days of gestation produce more TGF-f1 than 100-day Ao or 138-day DA
EC. This increased DA EC TGF-f1 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, er al., 1995), and is
supported by the fact that an ARE-like element is present in the 3'UTR of TGF-f1 mRNA.

While the function of the ARE in 3'UTR of TGF-31 mRNA has not been determined, the
role of the FN 3'UTR ARE in FN expression has been characterized through the experimental data
presented in this thesis. Consistent with previous observations (Shaw and Kamen, 1986: Jones
and Cole, 1987; Kruys, et al., 1987; Kruys, et al., 1988; Kruys, et al., 1989; Han, er al.. 1990a:
Han, er al., 1990b; Grafi, et al., 1993; Kruys, et al., 1993; Marinx, et al., 1994; Winstall, ez al..
1995), the FN ARE in vascular SMC affects both mRNA stability and translational efficiency.
Several lines of evidence suggest that the functional status 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 FN mRNA translation in DA SMC. Second, decoy
of ARE-binding factors by exogenous AREs inhibits endogenous FN production in DA SMC.
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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 HT 1080 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 regulated by LC3 include proto-oncogenes, such
as c-fos and c-myc, cytokines, such as TNF-ot and IL-1, and growth factors, such as TGF-B1 and
VEGF. All of them are highly expressed shortly after vascular injury, actively participate in
vascular neointima formation, and with the exception of TGF-B1 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 immediate early
response genes is also mediated by LC3 during the development of vascular neointima.

LC3 was initially purified from brain extracts, cloned from a brain cDNA library, and was
characterized as a light chain of MT-associated protein 1 (MAP1) (Mann and Hammarback, 1994).
It is highly expressed in the brain where many mRINA species are transported via MTs to their
destination to be translated. RNAs or polyribosomes have also been shown to associate with MTs
in various cell types (St Johnston et al., 1989; Singer, 1992; Steward and Banker, 1992:
Suprenant, 1993; Wilhelm 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; Gottlieb, 1992; Gravis and Lehman, 1992; Mowry and Melton.
1992). Several RNA-binding factors that bind to localized mRNA have also been shown to bind to
MTs (Elisha, et al., 1995; Han, ez al., 1995; Schumacher, er al., 1995). This highlights the
possibility that as a bifunctional protein, LC3 might also 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 translationally activated mRNAs of secreted proteins such as
FN is unexplored. However, we have shown that MTs may involve ER membrane sorting of FN

mRNA-ribosome complexes, although the mechanism remains to be delineated.




213

LC3 differs from all other ARE-binding factors cloned and characterized (Malter, 1989:
Bohjanen, et al., 1991; Brewer, 1991; Malter and Hong, 1991; Rondon, et al., 1991:
Vakalopoulou, et al., 1991; 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, er
al., 1994; Nakagawa, et al., 1995; Chung, et al., 1996; Ma, et al., 1996). Its highly positive
charge, arginine-rich contents, and putative phosphorylation sites might contribute to its mRNA
binding (Burd and Greyfuss, 1994). Our chemical 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
status (Mason et al, 1997). This may explain its bi-phasic distribution patterns on polysome
profile, that is, its co-distribution with 40s ribosome subunits as well as FN mRNA on polysomes.
While its physical association with 40S ribosome subunits needs to be clarified. this phenomenon
is of great importance, since it fulfills the 5' and 3’ crosstalking 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 al., 1997). In other
words, LC3 protein could be the bridge’ across the 5' and 3'UTR of FN mRNA that facilitates
recruitment 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 Gallie, 1996) and the operation of this model may also
be modulated by a sequence-specific RNA-protein interaction. Moreover, binding of LC3 to AREs
may improve translational efficiency by preventing a physical interaction of AREs with poly(A)
tail, which has been shown to reduce translational efficiency (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-
binding proteins also repress translation, although at least one study suggests a function in
enhancement of translation by increased ribosome recruitment and translational initiation. Our

studies propose that a microtubule-associated protein that is also an ARE-binding protein may
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function both in sorting 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), resulting in release of poly(A) tail which may promote FN mRNA
translation via interaction of poly(A) binding protein (Pabl) and two subunits of mRNA-associated
initiation factor e[F4F, e[F4E and eIF4G. The cap binding protein e[F4E 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 HT 1080 cells is an unexpected finding. HT 1080 cells have low
levels of FN production compared to normal human fibroblasts. Expression of LC3 in HT 1080
produces 4- to 5-fold more FN protein solely due to enhanced FN mRNA translation and increased
cell surface FN deposits. This is associated with re-organization of MT structures, a flattened
spread cell shape and slower cell growth. The mechanisms by which LC3 mediates FN mRNA
translation have been defined and related to increased ribosome recruitment. Qur experimental
observations are consistent with a recent finding by Jain and colleagues (Jain, et al., 1997) in
which expression of Hel-N1, also an ARE-binding protein, in 3T3-L1 preadipocytes increases
glucose transporter (GLUT 1) expression, and this is associated with accelerated movement of the
GLUT1 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 increasing translational initiation and ribosome recruitment. The studies also suggest
that the function of ARE:s is not exclusively related to labile mRNA of cytokines, growth factors.
and proto-oncogenes, they may also regulate translation of stable mRNAs encoding ECM proteins.
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Figure 46. Proposed hypothetical model of interaction of LC3 and ARE in

translational control of FN mRNA as described in text




FUTURE STUDIES

The findings suggesting that increased TGF-B1 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 further analyzing its promoter activity in those cells. Nested deletion
constructs or deletion of the known transcription factor binding domains (Kim, et al.. 1989a:
Kim, er al., 1989b; Kim, et al., 1989c; Kim, et al., 1990; Scotto, et al., 1990: Kim, et al., 1991)
would determine their effect on TGF-B1 gene transcription. DNase I footprinting could be used to
define transcriptional regulatory elements. Gel shift assays with nuclear extracts 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 known transcription factors are involved. Antibody
supershift assays could be used to confirm their activity. The potential effect of the ARE-like
element in the 3'UTR TGF-B1 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'UTR or even within the coding region of the TGF-B1 mRNA.

Identifying 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 all, 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 interesting that Mann and Hammarback (Mann and
Hammarback, 1994) who initially cloned the LC3 cDNA also found a 50 to 60 kD protein
immunoreactive with LC3 antiserum in rat brain tissue, and only a 1.7 kb mRNA species
hybridized with a 'full-length’ LC3 cDNA of 0.9 kb that has a very short 5’UTR and lacks a

consensus sequence consistent with eukaryotic start codons (Kozak, 1986a; Kozak, 1986b). In
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addition, in both our study and the one conducted by Mann and Hammarback (Mann and
Hammarback, 1994) the amino terminus of L.C3 protein is not blocked during N-terminal sequence
analysis by Edman degradation. Together, these observations strongly suggest that the cDNA
clone of LC3 is not full length, and that LC3 may be derived from 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 well established brain cDNA library 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, especially as a form of mRNP
complex associated with 40S ribosome subunit. For example, cytoplasmic 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
c¢DNA 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-ca and IL-1:
and growth factors, TGF-B1 and VEGF could also be tested by in vitro gel shift assays.

Intracellular localization of LC3 protein could be achieved using immunoelectron
microscopy with a view to determining whether it co-localizes with membrane-associated
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 mRNA translational
efficiency and polysomal distribution of both LC3 protein and FN mRNA.

The factors which regulation the dual function of LC3 protein, and its intracellular
localization may depend on the LC3 peptide sequence and structural conformation. LC3 is a very
basic, positively charged protein, containing several putative phosphorylation sites. It contains no
known RNA recognition motif but an arginine-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
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observations make attempting to crystallize LC3 protein a very attractive task. Successful
crystallization of LC3 protein should provide structural information pertinent to its RNA and MT
binding functions, which would guide the design of further site-directed mutagenesis studies aimed
at specifically defining RNA and MT binding sites. The function of putative phosphorylation sites
in LC3 peptide in RNA and MT binding could also be probed by a spectrum of kinase inhibitors or
antibodies. It would also be valuable to examine whether LC3 expression and function, could be
also regulated by cytokines and growth factors, or alterations in cell-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 HT 1080 cells in tissue
cultures by LC3 transfection. The lack of LC3 protein in HT 1080 cells may be due to an aberrant
post-translational modification resulting in its degradation, if LC3 protein belongs to a polypeptide
derived from a larger protein precursor as discussed above. Alternatively 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-transfected HT1080 cells into immunodeficient rats
should reveal whether the 'reverse' transformed HT 1080 cells really lose or show diminished
tumorigenicity 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 in vive 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 FN mRNA translation. By
comparing FN expression and morphologic changes related to intimal cushion formation in DA
transfected with ARE-containing versus ARE-mutated virus-liposome vector complex, one not

only could determine whether the ARE functions in modulating FN expression in vivo, but also
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ascertain whether the FN-enriched matrix is a prerequisite for SMC migration and intimal cushion
formation. Indeed, we have recently shown that in fetal lambs delivery of ARE-containing vector
into DA prevents intimal cushion formation (Mason et al, 1997).

Our studies therefore reveal important posttranscriptional mechanisms regulating the
program which orchestrates intimal 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 matrix protein. Loss of this mechanism in HT 1080 human fibrosarcoma cells compared

to normal human fibroblasts may be related to their malignant phenotype.
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