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ABSTRACT

Granulins (epithelins) are cysteine ri':h polypeptides with pleiotropic effects on

epithelial cell growth in vitro. The human granulin cDNA predicts a 593 amine acid

glycoprotein precursor containing seven and one-half granulin-Iike repeats arranged

in tandem. The rat granulin precursor cDNA predicts a 589 residue glycoprotein with

an overall identity of 75% with human progranulin. The single copy human granulin

gene is located on chromosome 17. The protein coding region of the granulin gene

spans 4 kilobases and contains 12 exons with each repeat encoded by two exons.

The 5' flanking region of the human granulin gene lacks a TATA box but has several

CCAAT boxes, and exhibits heterogeneity in transcription initiation sites. The granulin

precursor is processed differently depending on cell type, and secretion of the

granulin gene products is both constitutive and regulated. The granulin gene is

expressed in a variety of adult and fetal tissues derived from ail three embryonic

germ layers. In vitro, the granulin gene is expressed in cell types of diverse lineages,

including epithelial cells, Iymphoid and myeloid cells, and fibroblasts, whereas its

expression in situ is restricted to hematopoietic and some epithelial cells.
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RESUME

Les granulines (épithélines) sont des polypeptides riches en cystéine

produisant des effets pléiotropiques sur la croissance in vitro des cellules

épithéliales. Chez l'humain, le cDNA du précurseur de la granuline encode une

glycoprotéine de 593 acides animés comportant sept séquences répétées et demi

agencées en tandem. Chez le rat, le cDNA du précurseur en::ode une glycoprotéine

de 589 résidus ayant une homologie de 75% avec la pro-granuline humaine. La

copie unique du gène humain de la granuline est située sur le chomosome 17. La

région codante du gène s'étend sur 4 kilobases comprenant 12 exons dont chaque

groupe de deux encode une séquence répétée. La région 5' du gène humain de la

granuline est caractérisée par la présence de plusieurs boîtes CCAAT alors

qu'aucune boîte TATA n'est observée. De plus, une hétérogénéité au niveau des

sites d'initiation de la transcription a été identifiée. Le processus de maturation du

précurseur de la granuline est différent selon le type cellulaire, et les variantes formes

de granuline sécrétées le sont soit par régulation ou de façon constitutive.

L'expression du gène de la granuline est observée dans une variété de tissus foetaux

et adultes originant des trois grandes lignes germinales embryoniques. In vitro, 10

gène est exprimé dans différentes lignées cellulaires incluant les cellules épithéliales,

lymphoïdes et myéloïdes ainsi que les fibroblastes. Par contre, in situ, l'expression

de la granuline est restreinte aux cellules hématopoïétiques ainsi qu'à quelques

lignées épithéliales.

ii



•

•

ACKNOWLEDGEMENTS

1would Iike to express my deepest appreciation to my research director, Dr.

Andrew Bateman, for his close supervision, advice, constructive criticism,

encouragement and friendship throughout the course of this project.

1 am particularly grateful to Dr. Samuel Solomon for his support and

encouragement during the course of these studies.

1would Iike to thank Ors. H.P.J. Bennett, R.G.E. Palfree and L.F. Congote for

Iheir helpful discussions and suggestions.

1would Iike to thank Dr. Adel Giaid for the opportunity to collaborate on the

in situ hybridization studies.

The financial support of the Research Institute and Department of Medicine,

Royal Victoria Hospital and the Medical Researci1 Council of Canada is gratefuily

acknowledged.

Finally, 1would Iike to express my deepest gratitude to Lillian for her patience,

understanding, support, encouragement and confidence throughout the duration of

Ihis PhD.

iii



•

•

TABLE OF CONTENTS

TITlE PAGE

ABSTRACT i

RESUME ii

ACKNOWlEDGEMENTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iii

TABLE OF CONTENTS iv

ABBREVIATIONS ix

LIST OF FIGURES AND TABLES xi

PREFACE xv

CHAPTER 1: INTRODUCTION - GRANULINS AND GROWTH FACTORS 1

1.1 Growth Factor Families 2

1.1.2 The Epidermal Growth Factor Family 3

1.1.2.1 Epidermal Growth Factor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 6

1.1.2.2 Other Members of the Epidermal Growth Factor Family 9

1.1.3 Transforming Growth Factors . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 9

1.1.3.1 Transforming Growth Factor-a 13

1.1.3.2 Transforming Growth Factor-B Family . . . . . . . . . . . . . . . . . . . . .. 16

1.1.3.3 Transforming Growth Factor-B 17

1.1.3.4 Transforming Growth Factor-e 20

1.1.4 PC-derived Growth Factor 22

1.1.5 The Fibroblast Growth Factor Family 23

1.1.5.1 Fibroblast Growth Factor-1 and Fibroblast Growth Factor-2 24

1.1.5.2 Other Members of the Fibroblast Growth Factor Family . . . . . . . .. 26

1.1.6 Hepatocyte Growth Factor/Scatter Factor . . . . . . . . . . . . . . . . . .. 30

1.1.7 Insulin-Iike Growth Factors . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 32

1.1.7.1 Insulin-Iike Growth Factor 1 •••••••••••••••••••••••••••••• 32

1.1.7.2 Insulin-Iike Growth Factor Il 33

1.1.8 Platelet-Derived Growth Factor 34

1.2 Other Growth Factors 36

iv



• 1.3

1.4

1.4.1

1.5

1.5.1

Uncharacterised Growlh Modulators . . . . . . . . . . . . . . . . . . . . . .. 37

Granulins and Wound Healing 39

Growlh Factors and Wound Healing . . . . . . . . . . . . . . . . . . . . . .. 40

Granulin Receptors 42

Growlh Factor Receptors . . . . . . . . . . . . . . . . . . . . . . . . . . .. 42

2.4

2.4.1

2.4.2

2.4.3

2.5

2.5.1

2.5.2

2.6

2.6.1

2.6.2

2.6.3•

CHAPTER 2: METHODS AND MATERIALS

2.1 Restriction Enzyme Digests and Moditying Enzyme Reactions . . .. 48

2.2 Isolation of DNA and RNA 48

2.2.1 Extraction of DNA from Tissue . . . . . . . . . . . .. 48

2.2.2 Plasmid DNA Isolation ..... . . . . . . . . . . . . . . . . . . . . . . . . . . .. 49

2.2.3 Bacteriophage Lambda DNA Isolation 51

2.2.4 Total RNA Extraction : 52

2.3 Polymerase Chain Reactions 53

2.3.1 Polymerase Chain Reaction to Generate

a Granulin Specifie Probe. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 53

2.3.2 Asymmetric Polymerase Chain Reaction to Generate Single-

Stranded Templates for Dideoxy Nucleotide Sequencing 54

2.3.3 Polymerase Chain Reaction to Obtain 5'-Untranslated Region

of the Human Granulin Precursor cDNA . . . . . .. 55

Library Screening by Hybridization '" . . . . . . . . . . . . . . . . . . . .. 56

Human Bone Marrow cDNA Library 56

Rat Kidney cDNA Library 56

Human Genomic Library 57

Gel Electrophoresis 58

Agarose Gel Electrophoresis of DNA 58

Polyacrylamide Gel Electrophoresis of Proteins . . . . . . . . . . . . . .. 59

DNA and RNA Hybridizations . . . . . . . . . . . . . . . . . . . . . . . . . . .. 59

Southern Hybridization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 59

Northern Blot Analysis . . .. 60

ln Situ Hybridization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 61

v



• 2.6.4

2.7

2.8

2.9

2.10

2.10.1

2.10.2

2.10.3

2.11

2.11.1

2.11.2

2.12

2.13

Bacterial Colony Lifts and Hybridization 62

DNA Sequencing Reactions . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 63

Chromosomal Mapping 64

Primer Extension Analysis 64

Expression Vector Construction 65

Human Granulin Precursor Expression Vector . . . . . . . . . . . . . . .. 65

Human Granulin-A Expression Vector . . . . . . . . . . . . . . . . . . . . .. 66

Human Granulin Promoter-CAT Expression Plasmids 67

Cel1 Culture and Transfections 6'/

Human Granulin Precursor and Granulin-A Expression Vectors '" 68

Granulin Promoter-CAT Constructs . . . . . . . . . . . . . . . . . . . . . . .. 68

Chloramphenicol Acetyltransferase Assays . . . . . . . . . . . . . . . . .. 69

High Performance Liquid Chromatography " 70

3.1.1

3.1.2

3.1.3

3.1.4

3.1.5

3.2

CHAPTER 3: ISOLATION AND CHARACTERIZATION OF HUMAN AND
RAT GRANULIN PRECURSOR cDNA

INTRODUCTION 72

RESULTS

3.1 Isolation and Characterization of the Human Granulin

Precursor cDNA " 74

Generation of a Granulin Specifie Probe . . . . . . . . . . . . . . . . . . .. 74

Isolation of Human Granulin Precursor cDNA Clones 78

Nucleotide Sequence of the Human Granulin Precursor cDNA 85

Deduced Amino Acid Sequence of the Human Granulin Precursor 90

Southern Hybridizations of the Human Granulin Gene . . . . . . . . .. 95

Isolation and Characterization of the Rat Granulin

•
3.2.1

3.2.2

3.2.3

3.3

Precursor cDNA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 97

Isolation of Rat Granulin Precursor cDNA Clones 97

Nucleotide Sequence of the Rat Granulin Precursor cDNA 99

Deduced Amino Acid Sequence of the Rat Granulin Precursor .. 101

Comparison of the Human and Rat Granulin Precursor cDNA

vi



• 3.4

3.4.1

3.4.2

3.4.3

and Protein 104

Expression and Analysis of Recombinant Human Granulin 105

Expression of Recombinant Granulin Precursor . . . . . . . . . . . . .. 105

Expression of Recombinant Granulin-A . . . . . . . . . . . . . . . . . . .. 108

Recombinant Granulin Precursor but not Granulin-A is

•

a Heparin-Binding Protein 111

3.4.4 Ac1ivity of Recombinant Granulin Precursor and Granulin-A . . . .. 113

DISCUSSION

3.1 Struc1ure of the Human and Rat Granulin Precursor 116

3.2 Processing of the Granulin Precursor , . . . . . . . .. 123

3.3 Constitutive vs Regulated Secretion of the Granulins . . . . . . . . .. 125

CHAPTER 4: TISSUE DISTRIBUTION AND CELLULAR LOCALIZATION OF
GRANULIN mRNA

INTRODUCTION 129

RESULTS

4.1 Northern Blot Analysis of Granulin Gene Expression .. . . . . . . .. 131

4.1.1 Expression of Granulin mRNA in Cell Unes. . . . . . . . . . . . . . . .. 131

4.1.1.1 Epithelial Cell Unes 134

4.1.1.2 Cells of Hemapoietic Derivation 136

4.1.1.3 Fibroblasts 137

4.1.1.4 Brain-derived CeIls . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 138

4.1.1.5 Muscle-derived CeIls 139

4.1.2 Expression of Granulin mRNA in Rabbit Tissues . . . . . . . . . . . .. 140

4.1.3 Expression of Granulin mRNA in Rat Tissues 140

4.1.4 Expression of Granulin mRNA in Adult Human Tissues . . . . . . .. 147

4.1.5 Expression of Granulin mRNA in Fetal Human Tissues 152

4.2 Cellular Localization of Granulin Gene Expression

by ln Situ Hybridization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 154

DISCUSSION 157

vii



•

•

CHAPTER 5: CHROMOSOMAL LOCAUZATION, GENOMIC ORGANIZATION AND
STRUCTURAL AND FUNCTIONAL ANALYSIS OF A PROMOTER
OF THE HUMAN GRANULIN GENE

INTRODUCTION .. 165

RESULTS 166

5.1 Chromosome Localization of the Human Granulin Gene 166

5.2.1 Isolation of Genomic Clones Containing the Protein

Coding Region of the Human Granulin Gene 167

5.2.2 Isolation of Genomic Clones Containing the 5'-Flanking

Region of the Human Granulin Gene 173

5.3.1 Organization of the Protein Coding Region of

the Human Granulin Gene 175

5.3.2 Structural Analysis of the 5'-Flanking Region

of the Human Granulin Gene 181

5.3.3 Comparison of the Human and Mouse Granulin Gene 5'

Untranslated and Flanking Region 188

5.4 Transcription Initiation Sites in the Human Granulin Gene . . . . .. 192

5.5 Activity of the Human Granulin Gene Promoter . . . . . . . . . . . . .. 194

DISCUSSION 203

5.1 Organization of the Protein Coding Region

of the Human Granulin Gene 203

5.2 Characterization of the 5'-Flanking Region and a Promoter

of the Human Granulin Gene 207

SUMMARY AND CONCL.USIONS 216

REFERENCES 219

viii



• ABBREVIATIONS

Measures Amino Acids

9 gram A Ala alanine

mg milligram C Cys cysteine

~g microgram D Asp aspartate

ng nanogram E Glu glutamate

Da dalton F Phe phenylalanine

kDa kilodalton G Gly glycine

M Molar H His histidine

mM millimolar 1 Ile isoleucine

~M micromolar K Lys lysine

nM nanomolar L Leu leucine

L litre M Met methionine

ml millilitre N Asn asparagine

~I microlitre P Pro praline

cpm counts per minute Q Gin glutamine

Ci Curie R Arg arginine

mCi millicurie S Ser serine

oC degrees Centigrade T Thr threonine

bp base pair V Val valine

kb kilobase W Trp tryptophan

nt nucleotide Y Tyr tyrosine

min minutes

sec seconds

hr hours

~ dissociation constant

• ix



Miscellaneous•

•

aa

AML

AP

cAMP

CAT

cDNA

CML

CNS

DEPC

DMEM

DNA

ECM

EDTA

EGF

EGFR

Epi

FBS

FGF

GF

GFR

GI

Grn

Amino acid

Acute Myelogenous

Leukemia

Activator Protein

cyclic Adenosine-3' ,5'

Monophosphate

Chloramphenicol Acetyl

transIerase

complementary Deoxy

ribonucleic Acid

Chronic Myelogenous

Leukemia

Central Nervous System

diethylpyrocarbonate

Dulbecco's Modilied

Eagle's Medium

Deoxyribonucleic Acid

Extracellular matrix

Ethylenediami netetra

acetic Acid

Epidermal Growth Factor

Epidermal Growth Factor

Receptor

Epithelin

Fetal Bovine Serum

Fibroblast Growth Factor

Growth Factor

Growth Factor Receptor

Gastrointestinal

Granulin

x

HGF

HPLC

IGF

MHC

mRNA

NIH

PAGE

PBS

PCR

PDGF

PEG

RNA

SDS

SV

TGF

TK

TLC

tPA

uPA

uv

Hepatocyte Growth Factor

High Performance Liquid

Chromatography

Insulin-like Growth Factor

Major Histocompability

Complex

messenger Ribonucleic

Acid

Nationallnstitute 01 Health

Polyacrylamide Gel

Electrophoresis

Phosphate Buffered Saline

Polymerase Chain

Reaction

Platelet Derived Growth

Factor

Polyethylene Glycol

Ribonucleic Acid

Sodium Dodecyl Sulfate

Simian-Virus

Translorming Growth

Factor

Thymidine Kinase

Thin Layer

Chromatography

tissue Plasminogen

Activator

urokinase Plasminogen

Activator

ultraviolet



•
PREFACE

Figure P.1

LIST OF FIGURES AND TABLES

Alignment of granulin peptides xix

CHAPTER 1: INTRODUCTION· GRANULINS AND GROWTH FACTORS.

Table 1.1

Table 1.2

Table 1.3

Examples of superfamilies of growth factors 4

Members of the epidermal growth factor family . . . . . . . . . . .. 10

Members of the fibroblast growth factor family . . . . . . . . . . . .. 27

CHAPTER 3: ISOLATION AND CHARACTERIZATION OF THE HUMAN
AND RAT GRANULIN PRECURSOR cDNA.

•

Figure 3.1

Figure 3.2

Figure 3.3

Figure 3.4

Figure 3.5

Figure 3.6

Figure 3.7

Figure 3.8

Figure 3.9

Figure 3.10

Figure 3.11

Figure 3.12

Figure 3.13

Location and sequence of degenerate oligonucleotides

corresponding to the amino-terminal and mid-portion of grnA 75

Polymerase chain reaction amplification products 77

Sequence of the PCR-derived fragment corresponding to part

of the grnA gene 79

Partial restriction map of clone HBM12 81

Complete nucleotide sequence and deduced

polypeptide sequence of the human grn precursor 86

Northern blot analysis of human tissues probed

with the S'-end EcoRI fragment of clone HBM3 89

Comparison of the human grn Iike repeats 92

Comparison of the inter-repeat amino acid sequences

of the human and rat grn precursor . . . . . . . . . . . . . . . . . . . .. 93

Hydrophobicity analysis of the human and rat grn precursor .. 94

Southern blot analysis of the grn gene in the human genome 96

Complete nucleotide sequence and deduced

polypeptide sequence of the rat grn precursor 100

Comparison of rat grn-Iike repeats 102

Comparison of rat and human grn repeats 103

xi



• Figure 3.14

Figure 3.15

Figure 3.16

Figure 3.17

Figure 3.18

Figure 3.19

Figure 3.20

Expression of human recombinant grn precursor in COS-7 cells 107

Expression of human recombinant grn precursor in Swei cells 109

Recombinant grn precursor is processed differently

in COS-7 and Swei ceIls ., . . . . . . . . . . . . . . . . . . . . . . . . .. 110

Expression of human recombinant grnA in COS-7 cells 112

RP-HPLC of recombinant grn precursor " 114

Recombinant grn precursor is a heparin-binding protein 115

Alignment of human grnA with the C-terminal domain

of a cold induced tomato thiol protease 120

CHAPTER 4: TISSUE DISTRIBUTION AND CELLULAR LOCALIZATION OF
GRANULIN mRNA.

•

Figure 4.1

Table 4.1

Figure 4.2

Figure 4.3

Figure 4.4

Figure 4.5

Figure 4.6

Figure 4.7

Figure 4.8

Figure 4.9

Figure 4.10

Figure 4.11

Representative Northern blot analysis of grn gene expression

in cell Iines of diverse lineages 132

Distribution of grn gene expression in cells 133

Two grn mRNA species are detected in some epithelial cell lines 135

Northern blot analysis of grn gene expression in rabbit tissues . 141

Representative Northern blot analysis

of grn gene expression in rat tissues 143

Relative expression of grn gene expression in rat tissues 144

Northern blot analysis of grn mRNA expression

in tissues from young and aged rats 146

Northern blot analysis of grn gene expression in fetal

and adult rat brain 148

Distribution of grn gene expression in adult human tissues 149

Northern blot analysis of adult human tissues

indicate two grn mRNA species 151

Distribution of grn mRNA expression in human fetal tissues

at various stages of gestation 153

ln situ hybridization analysis of grn mRNA expression

in rat kidney and Iiver 155

xii



• Figure 4.12 Expression of grn mRNA using in situ hybridization

in sections of rat lung, spleen, and small intestine 156

CHAPTER 5: CHROMOSOMAL LOCALIZATION, GENOMIC ORGANIZATION AND
STRUCTURAL AND FUNCTIONAL ANALYSIS
OF A PROMOTER OF THE HUMAN GRANULIN GENE

•

Figure 5.1

Table 5.1

Figure 5.2

Figure 5.3

Figure 5.4

Table 5.2

Figure 5.5

Table 5.3

Figure 5.6

Figure 5.7

Figure 5.8

Figure 5.9

Figure 5.10

Figure 5.11

Southern hybridization of PCR products 168

Segregation of human chromosomes in human-hamster

somatic cell hybrids 169

Schematic and partial restriction map of overlapping

genomic clones containing the human grn gene 172

Nucleotide sequence of the human grn gene 174

Structure and nucleotide sequence of the 5' flanking

and untranslated region of the human grn gene 176

Size and splice junction sequences of exons and introns

in the protein coding region of the human grn gene 178

Structural organization of the human grn gene 180

Putative response elements in the 5' untranslated

and flanking region of the human grn gene 183

Sequence identity between the 5' flanking and untranslated

region of the human and mouse grn gene 189

Dot matrix analysis of the 5' flanking and untranslated

sequ:mce of the human and mouse grn gene 190

Representative primer extension analysis to determine

transcription initiation sites of the human grn gene 193

Schematic representation of the human-CAT chimeric

plasmids 195

The 5'-f1anking region of the human grn gene serves as

a functional promoter in ceIls of different species and origin ... 197

Raw data of a representative experiment showing

grn promoter activity in A549 cells 199

xiii



•

•

Figure 5.12 Graphical presentation of CAT activity in

cell Iysates of A549 and Swei cells 200

Figure 5.13 Dendrogram of the cluster analysis of the grn repeats 205

xiv



•

•

PREFACE

The granulins (grns) are a novel family of cysteine-rich growlh modulating

proteins. When this PhO project first started, there were only two published papers

on the grns; one from researchers in our laboratory, and the other from the research

team of Ors. G.J.Todaro and M.Shoyab. Ouring the course of this project, several

reports were published describing the isolation and characterization of grn-Iike

peptides in other species. The findings of these papers are briefly discussed.

ln 1989, researchers in our laboratory isolated and structurally characterized

a novel class of cysteine-rich leukocyte derived peptides, some of which are growlh

modulating (1). Four peptides were isolated from human peripheral leukocytes.

Because these peptides were associated with the granule fraction of leukocytes, they

were called granulins. The complete amino acid sequence was determined for one

peptide, grnA, and partial amino acid sequences obtained for three others, grns B,e

and O. A fifth peptide was purified from rat bone marrow. Partial sequencing of this

peptide showed it to be 86% identical with human grnA. The grns are small peptides

of approximate molecular weight of 6kOa and are cysteine-rich, with cysteine

residues accounting for approximately 20% of the total protein. When the sequences

were entered into the National Biomedical Research Foundation PIR data bank, no

homologies were found with other proteins, indicating that grns are a novel

polypeptide family.

ln late 1990, Shoyab et al., while screening conditioned medium from

mammalian cells, and tissue and cell extracts for growlh-modulatory activities,
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identified two proteins with growth regulatory properties on some epithelial cells in

vitro. Only the amino terminal sequences of the two proteins were reported (2).

These proteins, called epithelin (epi) 1 and 2, were isolated from rat kidney and were

the rat equivalents of human grns A and B respectively. Epi1 promotes anchorage

independent growth of normal rat kidney (NRK) cells in the presence of TGFB and

stimulates the growth of keratinocytes in vitro, whereas epi2 acts as an antagonist

to epi1, inhibiting the epi1-induced growth of keratinocytes. Epi1, and at a lower

potency, epi2 inhibit the proliferation of certain epithelial cell Iines in vitro, including

A431 cells, derived from a human epidermal carcinoma of the vulva. Similarly,

human grnA, but not grnB, C or D, inhibits proliferation of the epithelial cellline A431

in culture. Human grnA also inhibits the proliferation of A549 lung carcinoma and

Chinese Hamster Ovary (CHO) cells in culture (unpublished)

Since the initial characterization of the grns (1) and epis (2), and during the

course of this project, several reports have been published describing the isolation

and characterization of grn-Iike peptides in other species.

Cuoto et.al. (1992) reported a 7.2 kDa grn-Iike antimicrobial peptide called

eNAP-1 (equine Neutrophil Antibiotic Peptide-1) from equine neutrophils (3). eNAP-1

was reportedly antimicrobial against several equine uterine pathogens, including

Streptococcus zooepidemicus, Escherichia coli, and Pseudomonas aeruginosa.

However, micromolar concentrations of eNAP-1 are required to elicit the antimicrobial

effect. The peptide's low abundance in the neutrophil suggests this is a non

physiological property, although the possibility that eNAP-1 acts synergistically with

other granule components cannot be excluded.
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Nakakura et.ai. (1992) showed the existance of a grn-like peptide in insect

neural tissue (4). Extracts of the neurosecretory pars intercerebralis of the insect

Locusta migratoria yield a peptide, PMP-D1, that has the complete grn/epi cysteine

arrangement, with an overall sequence similarity with the vertebrate peptides in the

order of 45 to 50%. The biological functions of PMP-D1 in the insect brain have not

been established.

Sperm acrosomes in the testis contain a 67 kDa glycoprotein called

acrogranin (5) which recently was identified by Baba et.al. (1993) as the product of

the guinea pig grn precursor gene (6). As the sperm passes along the epididymis,

the 67 kDa acrogranin is broken down into smaller fragments of 62, 51, 39, and 22

kDa respectively. The role of these fragments in sperm maturation or their effects

on the oocyte alter the acrosome reaction are not yet known.

ln 1992, Parnell et.al. reported the partial amino acid sequence of transforming

growth factor-e (TGF-e), a TGF-Iike activity distinct from other known growth factors

(7). The reported partial sequence of this factor is indistinguishable from grnA,

although the physiochemical properties of TGF-e (e.g. size, amino acid composition

etc.) indicate that it is a larger protein than the grns or epis (7). TGF-e activityhas

been detected in several tissues of epithelial origin, and is a mitogen and

progression factor for epithelial cells and fibroblasts (7).

ln 1993, Belcourt et.al. reported the isolation and characterization of 6 kDa

grn-like peptides from the spleen and head kidney of a teleost fish (Cyprinus carpio)

(8). The carp grns, Iike some of the human and rat grns/epis, can modulate the

growth of some cells in culture. The carp grns are mitogenic for certain epithelial cell
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Iines, including A431 cells (which are growth inhibited by grnNepi1), and growth

inhibitory for a fish embryo cell line (8).

ln 1993, Zhou et.al. showed that an 88 kDa autocrine growth factor (PC cell

derived growth factor or PCDGF) for the highly tumorigenic cell line, PC, which is

derived from a mouse teratoma, is identical to the murine grn precursor (9). PCDGF

can also act as a mitogen for 3T3 fibroblasts (9).

The primary structures of human grnA, rat grnNepi1 together with the recently

characterized grn-like peptides eNAP-1, PMP-D1, carp grn-1, and the amino terminus

of TGFe are shown in Figure P.1. The grn family of peptides are characterized by

a 12-cysteine motif, represented as CXs-sCXsCCXaCCXeCCXsCCXsCXs.aC, This

cysteine motif represents a novel module not seen in any of the previously

characterized growth modulators.

The biological functions of the grns in vivo remain poorly understood.

However, the strong conservation of the grns from insect to man suggest

fundamental biological roles for this family of peptides. Additionally, the reported

growth modulating properties of the grns (1,2,8,9) suggest that the grns represent

a novel family of proteins capable of regulating cell growth in vitro. Researchers in

our laboratory have been studying the biology and molecular biology of the grns, to

understand the in vivo functions of the gm family of peptides. The objective of this

PhD. project was to characterize the grn ùlmily of peptides at the gene level, with

respect to cDNA and genomic structures, gene expression and regulation. The work

presented in this thesis represents part of an ongoing study with other workers in our

laboratory to elucidate the biological significance of the grn family of peptides.
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Human GrnA:
Rat GrnA/Epil:

eNAP-l:
PMPD-l:

Carp Grnl:
Bovine TGFe:
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VK9DLEVSQPDGYTÇJ;;RLNTG •.• ':";""""""" '.....,,' ".'" "'"

DVQQGEGHFOHDXQTqQSASQGGXAQÇPYSQGVPCADQRHQPPVGF•••.•
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VIHqDAATlprDGTTqqLSPYGVWygQPFSMGQPGRDGIHÔqRHGYHqDSTSTHQLR
DVKXDMEVSXPDXYT';·":'·'. • ."'"'''''' .""",,; .,"',.,. ",., ,,"

•
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"

consensus: --B-----g----TSS----G---S8P-----SS-D--HQS--G--BD-----g--

Figure P.1 Alignment of Granulin Peptides
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This thesis is organized into five main chapters. Chapter 1 presents an

overview of our current understanding of growth factors (GF) with reference to GF

structure, expression, and biological properties, and GF receptors, in relation to what

is now known about the structure and biology of the grn family of peptides. It should

be emphasized that most of the information on the grns presented in Chapter 1 was

not known when this project first started. The materials and methods used

throughout the course of this project are outlined in Chapter 2. Chapters 3, 4, and

5 constitute the results section of the thesis. Each result section contains a brief

introduction followed by a discussion of the significance of the results. Chapter 3

presents the isolation and characterization of the human and rat grn precursor cDNA,

and the functional expression of recombinant grn. Chapter 4 presents the tissue

distribution and cellular localization of grn mRNA. Chapter 5 presents the genomic

organization and structural and functional analysis of a promoter of the human grn

gene.

A significant portion of the results presented in this thesis has either been

published, or is in preparation for publication as listed below:

1. Bhandari,V., Palfree,R.G.E., Bateman,A. 1992 Isolation and sequence of the

granulin precursor cDNA from human bone marrow reveals tandem cysteine

rich granulin domains. Proc.Natl.Acad.Sci. USA. 89:1715-1719

2. Bhandari,V., Bateman,A. 1992 Structure and Chromosomal Localization of the

Human Granulin Gene. Biochem.Biophys. Res.Commun. 188:57-63

xx
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4.

Bhandari,V., Giaid,A., Bateman,A. 1993 The Complementary

Deoxyribonucleic Acid Sequence, Tissue Distribution, and Cellular Localization

of the Rat Granulin Precursor. Endocrin%gy. 133:2682-2689

Bhandari,V., Bateman,A. 1994 Structural and Functional Analysis of a

Promoter of the Human Granulin Gene. In preparation.

Because the granulins represent a recently discovered family of peptides, ail

results presented in this thesis are contributions to original knowledge.

The main contributions are:

•

1.

2.

3.

4.

Characterization of the human and rat granulin precursor cDNA and first to

report that the granulin precursor is a modular protein.

First report of a semi-quantitative analysis of the tissue distribution and cellular

localization of granulin mRNA.

Chromosomallocalizalion and sequence of the human granulin gene and first

description of the structural organization of the granulin gene.

First analysis of a human granulin gene promoter

xxi
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CHAPTER 1

GENERAL INTRODUCTION

GRANULINS AND GROWTH FACTORS

The growth and maintenance of tissue is a fundamental process of ail living

organisms, requiring the coordination of cellular proliferation and differentiation.

Many elements contribute to this complex network of intracellular communication,

including hormones, neuropeptides, extracellular matrix components, and cell

adhesion molecules. A key role, however, is played by a diverse group of regulatory

molecules known as polypeptide growth factors. Recently, we and others described

a novel family of peptides, the grns, with growth modulating activity (see 1,2, and

Preface). To set the stage for an understanding of grn biology, a review of growth

factors is presented.

The past decade has seen an explosion in the field of growth factor research.

The recent advances in tissue culture, protein biochemistry and molecular biology,

has led to the identification, isolation, characterization and cloning of a great number

of growth factors. Growth factors mediate intracellular communication by interacting

with specifie transmembrane cellular receptors, evoking a cascade of events such

as tyrosine phosphorylation, phosphatidylinositol turnover, and the expression of cell

cycle dependent genes, resulting in pleiotropic biological responses including the

modulation of proliferation, differentiation, adhesion and locomotion. One impetus

for studying growth factors is their presumed involvement in a number of clinically

1
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relevant processes including tissue repair, artherosclerosis and cancer.

Much progress has been made in our understanding of the structure and

activities of these regulators of cellular homeostasis, and it is clear that many of these

growth factors are multifunctional. The exponential increase in the number of

publications on growth factors make a comprehensive review on this subject beyond

thFl seopa of this thesis. Instead, the intent of this chapter is to summarize our

current understanding of growth factors with reference to growth factor structure,

expression, biological properties, and growth factor receptors and, where possible

relating this to what is presently known about the structure and biology of the grn

family of peptides. It should be emphasized that most of the information on the grns

was not known when this project first started.

Because of their complex involvement in the immune response, the

hematopoietic and Iymphopoietic growth factors (e.g. the interleukins, tumor necrosis

factor, colony stimulating factors, etc.) are not discussed. Instead, the reader is

referred to the following references for recent reviews of the hematopoietic and

Iymphopoietic growth factors: interleukins (10,11,12), tumor necrosis factor (12,13),

intercrines (14), and colony stimulating factors (15,16,17). Here we will discuss the

major somatic growth factors, emphasizing the similarities with the grns wherever

possible. In this way it may be possible to place the presently fragmented

knowledge of the grns in a broader biological context.

1.1 Growth Factor Familles.

A detailed comparison of the primary sequences of growth factors has led to

2
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the identification of common structural motifs and residues shared by some growth

factors. This has aliowed the classification of growth factors into distinct families.

For example, members of the epidermal growth factorttransforming growth factor-a

family, the transforming growth factor-B family, the insulin family, and the heparin

binding fibroblast growth factor family are defined by readily identifiable patterns of

cysteine residues. Examples of some growth factor families are presented in Table

1.1. Members of each family may have arisen through the duplication and evolution

of a common ancestral gene. It is conceivable that the grns, characterised by a

unique arrangement of cysteine residues (Figure P.1), may serve as the prototype

for a new growth factor family.

1.1.2 The Epldermal Growth Factor Family.

Epidermal growth factor (EGF) was one of the first growth factors to be

discovered (18), and serves as the prototype for other members of this family, which

includes transforming growth factor-a (19), amphiregulin (20), cripto (21), heparin

binding EGF-Iike factor (22), betacellulin (23), schwannoma-derived growth factor

(24), neu differentiation factor 1heregulins (25,26), and vaccinia virus growth factor

(27,28).

The members of the EGF family are characterized by the presence of one or

more cysteine-rich EGF modules, represented as CX7CXa.SCX'O-12CXCXsGXRC (where

C is cysteine; G is glycine; R is arginine; X is any other amino acid) (29). The

disulfide bridging has been confirmed in EGF (30) and TGF-a (31) [C1-C3, C2-C4

and C5-C6], and presumably other members of the EGF family may fold in a way

3
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Epidermal Growth Factor
Epidermal Growlh Factor

Transforming Growlh Factor-a
Amphiregulin

Cripto
Heparin-binding EGF

Betacellulin
HeregulinlNeu Differentiating Factor

Vaccinia Virus Growlh Factor
Spitz
/in-3

Insulin
Insulin

Insulin-like Growlh Factor-I
Insulin-like Growlh Factor-II

Relaxin
Bombyxin

Locust Insulin-related Peptide
Molluscan Insulin-related Peptide

Intercrine-B
LD78
ACT-2
1-309

RANTES
MCAF

Transforming Growth Factor-B
Transforming Growlh Factor-B1
Transforming Growlh Factor-B2
Transforming Growlh Factor-B3
Transforming Growlh Factor-B4
Transforming Growlh Factor-B5
Mullerian Inhibitory Substance

Decapentaplegic Gene Product
Bone Morphogenetic Proteins

Mesoderm-Inducing Factor (Vg1)
Activins
Inhibins

Dorsalin-1
GDF-3/GDF-9

Interleukin-6
Interleukin-6

G-CSF
cMGF

Platelet-Derived Growth Factor
PDGF-AA
PDGF-AB
PDGF-BB

v-sis viral oncoprotein

Fibroblast Growth Factor
FGF-1 (aFGF)
FGF-2 (bFGF)
FGF-3 (int-2)

FGF-4 (hst-1Iks3)
FGF-5
FGF-6

FGF-7 (KGF)
FGF-8 (AIGF)
FGF-9 (GAF)

Neurotrophins
Nerve Growh Factor

Brain-Derived Growlh Factor
NT-3

NT-4/NT-5

Intercrine-a
Interleukin-8

Platelet Factor-4
B-Thromboglobulin

IP-10
Melanoma Growlh Stimulating

Factor

Hepatocyte Growth Factor
HGF/Scatter Factor

HGF-Iike Protein/Macrophage
Stimulating Protein
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similar to that of EGF and TGF-a. In most cases, the EGF family members are

produced from transmembrane precursors, which are cleaved at the extracellular

domain to generate the soluble and active growth factor (29). The precursors are

biologically active in many instances, sometimes even equalling or surpassing their

soluble products in biological activity. The precursors can activate cognate receptors

on adjacent cells Le. juxtacrine stimulation.

The EGF module is not Iimited to growth factor precursors, but can also be

found in other proteins (32), such as, extracellular matrix proteins, various blood

coagulant factors, the low-density Iipoprotein receptor and the latent TGF-B binding

protein (33). EGF-Iike repeats in blood coagulation factors bind calcium (34,35,36),

and it is proposed that the calcium binding may be crucial for numerous protein

protein interactions involving EGF-Iike repeats in coagulant factors, plasma proteins,

and membrane proteins (37). Interestingly, the cysteine motif of the grn family of

peptides is found in a cold induced tomato thiol protease and germination specific

rice seed thiol protease (38), and it is conceivable that the grn-Iike repeats may also

be found in other proteins. The grn motif is found in C-terminal region of the plant

thiol proteases. The significance of the grn motif in these plant thiol proteases are

not known. The catalytic domain of the plant thiol proteases lies in the N-terminal

region, and, while the purpose of the C-terminal region is not clear, it has been

proposed that this domain may serve to regulate the protease activity by binding to

metal ions (38). However it is not known if the grn repeats can bind to metal ions.

Aiso included in the EGF superfamily are the products of the Notch, Delta and

Serrate neurogenic genes from DrosophiJa, the Notch homologues from human,

5
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mouse and Xenopus, the Caenorhabditis elegans glp-1, /in-3 and /in-12 gene

products, and the Drosophila crumbs and spitz gene product. These proteins

. contain multiple EGF-like repeats, and are involved in a spectrum of activities,

including cell-cell interaction, cell signalling, and cell differentiation and development

(29,39,40,41 and references therein). Significantly, the grn repeat is also found in

insects. Extracts of the brain of the locust yield a peptide, PMP-D1, that has the

complete grn cysteine motif (4). However, unlike the gene products containing the

EGF-like repeats, the function of PMP-D1 is not known.

1.1.2.1 Epidermal Growth Factor.

Several of the known biological properties of the grns resemble those of

epidermal growth factor (EGF). For example, both peptides are growth inhibitory for

adenocarcinoma A431 cells, and can stimulate the growth of keratinocytes in culture

(2). EGF and grnNepi1 can induce anchorage independent growth of normal rat

kidney (NRK) cells in the presence of TGF-B (2). Additionally, during the course of

this project more similarities were noted between the grns and EGF. The Iterative

nature of the grn precursor, first revealed through the work described later (see

Chapter 3), draws unavoidable comparisons with the EGF precursor (42,43,44), while

Northern blot analyses of grn gene expression reveal that both the progrn mRNA

(see Chapter 4) and EGF precursor mRNA are abundant in the kidney (45).

Additionally, both the grn precursor and EGF precursor are heparin binding proteins,

and are eluted from a heparin column with 0.5M NaCI (46, and see Chapter 3).

Whether these similarities are physiologically significant is unclear.

6
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EGF was initially isolated from male mouse submaxillary glands based on its

ability to cause premature eyelid opening and eruption of incisors in newborn mice

(18); its ability to stimulate the growth of cultured cells was recognised later (47,48).

An Independent study on controlling peptic ulceration by the inhibition of gastric acid

secretion led to the isolation of human EGF (urogastrone) from urine (49). EGF is

a single polypeptide chain of approximately 6 kDa consisting of 53 amino acids

displaying 3 internai disulfide bonds (reviewed in 39,50).

The mouse and human EGFs are synthesized as large precursors of

approximately 1200 residues consisting of an extracellular domain, a transmembrane

region, and a cytoplasmic tai! (42,43,44). In addition to the mature EGF, the EGF

precursor contains 8 other EGF-Iike repeats in the extracellular region, with the

mature EGF Iying closest to the transmembrane region. In sorne respects the grn

precursor resembles the EGF precursor. Cloning of the grn precursor cDNA (see

Chapter 3) reveals that the grn precursor is also a modular protein, consisting of

seven and one half grn repeats arranged in tandem.

How EGF is cleaved from the precursor molecule is not known. Not ail

tissues that produce preproEGF are capable of processing the precursor. For

example, in the mouse submaxillary gland the EGF precursor is rapidly processed

to the 53 amino-acid form of EGF, while in certain ceIls of the kidney the precursor

accumulates and does not appear to be processed intracellularly to mature EGF

(45). This observation has led to the suggestion of a different role for the intact

precursor, such as acting as a receptor for membrane transport events in the kidney

(45). Interestingly, cell culture transfection studies with the human grn precursor

7
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cDNA (see Chapter 3) suggest that the processing of the grn precursor may also be

tissue or cell specific, and this will be discussed in detail in Chapter 3. The EGF

precursor can exist as a secreted form and retains EGF-Iike biological activity (46).

Similarly, the grn precursor is also biologically active, acting as a mitogen for 3T3

fibroblasts, and as an autocrine growth factor for PC cells, a highly tumorigenic

teratoma derived celiline, in vitro (9). Both the membrane-associated and secreted

forms of the EGF precursor can bind the glycosaminoglycan heparin (46). Similarly,

the grn precursor is also a heparin-binding protein (see Chapter 3).

EGF mRNA is expressed in many tissues, although its abundance varies

widely. For example, in the mouse, EGF expression has been observed at the

mRNA and/or protein level in the submaxillary gland, kidney, pancreas, small

intestine, prostate and brain (45), while in humans, the major sites of production are

the gastrointestinal tract, pancreas, kidney, and mammary gland (50). In the kidney,

EGF synthesis is localized to the distal tubules of the renal cortex and outer medulla

(45). EGF can also be found, as the mature 6 kDa form and as a biologically active

secreted precursor form, in ail body f1uids (46,51). Neither the EGF protein or its

mRNA are detectable during fetal development or in early neonates (50), suggesting

that EGF is not involved in fetal development. It has been suggested that TGF-a, a

member of the EGF family, serves as the alternative ligand for the EGF receptor

during fetal development (TGF-a will be discussed separately under Transforming

Growth Factors).

EGF displays broad biological effects in vitro and in vivo (reviewed in 39,50).

It is a mitogen for a variety of ectodermal and mesode..mal cell and tissue types,

8
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including skin keratinocytes, conjunctival and pharyngeal tissues, corneal endothelial

cells, vascular smooth muscle cells, chondrocytes, fibroblasts, Iiver cells, thyroid

follicular cells, granulosa cells, mammary gland epithelium, and glial cells. EGF also

has effects on cell differentiation, morphological changes, and the regulation of

nutrient and electrolyte transport, and glycolysis. In view of the apparent similarities

between EGF and the grns, it will clearly be relevant to compare the activities of the

grns in these assays when they become sufficiently available to make it a practical

proposition. Despite its weil characterised in vitro activities, the actual in vivo

functions of EGF remain rather speculative. However, EGF has been implicated in

a number of physiological and/or pathological processes including wound healing

and certain cancers (reviewed in 39,50).

1.1.2.2 Other Members of the EGF Family.

ln addition to TGF-a, which will be discussed under transforming growth

factors, there are other growth modulating proteins that are structurally related to

EGF (Table 1.1). For brevity, the other members of the EGF family are not discussed

in detail, instead their properties are summarized in Table 1.2.

1.1.3 Transforming Growth Factors.

One of the reported properties of the grns is that they have transforming

growth factor-Iike activity. Transforming growth factors (TGFs) are operationally

defined as polypeptides that stimulate the anchorage-independent growth of non

transformed anchorage-dependent cells through high affinity binding to membrane

9
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Table 1.2. Members of the Epidermal Growth Factor Familv

Growth Factor Description Locali:mtion/Sources Known Target Known EITects Comments Ref.

Amphiregulin (AR) Two mature soluble
forms of 79 and 84 aa
released from a 252
residue transmembrane
precursor. 38% identical
to EGF.

Normal human lung,
cardiac musele,breast,
kidney, spleen, ovary,
placenta,colon,pancreas
and several carcinoma
cenlines.

Epithelial cens,
MesenchymaJ cens.

Mit 0 g e n for Detected in nucleus of
1eu k 0 cy tes and normal and malignant
fibroblasts. ovarian and colonie
1nhibits growth of epithelial cens.
several tumor cens Binds to and is inhibited by
(e.g. A431, breas! heparin.
carcinoma).

20,52,
53,54,

55

Schwannoma-derived A 31-35 kDa (148 aa)
growth factor (SDGF) protein derived from a

243 aa precursor.
Mature SDGF is 76%
homologous to AR.

Newborn rat Jung, fetal
brain, fetal and adult
lung, sciatic nerve,
pituitary.

Astrocytes,
Schwann cens,

Fibroblasts.

Mitogen Strueturany similar to AR
but show differences in
biological activity e.g. SDFG
has no eITect on A431 cens.

24

Heparin-binding
EGF-Iike growth
factor (HB-EGF).

......
o

Multiple forms (19-23
kDa) due to differential
processing and post
translational
modification of 208 a.a.
transmembrane
precursor. 41%
homologous to EGF.

Human macrophages,
Smooth muscle cens.
Wide variety of tissue
includingskeletal muscle,
lung, brain, heart,liver.

Fibroblasts,
Smooth muscle cens,

Keratinocytes.

Mitogen Heparin binding property 22,56,
postulated to mediate 57
biological effects.
Cell-surface assoeiated
transmembrane form serves
as a receptor mediating the
binding and uptake of
diphtheria toxin into cens.
Implicated in wound healing
and atherosclerosis.
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Ref.

Cripto Predicted product of a Und i ff e re nt i at e d
cDNA clone (18 aa) teratocarcinoma ceUs.
isolated from
undifferentiated human
teratocarcinoma ceUs.

Fibroblasts Transforming ····for Proposed to be involved in
fibroblasts. rnaintaining stem cell

integrity.

21

Vaccinia Virus A 25 kDa (77 aa) Vaccinia virus iro....cted
G r 0 w t h Fac t 0 r glycoprotein derived ceUs.
(WGF) from a 140 residue

transmembrane
precursor.

Epithelial ceUs,
Fibroblasts.

Mit 0 9 e nie for Acts through the EGF 27,28,
k e rat i n 0 c y tes, receptor. Shorter fonn 58
fibroblasts. WGF containing only the
Transforming in the EGF repeat acts as
presence of TGF-B. antagonist of other EGF

receptor ligands.

BetaceUulin

............

A 32kDa (80 aa) Wide variety of normal Retinal pigment
glycoprotein derived mouse tissue including epithelial ceUs,
from a 177 residue thymus, Jung, heart, Vascular smooth
t r ans m e m b ra n e Iiver, spleen, small muscle ceUs.
precursor. intestine, pancreas,
50% homology to TGF- kidney, muscle, testis,
a. uterus. Also in tumor

ceU Iines such as
sarcomas,
fibrosarcomas, and
adenocarcinomas.

Mitogen Production by proliferating
pancreatic B-ceUs and
mitogenic effects suggest
role in vascular
complications associated
with diabetes.

23
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Heregulin(HRG)/Neu
differentiation factor
(NDF)

.....
N

HRG: 45kDa protein HRG: multiple mRNA
derived from a 640 aa transcripts detected in
precursor. Several wide variety of human
isoforms predicted from tissue including breast,
cDNA c1oning. 45% ovary, testis, prostate,
similar to HB-EGF. heart,lung, liver, kidney,
NDF: 44kDa soluble salivary gland, small
glycoprotein derived Intestine, brain, spleen.
from a 422 residue Also detected in breast
t ra n s m e m b ra n e carcinoma cell Iines.
precursor. HRG and NDF: multiple mRNA
NDF are homologs. transcripts detected in

several rat tissues
including spinal cord,
lung, brain, ovary,
stomach, skin, kidney,
heart. Aiso various
human tumor cell Iines
and rBs-transformed
fibroblasts.

Epithelial cells Mitogen. L i 9 and s 0 f the
Growth inhibitory and h e r 2 1e r b B 2 1n e u
differentiation effects protooncogene receptor
on mammary tumor t y r 0 sin e k 1n a se.
cells. Overexpression of this

receptor is correlated with
several human
malignancies, Including
breast, ovarian, gastric and
endometrial cancers, and
non-small cell lung
adenocarcinoma. Contains
nuclear targeting motif.

25,26,
59
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receptors. Probably the most widely used ln vitro bloassay for TGFs Is the soft-agar

colony formlng assay. Other Indicators of cell transformation Include morphologlcal

changes, and the ability of the transformed cell to cause tumor formation when

injected into nude mice. That the grns are transformlng growth factors is shown by

the ability of grnA/epi1 to induce the anchorage Independent growth of normal rat

kidney cells ln the presence of TGF-B (2). The recent report that the partial amlno

acld sequence of transformlng growth factor-e (TGF-e) Is indistlnguishable from grnA

(7), further implicates the grns as transformlng growth factor-like protelns.

Transforming growth factor-e (TGF-e) is a TGF-like activity present in a wide varlety

of epithelial tissue and cells that can stimulate soft agar growth of some epithelial cell

lines, Includlng small cell carcinomas, squamous cell carclnomas, and embryo

derlved cells. (7). However, it Is not known If the grns act as transformlng growth

factors ln vivo.

TGF-a and TGF-B are the two major representatives of transformlng growth

factors, and will be discussed brlefly. Aiso discussed brlefly is TGF-e.

1.1.3.1 Tranafonnlng Growth Factor-a.

The discovery of transforming growth factor-a (TGF-a) was assoclated with

the observation that culture supernatants of sarcoma-virus transformed cells secreted

a mltogen capable of blnding to the EGF receptor (60,61). TGF-a is a SO amlno-acld

polypeptide that shows slgnlficant homology to both human (44%) and mouse (33%)

EGF respectively, includlng the conservation of ail six cystelnes and the formation

of three simllar dlsulflde bonds (revlewed in SO,62), and belongs to the EGF-famlly

13
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of growth factors. This structural relationship may explaln why TGF-a and EGF share

a cornmon cellular receptor (63).

Secreted TGF-a exists as multiple forms, ranging in apparent size from 5-20

kDa The size heterogeneity is due to differential processing of the TGF-a precursor,

and N- and O-glycosylation of the excised peptides (62). ProTGF-a is synthesized

as a 160 amino acid transmembrane protein in humans (64,65). The mature 50

amino acid TGF-a sequence lies in the extracellular domaln, 10 residues from the

transmembrane domaln, and shows 92% sequence identity between the human and

rat (64,65). The cytoplasmlc domaln (38 amlno-aclds) is palmitoylated at one or

more cysteines and shows only one amino acld difference (Val136 to Ile) between

the human and rat (64,65). This structural feature and extreme sequence

conservation suggest a conserved function for the cytoplasmic domaln of proTGF-a.

TGF-a has many biological actions both ln vitro and ln vivo. Because TGF-a

acts through the EGF-receptor, its actions are similar to those of EGF, including the

stimulation of keratinocyte and fibroblast proliferation, the suppression of gastric acid

secretion, and the acceleration of healing of epidermal injuries (50,62). The similar

effects of EGF and TGF-a on cells make it essential to establish which of these two

molecules is present in the tissue of interest. Despite the similarities, there are sorne

differences between the actions of EGF and TGF-a. For example, TGF-a is a more

potent inducer of neurovascularization than EGF, TGF-a induces greater production

of prostaclyclins by endothelial cells, and TGF-a is more potent promoter of calcium

release from fetal rat long bones than EGF (50,62).

TGF-a has baen implicated in many pathophysiological processes. For
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example, overexpression of TGF-a in keratinocytes is suggested to be responslble

for the initiation and maintenance of psoriasis (66). TGF-a expression is prevalent

in tumors, tumor-derived cell lines, and cells transformed by cellular oncogenes,

retroviruses, and tumor promoters (62), suggesting an involvement of TGF-a in

tumorigenesis. This is further implied by transgenic studies, where overexpression

of TGF<t in transgenic mice induces epithelial hyperplasia, pancreatic metaplasia,

and mammary and liver neoplasias (67). TGF<t is also produced by a wide variety

of non·neoplastic cells including a.livated macrophages, eosinophils, hepatocytes,

keratinocytes, gastrointestinal cells, braln cells, and placental cells (62), suggesting

that TGF-a is also involved in normal physiological processes. In adult human

tissues, TGF-a is detectable, as mRNA and/or protein in a wide variety of tissue

including the digestive tract, liver, pancreas, kidney, thyroid, adrenal, skin

keratinocytes, mammary gland, genital organs, salivary gland, pituitary, braln, and

macrophages (68), with regenerative and/or hyperplastic epithelial tissue (e.g. skin

and gastrointestinal tract) showing elevated levels of expression. In fetal tissue, TGF

a mRNA and/or protein is present in nerve tissue, liver, adrenal, kidney, the

nasopharyngeal pouch, and the maternai decidua (68). Interestingly, the distribution

of TGF<t is simllar to the grns. The grn mRNA is also widely distributed in a variety

of neoplastic and non-neoplastic cell lines as weil as in adult and fetal tissue (see

Chapter 4).

Agaln the apparent similarities between TGF-a and the grns suggest that,

once the grns can be generated in sufficiently large amounts, it may be profitable to

compare their activities with TGF-a.
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1.1.3.2 Tranaformlnll Growth Factor·B Famlly•

The transforming growth factor-B (TGF-B) family Includes a group of closely

homologous dlmeric protelns whlch regulate cell growth, cell dlfferentlatlon, and cell

functlon (revlewed ln 69,70,71). The TGF-Bs are structurally unrelated to TGF-a. The

TGF-B famlly in turn, belongs to a larger, extended superfamlly, whose members

affect a wide range of differentlation processes during embryonlc development.

Members of thls superfamlly include, for example, Mullerian Inhlblting Substance

(MIS), a protein that Induces the regresslon of the ~ullerlan duct system in the

developlng male genltourinary system (72); the Drosophlla decapentaplaglc gene

product, whlch is requlred for dorsal-ventral axis formation and morphogenesls of the

Imaginai dises (73); the bone morphogenetic protelns (BMPs, osteogenln, osteogenlc

prote!n (OP-1), which may regulate cartilage and bone formation (74); the Xenopus

Vg-1 gene product, which 10caJizes the vegetal pole of eggs (75); the activins,

protelns involved in the induction of mesoderm and anterior structure formation ln

Xenopus embryos (76); dorsalln-1, a gene selectlvely expressed in the dorsal neural

tube, that appears to regulate cell differentiatlon within the neural tube (77); and

GDF-3 and GDF-9, two novel mammallan members of unknown function identified

at the cDNA level (78). Each member of the superfamily is syntheslzed as part of a

larger secretory precursor. The homologies of these proteins with each other reside

in the C-terminal domains of the precursor, which are generally cleaved to form the

mature bloactive peptides, which share with TGF-B, 25-40% sequence identity and

conservation of at least seven of the nlne residues (69,78)•
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1.1.3.3 Transfonnlng Growth Factor·B•

Transforming growth factor-B (TGF-B) was originally identified by its ability to

induce anchorage independent growth of normal rat kidney fibroblasts in soft agar,

(61). To date, five distinct molecular forms of TGF-B have been identified; three in

mammals (TGF-B1, TGF-B2, and TGF-B3), and one each in chicken (TGF-B4) and

Xenopus (TGF-B5) respectively (79). The TGF-Bs show 68-86% homology to each

other, including the conservation and perlect a1ignment of nine cysteine residues, of

which eight are involved in intrachain disulfide bridging (69). The TGFBs are

synthesized as larger precursor polypeptides (preproTGF-B) contalning a

hydrophobie signal sequence, that are then processed to yield 12.5 kDa monomers

and an N-terminal latency associated peptide. Two identical disulfide-Iinked

monomers constitute the biologically active, 25 Kda mature TGF-B. The TGF-B

isoforms are highly conserved across species. For example, the mature TGF-B1 Is

completely eonserved across human, bovine, simian and porcine species, and differs

by only 1 residue in murine TGF-B1 (69,70,71).

TGF-B is secreted as a latent complex that must be converted to an active

form before Interacting with its ubiqultous high affinity receptors. Three forms of

latent TGF·B have been Identified (reviewed in 80): smaillatent complex, conslstlng

of non-covalently assoclated dimers of mature TGF-B and the remalnder of the TGF-B

precursor (or latency associated peptide, Lt\P); large latent complex, comprising the

smaillatent TGF-B complex disulfide Iinked to a 125·160 kDaA protein called latent

TGF·B binding protein (LTBP); and a TGFlHramacroglobulin complex, where mature

TGF·B dimers found ln plasma are covalently bound to aamacroglobulin. The
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mechanisms Involving the conversion of the latent forms to active TGF-B ln vivo have

not been fully characterized but appear to be cali specifie and might Involve

processes such as acidification or proteolysis. The activation of the latent molecule

has been implicated in the biologicaJ control of TGF-B activity. Inapproprlate

activation of latent TGF-B has been implicated in a number of pathologlcaJ

conditions, including acute mesangial proliferative glomerulonephritls, diabetic

nephropathy, immunosuppression, re-stenosis of vessels after angloplasty, as weil

as fibrosis of the skin, central nervous system, lungs, liver. and heart (reviewed in

81). Colouscou et al. have postulated the existence of a grn binding protein (82), but

at present there is little direct evidence to suggest that the grns are associated with

binding protelns.

The TGF-B gene is expressed ln most transformed and normal cells ln culture

(69,70). In thls respect, It Is very similar to the grn gene which is also widely

expressed ln transformed and normal cells in culture (see Chapter 4). In tissues,

expression of TGF·B is detected throughout embryonic development and into

adulthood, with the expression pattern of the TGF-B isoforms mRNA and protein

spatlally and temporally restricted (69,70). For example, in mouse embryo, TGF-B1

mRNA is detectable ln lung, intestine, and kidney mesenchymes, epithellal

structures, megakaryocytes, osteocytes, and centers of hematopoiesis, while TGF-B2

mRNA is detectable in gastrointestinal and tracheal submucosae, blood vessels, skin.

cartilage. and bone. In the adult mice, TGF-B immunoreactlvity is present in calls of

the adrenal cortex, bone marrow. cardiac myocytes, chondrocytes, renal distal

tubules, ovarian glandular cells, and chorionic cells of the placenta, and ln the
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extracellular matrices of the cartilage, skin, heart, pancreas, placenta, and uterus

(69,70). The widespread expression of TGF-B mRNA in fetal and adult tissue agaln

draws comparisons to the pattern of grn mRNA expression in fetal and adult tissue

(see Chapter 4).

TGF-B elicits a variety of cellular responses and aets on a wide range of cells

depending on the type and state of differentiation of the cell, and cell culture

conditions (69,70,71). In vitro, TGF-B is bifunetional, it strongly inhibits the

proliferation of many normal and tumor-derived cell types of mesenchymal and

myeloid origin as weil as nearly ail epithelial, Iymphoid and endothelial cells, and

stimulates the proliferation of a few mesenchymal cell types (fibroblasts and

osteoblasts). It is worth noting that the grns also exhibit bifunetional growth

modulating properties in vitro. The grns gene produets inhibit the growth of several

epithelial cells in culture, and stimulates the proliferation of keratinocytes and

flbroblasts (2,8,9). Several studles suggest that TGF-B also inhibits cell growth in

vivo. For example, the in vivo administration of TGF-B inhibits mouse mammary

gland duetal growth (83), and inhibits the early phase of hepatocyte proliferation that

occurs in response to partial hepateetomy in the rat (84). Apart from modulating cell

growth, TGF-B can also effeet cellular differentiatlon (69,70). Examples Include the

promotion of chondrogenesis and certain normal and tumor epithelial cali

differentiation in vitro, as weil as the inhibition of adipocyte and myoblast

differentiation (69,70). TGF-B can also stimulate extracellular matrix (ECM) formation

through the stimulation of ECM protein synthesis, the inhibition of proteinase

synthesis and stimulation of proteinase inhibltor synthesis, and an increase in cali
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surface membrane proteins that bind ECM proteins (85). TGF-B also exhibits diverse

Immunoregulatory actlvities including the suppression of T-cells, the inhibition of B

celiig production, cytolysls of natural killer cells, the inhibition of cytokine production

from lymphocyte actlvated killer cells, and the Inhibition of macrophage respiratory

bursts (86 and references therein). In addition, TGF-B ls a petent chemoattractant

for macrophages and fibroblasts (87).

Although weil studled, the ln vivo functions of TGF-B are not completely

understood at present. However, the multifunctional properties of TGF·B strongly

Implicates TGF-B as a key modulator of a w1de varlety of Important physlologlcaJ and

pathophysiologlcal processes Including embryogenesls, bone formation and

remodelling, tissue repalr, Inflammation, Immunosuppression, angiogenesls, fibrosis,

and tumor development (69,70,71). That TGF-B serves a crucial functlon ln vivo Is

further supported by transgenic studies. Animais homozygous for the mutated TGF

B1 allele show no gross developmental abnormallties, but soon after blrth they

succumb to a wastlng syndrome accompanled by a multifocal, mixed Inflammatory

cell response and tissue necrosis, leading to organ failure and death (88).

1.1.3.4 Tranlformlng Growth Facto,.•.

ln 1992, Parnell et.aI. reported the partial amino acid sequence of transforming

growth factor-e (TGF-e), a TGF-like actlvity distinct from other known growth factors

(7). The reported partial sequence of thls factor Is Indistinguishable from gmA (see

Figure P.1), although the physlochemlcaJ properties of the reported TGF-e (see

below) Indieate that il is a larger protein than the 6 kDa grns or epis. In view of the
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possibility that TGF-e probably represents a product of the grn gene, TGF-e will be

reviewed briefly.

TGF-e was initially characterised as an autostimulatory activity present in the

conditioned medium of SW-13 adrenal adenocarcinoma cells capable of inducing the

irreversible anchorage-independent growth of the indicator cells and was

subsequently shown to be present in a variety of cell lines and in both neoplastic

and nonneoplastic tissues of mainly epithelial origin (89,90). For example, extracts

of several human solid cancers such as colonie, gastric, renal, lung, ovarian, and

squamous cali carclnomas contaln TGF-e activity, whlle no TGF-e activity is detected

in extracts of mos! non-carcinoma mallgnant neoplasms such as sarcomas,

melanomas, Iymphomas, and chordomas (89,90). Several human neoplastic cell

lines such as SW-13 cells, A431 cells (epidermoid carcinoma of vulva), A549 cells

(bronchloalveolar carcinoma of the lung) and D562 (epldermoid carcinoma of

nasopharynx) and several colon carcinoma cell lines also secrete TGF-e activity

(89,90). TGF-e activity Is also detected ln extracts of several nonneoplastic tissues,

Including kidney, lung and mouse embryo (89,90). In addition, TGF-e actlvlty Is

present in human milk, plasma, platelets, and amnlotic flulds (7). Similarly, the gm

gene Is also expressed ln a wide varlety of cell lines and tissues, and Is abundant

ln tissues that are rlch ln epithelia (see Chapter 4).

TGF-e exhlbits growlh modulating propertles ln vitro. In addition to stlmulatlng

the anchorage Independent growth of certain carclnoma cells of epithelial orlgln, and

of AKR·2B fibroblast-like cells (90,91), TGF-e acts as a mltogen and progression

factor for both epithelial and fibroblastic cells (91). Additionally, TGF-e has afflnlty
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for heparin, and can partially overcome the heparin-induced growth inhibition of SW

13 carcinoma cells in monolayer and soft agar respectively (92). TGF-e is eluted

from a heparin-Sepharose column with a.5M NaCl, as is the grn precursor (see

chapter 3). TGF-e differs from other known growth factors such as,EGF, TGF-a,

TGF-B, aFGF, and insulin, with regard to its ability to stimulate soft agar growth of

SW-13 cells, with the exception of bFGF. However, TGF-e does not bind to FGF

receptors indicating that TGF-e is distinct from bFGF.

The TGF-e activity exists as several different molecular weight forms. For

example, the TGF-e activity isolated from bovine kidney whose reported partial amino

acid sequence is indistinguishable from grnA, exists as a 20-25 kDa protein (7), while

human TGF-e has a reported size of 59 kDa (93). Several lower molecular weight

forms of TGF-e activity of 13-15 kDa and 6.5 kDa have been reported (94). Whether

these different forms are due to glycosylation, proteolytic processing of the precursor

or represent different proteins is not known. Interestingly, the grn precursor is also

processed in a tissue and cell specifie fashion to generate several different sized

products (1,2,3,4,6,8,9 and see Chapter 3).

It is Iikely that TGF-e is a product(s) of the grn precursor gene. However, until

the complete amino-acid sequence of the various forms of TGF-e is determined and

the TGF-e gene(s) cloned, the possibility that the grns and TGF-e are identicaJ

remaln speculative, although plausible at present.

1.1.4 PC-derlvecl Growth factor.

More recently strong evidence has been presented that the intact grn
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precursor Is secreted as an autocrine growth factor for PC cells, a highly tumorigenic

cell line derived from a mouse teratoma (9). PC cells have lost cell surface bindlng

and response to growth factors such as insulin, EGF, and TGF-B (9). The amino

acld sequence of the N-terminal and several proteolytic peptide fragments of the PC

derived growth factor (PCDGF) were Identical to sequences found within the mouse

grn precursor (9). The PC-derived growth factor (PCDGF) is a heparin blndlng

glycoprotein of 88 kDa (9). Both PCDGF and the grn precursor are eluted from a

heparln column with O.SM NaCI (9, and see Chapter 3). PCDGF can function as a

mitogen for 3T3 fibroblasts as weil as an autocrine growth factor for PC cells (9).

1.1.& Th. F1broblast Growth Factor Famlly.

The fibroblast growth factors represent another family of widely dlstributed

growth factors. The flbroblast growth factor (FGF) family presently consists of nlne

structurally related polypeptides, of which acidlc FGF (aFGF or FGF-1) and basic

FGF (bFGF or FGF-2) are the best characterized and serve to establlsh the basis of

a larger family of polypeptide growth factors. Other members of thls family Include

Int·2 (FGF-3), hst-1/ks3 (FGF-4), FGF-5, FGF-6, KGF (FGF-7), AIGF (FGF-8) and GAF

(FGF-9). The genes for each member of the FGF family have been cloned and

sequenced, and probably derive from a common ancestral gene. The FGF family

members are approxlmately 30% to 80% Identlcal to each other. The multifunctional

properties of the FGFs include mesodermal cell mitogenesis, anglogenesis, neurlte

extension, neuronal cell survival and Inhibition of myoblast differentlatlon, suggestlng

that members of the FGF family have Important physiologlcal roles ln the
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development of vascular, nervous and skeletal systems, in promoting the

maintenance and survival of certain tissues and in stimulating wound healing and

tissue repair (reviewed in 95,96).

1.1.5.1 Flbroblast Growth Factor·1 and F1broblast Growth Factor·2.

FGF-1 and FGF-2 were initially isolated from extracts of bovine braln (97) and

pltuitary (98) respectively and subsequently characterized as potent heparin-binding

polypeptide mitogens for endothelial cells (99,100). FGF·1 and FGF-2 show 55%

sequence identity a.,d act through separate but closely related receptors (101).

However, unlike most polypeptide growth factors, both FGF·1 and FGF-2 lack

classical consensus signal peptide sequences. Biosynthesis studies suggest th'at

FGF-1 and FGF-2 are matrix- and cell-associated and are not released Into the

conditioned medium (102,103). The mechanism of secretion of FGF·1 and FGF-2

is not known. Novel secretion pathways activated by heat (104) or secretion by

exocytosis independent of the endopiasmic-Goigi apparatus (105) and c611ular

disruption (106) have been postulated.

The genes for FGF-1 and FGF·2 have been cloned (107,108). The single

copy human FGF-2 gene encodes four coexpressed FGF·2 isoforms (24, 23, 22 and

18-kDa» as a result of cotranslation from a single transcript, from upstream CUG

codons (22, 23 and 24 kDa) and from a classical AUG codon (18 kDa) (109). De

nova transfection studies show that the different FGF·2 isoforms localize to different

subcellular compartments. Ali three higher molecular weight Isoforms locallze

exclusively to the nucleus, while the 18-kDa isoform Is exported both to the cell
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surface and to the nucleus (109). This suggests that the different isoforms might

have different functions dependent upon localization. Interestingly, the gm gene

products also exlst in several different size forms (1,2,3,4,6,8,9 and see Chapter 3)

and It is conceivable that these different forms have overlapping and distinct

functlons ln vivo.

FGF-1 and FGF-2 proteins have been isolated from a variety of tissues,

including braln, pitultary, corpus luteum, prostate, kidney, adrenal gland,

macrophage, retina, liver and testis (95,96). FGF mRNA and protein expression Is

also detected in many normal and transformed cell types ln vitro. For example, FGF

2 mRNA and protein is present in bovine retlnal pigment epithelial cells, bovine

pituitary follicular cells, bovine adrenal cortex cells, and bovine endothelial cells from

the braln, aorta, adrenal cortex and capillary bed, human umbilical veln endothelial

cells, human retinoblastoma cells, human rhabdomyosarcoma cells, cervical

carcinoma cells, embryo lung fibroblasts, melanoma, retlnoblastoma, human

hepatoma, Ewlng's sarcoma, bovine and chicken embryo fibroblasts, and cells

derlved from murine peritoneal exudate or bladder tumors (96 and references

therein). FGF-1 mRNA is detected, ln vitro, in human glioma, medullablastoma,

rhabdomyosarcoma, foreskin fibroblasts and vascular smooth muscle cells (96).

Similarly, the grn gene is also widely expressed. Grn mRNA is detected in a variety

of transformed and nontransformed cells and in tissues derived from the endoderm,

mesoderm and ectoderm (see Chapter 4).

FGF-1 and FGF-2 are multifunctional and can act as mitogens, stimulate

chemotaxis and promote cellular differentiation (95,96). FGF-1 and FGF-2 are
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mitogenic to a variety of normal ceU types from mesoderm and neuroectoderm

IIneages, including endothelial ceUs, smooth muscle ceUs, adrenal cortex ceUs,

prostatic and retinal epithelial ceUs, oligodendrocytes, astrocytes, chondrocytes,

myoblasts, and osteoblasts (95,96). In addition, they are also potent mitogens for

a large number of established ceU Iines of fibroblast, epithelial and mesenchymal

origin. Similarly, the grn gene products are also mitogenic for fibroblasts and

epithelial ceUs (2,7,9). FGF-1 and FGF-2 can act as competence factors for a variety

of growth factors and FGF-2 can induce division of fibroblasts and epithelial ceUs in

soft agar (95,96). Ukewise, grnA also has transforming growth factor activity (2).

FGF·1 is chemotactic for endothelial ceUs, fibroblasts and astroglial ceUs (95,96),

suggesting a role for FGFs in wound repair, angiogenesis, neurite outgrowth and

tumor metastasis. In addition, FGF-1 and FGF-2 can promote ceUular differentiation

ln vitro (95,96). For example, FGF-2 induces adipocyte differentiation ln vitro, and

both FGF·1 and FGF·2 promote the survival and differentiation of a variety of ceUs

that originate from the neural crest, includlng hippocampal and cortex derived ceUs

ln vitro (95,96). FGF-1 and FGF-2 are also thought to play a role in embryogenesis,

possibly during the development of the nervous, skeletal and vascular systems

(95,96).

1.1.5.2 Other Membera of the FGF Famlly.

Unlike FGF-1 and FGF-2, the restrlcted distribution of the other members of

the FGF family suggests that they actin a more specialized than general fashion.

The other FGF family members will not be discussed in detall. Instead the properties
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Table 1.3 Members of the Fibroblast Growth Factor Family

Growth Factor Description Signal Peptide LocalizationlSource Known Target Known Effects Comments Ref.

Int-2
(FGF-3)

27·32 kDa translation
product of int-2
protooncogene,
originally discovered
through transcriptional
activation by MMTV.
Precursor protein of
231 M.

Yes mRNA detected in
developing embryo and
traces in adult brain and
testis. Aiso in mouse
mammary tumor and
teratocarcinoma cells.

Fibroblasts Transforming, but The growlh promoting 110
less effective than activities of Int-2 are not 111
othermembersof k n 0 w n. m RNA 112
FGF family. expression suggests

function in specialized
cell type rather than in a
general capacity.

Hst-l/
ks3

(FGF-4)

N
-...J

18 kDa glycoprotein
product of hst(human)
or ks3(mouse)
protooncogenes.
Precursor protein of
206 M. 40% homology
to FGFl and FGF2

Yes mRNA in germ cell
tumors and mouse
embryos. Present as a
transforming gene in a
variety of cancerous
and non-cancerous
tissue including chronic
myelogenous
leukocytes, gastric and
colon tumors,
hepatoma, melanoma,
osteosarcoma, and
colon mucosa.

Rbroblasts,
Endothelial cells.

Mitogen for
fibroblasts and
vascular
endothelial cells.
Transforming for
fibroblasts.
Potent
angiogenic
activity in vivo

113
114
115
116
117
118
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Growth Factor Description Signal Peptide LocalizationlSource Known Target Known Effects

•
Comments Rel.

FGF-5

FGF-6

Keratinocyte
growth factor
(KGF) or
FGF-7

N
00

Product of a human
oncogene able to
transform 3T3
fibroblasts. Synthesized
as a 268 aa precursor.
40% homologous to
FGF-1.

Isolated by homology
cloning using a FGF-4
specifie probe. Putative
protein product of 198
aa showing 79%
identity to FGF-4.

Single polypeptide
chain of 25-30 kDa
derived from a
precursor protein of
194 aa 37 and 39%
identical to FGF-1 and
FGF-2 respectively.

Yes

Yes

Yes

mRNA expressed
through most phases of
embryogenesis and
weakly bU1 exclusively in
adult central nervous
system. mRNA also
present in certain tumor
cell Iines including
hepatoma, bladder, and
endometrial carcinoma

mRNA: low levels in
mouse embryo during
middle and late
gestation, restricted to
skeletal muscle Iineage.
ln adult, mRNA detected
in testes and cardiac
and skeletal muscle
tissue.
mRNA detected in
stromal fibroblast ceUs
derived from embryonic,
neonatal and adult
sources. In adult
tissues, mRNA detected
in kidney, GI tract.

Fibroblasts,
Endothelial ceUs.

Fibroblasts

Epithelial ceUs

Mitogen

Mitogen

Mitogen

FGF-6 transformed ceUs
are tumorigenic when
injected into nude mice.

Epithelial specifie
mitogenic activity, and
expression by stromal
ceUs suggests KGF may
function as a specifie
paracrine mediator of
normal epithelial ceU
proliferation.

119
120

121
122
123
124

125
126
127
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Androgen
induced growth
factor (AIGF) or
FGF-8

Description

28-32 kDa heparin
binding factor secreted
by an androgen
dependent mouse
mammary carcinoma
cell line following
testosterone
stimulation. Predicted
precursor protein of
215 aa. 30-40%
homology with other
FGFs.

Signal Peptide

Ves

Localization/Source

Androgen stimulated
mouse mammary
carcinoma ceUs

Known Target

Mammary
carcinoma ceUs

Known Effects

Mitogen

•
Comments

Growth stimulating
effects and induction by
androgen suggests
possible role in
mediating hormone
induced growth of
certain cancer ceUs.

Ref.

128

Glia Activating
Factor (GAF) or
FGF-9

N
1.0

Three mature forms of No, but mRNA restricted to
25-30kDa derived from transfection brain and kidney of
differential processing studies show adult rat, and human
of a 208 aa precursor. that FGF·9 is a glioma ceUs .
30% similar to other sec r ete d
FGFs. pro t e in,

suggesting the
presence of a
unique
secretory
pathway.

Glial ceUs Mitogen Unlike other members of 129
the FGF family, FGF-9 is 130
not mitoganic for
endothelial ceUs.
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of these proteins are summarized in Table 1.3.

There are, as discussed, similarities between the grns and EGF, TGF-a, TGF

B, and the FGFs. The similarities with other growth factors are less clear, but to

place the grns in a broader biological context, the other weil known somatic growth

factors will be reviewed briefly.

1.1.6 Hepatocyte Growth Factor 1Scatter Factor.

Hepatocyte growth factor (HGF) was initially identified as a factor present in

sera of partially hepatectomized rats able to stimulate hepatocyte proliferation in vitro

(131) and subsequentiy purified and characterized from rat platelets (132), human

plasma (133) and rabbit serum (134). Scatter factor (SF) is a fibroblast-derived

protein that causes separation of contiguous epithelial cells and increased mobility

of unanchored ceIls (135,136). HGF and SF have recently been found to be

synonymous (137).

HGF contains four kringle domains and a serine-protease-Iike domain in the

mature peptide and is structurally related to plasminogen and other coagulation

related proteases, but lacks proteolytic activity. Purified HGF is a heterodimeric

glycoprotein composed of a large a-subunit of 69 kDa and a small B-subunit of 34

kDa. The HGF cDNA predicts a precursor protein of 728 amine acids containing

both a putative signal peptide, and the a- and B-chains (138,139). The a- and B

chains are Iikely processed from the precursor by a trypsin-Iike protease (138).

HGF mRNA and protein have been detected in a wide variety of cells and
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tissue including stromal fibroblasts from human adult skin, lung, gastrointestinal tract

and prostate and embryonic lung fibroblasts (138), in adult rat Iiver, kidney, brain and

thymus (139). In adult rabbit, HGF immunoreactivity has been detected in acinar

cells of the pancreas, neurons of the brain, C cells of the thyroid, ductal cells of the

salivary glands and Brunners glands of the duodenum (140).

HGF exhibits multiple biological effects, depending on target cell types

(reviewed in 141). In addition to its enhancement of cell motility resulting in

dissociation and scaltering of epithelial cells (135,136), HGF is strongly mitogenic for

mammary, bronchial and renal-tubular epithelial cells, keratinocyles, endothelial cells,

melanocyles and hematopoietic progenitor cells, but not for fibroblasts (141).

Conversely, HGF inhibits the growth of tumor cells, including hepatoma, melanoma,

and squamous cell carcinoma (141). HGF also acts as an epithelial morphogen,

inducing tubule formation of kidney epithelial cells grown in collagen gel matrix (142).

The broad expression of HGF mRNA and protein, and the multiple biological

effects of HGF suggest that HGF is a pleiotropic factor involved in many

physiological and pathophysiological processes (141). The observation that HGF

mRNA and activity markedly increase in the liver and kidney following hepatic insults

and acute renal failure respectively (143), and that HGF is a potent mitogen for

hepatocyles (131), and possesses mitogenic and morphogenic activities for renal

epithelial cells (141) suggest that HGF functions as a hepatotropic and renotropic

factor. HGF can prime the neutrophil oxidative response (144) and may be involved

in combating infection. Other possible funciions of HGF include a role in early

hematopoiesis and hematopoietic disorders (145).
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1.1.7 Insulin-like Growth Factors.

The insulin-like growth factors (IGFs) belong to a farnily that currently

comprises two proteins, IGF-I and IGF-II, which are similar to proinsulin (reviewed in

146,147,148) and other insulin-Iike proteins (149). IGF-I and Il are single chain

polypeptides consisting of an A, B, C, and D domain. The sequence homology

between IGF-I and IGF-II is 62%. The IGFs circulate bound to carrier proteins

(binding proteins). It is hypothesized that the binding proteins stabilize the IGFs in

the circulation, regulate the distribution of the IGFs to their target cells and modulate

the actions of the IGFs through receptor presentation (reviewed in 150). As

previously mentioned, Culouscou et al. have postulated the existence of a grn

binding protein (82), but at present there is Iittle direct evidence to suggest that the

grns are associated with binding proteins.

1.1.7.1 Insulin-like Growth Factor-I.

Human IGF-I was first isolated from human serum as a single chain basic

polypeptide of 70 amino-acids with three internai disulfide bonds (151).

Somatomedin-C, a growth hormone-dependent serum mitogen, has been shown to

be identical to IGF-I (152).

Multiple IGF-I mRNA transcripts are detected in a wide variety of adult and

fetal tissue (148,153), localised mainly to connective tissue or cells of mesenchymal

origin (154). IGF-I is detected in body fluids with highest levels in the serum (148).

ln addition, IGF-I is also present in various tissue with the highest concentrations of

IGF-I detected in kidney, Iiver. lung, and testis. The Iiver is the principal source of
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circulating endocrine IGF-1. IGF-I in other tissues is believed to support autocrine

and paracrine functions (148).

IGF-I exerts a wide range of biological effects in vivo and in vitro

(146,147,148). IGF-I plays an important role in postnatal development, appearing to

be the most important mediator of growth in the human. In vitro, IGF-I (i) exerts

insulin-Iike effects in insulin target tissues (e.g. adipose tissue, striated and heart

muscle) such as stimulation of glucose metabolism to CO.' lipids, and glycogen, and

inhibition of epinephrine-stimulated Iipolysis and of glycogen breakdown. (H)

promotes sulfate incorporation into cartilage tissue, which reflects growth in vivo,

and (iii) promotes cell differentiation and cell proliferation. IGF-I is mitogenic for a

wide variety of ceIls in culture, including fibroblasts, Sertoli cells, fetal brain cells,

myoblasts, lens epithelium, pancreatic-B cells, and lectin-activated lymphocytes.

Additionally IGF-I stimulates the differentiation of muscle cells (myoblasts to

myotubules) and osteoblasts, and stimulates the late stages of erythroid

differentiation independently of erythropoietin (146,147,148).

1.1.7.2 Insulin-Iike Growth factor-II.

Human IGF-II was first isolated from serum as a single-chain slightly acidic

polypeptide with 67 amino-acid residues cross-linked by three disulfide bridges

(155). The IGF-II gene is expressed in multiple tissues with IGF-II mRNA levels

highest during fetal development and declining in the postnatal period (153). In

human fetal tissue, multiple IGF-II mRNA transcripts are detected in a wide variety

of tissue with the Iiver, adrenal and skeletal muscle showing the highest levels of

33



•

•

expression. Expression is also detected in the kidney, skin, pancreas, placenta,

intestine, heart, stomach, lung, spleen, thymus and brain stem. The IGF-II mRNA in

human fetal tissue is localized to regions that are predominantly populated by

fibroblasts and mesenchymal ceUs (154). In addition, a number of tumors appear

to synthesize IGF-U mRNA constitutively (147). The IGF-II protein is detected in a

wide variety of fetal and adult tissue and in body fluids (148).

IGF-U is believed to play a role in fetal growth or development (146,147,148).

ln vitro, IGF-U stimulates sulfate incorporation into cartilage, displays insulin-Iike

effects on fat ceUs and is mitogenic to a variety of ceUs, including fibroblasts, smooth

muscle cells, chondrocytes and bone ceUs. IGF-U effects the differentiation of some

mesodermal ceUs and stimulates myoblast differentiation and myotubule formation

in primary cultures of chick embryonic ceUs (146,147,148).

1.1.8 The Platelet Derived Growth Factor.

The platelet-derived growth factor (POGF) family comprises of two related

polypeptides, the POGF A- and B- chains, which form homo (AA, BB)- and hetero

(AB)-dimers of equal activity. The v-sis viral oncoprotein makes up the third member

of this family (reviewed in 156,157,158).

POGF was first observed as a factor in platelets that supported the growth of

chick embryo fibroblasts in culture (159,160) and subsequently identified as the

principal mitogenic protein in serum for ceUs of mesenchymal origin (158). POGF

from human platelets is a heterodimer of two chains, termed A and B. In contrast,

porcine POGF appears to consist of B-B homodimers, while POGF produced by
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several human tumor cell Iines, such as osteosarcomas, gliomas and melanomas

consist of A-A homodimers (156,157,158).

The cDNA of the PDGF A-chain predicts a 23 kDa precursor comprising a 18

residue signal sequence, a propeptide of 66 amino-acids and a 125 amino acid

mature A-chain protein (161). The PDGF B-chain precursor is encoded by the c-sis

gene, the cellular counterpart to the transforming gene v-sis of the simian sarcoma

virus (SSV) (162). The human c-sis gene produces a 4.2 kb transcript that encodes

a 27 kDa polypeptide (162). PDGF-A and B chains show 60% identity.

Normal human plasma contains undetectable levels of PDGF (156),

suggesting that the ability of connective tissue cells throughout the body to respond

to PDGF probably depends not on circulating levels of PDGF but on local synthesis

and secretion or on infiltrates of blood cells. A wide variety of cells are known to

secrete PDGF, including circulating cells such as platelets and mononuclear

phagocytes; resident cells such as endothelial cells, vascular smooth muscle cells,

embryonic cells, and megakaryocytes; and transformed cells such as SSV- and

SV40-transformed cells, and osteosarcomal cell Iines (158). These cells also

produce other mitogens that may complement or modulate the effects of PDGF.

PDGF has a number of biological effects (157,158,163). It acts as a potent

vasoconstrictor, induces phospholipase activation and prostaglandin metabolism,

modifies the connective tissue matrix, acts as a chemoattractant and stimulates

mitogenesis. PDGF is chemotactic for fibroblasts, smooth muscle cells, monocytes,

anrJ neutrophils. It also stimulates the release of granular contents by monocytes and

neutrophils. In addition, PDGF MRNA and protein have been detected in neurons
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of embryonic and adult mice (164,165) and, together with the known mitogenic

effects of PDGF on glial cells in vitro, suggests that PDGF may also act as a neuronal

regulatory agent.

The pleiotropic biological effects have implicated PDGF in a number of

physiological and/or pathological processes, including wound repair, embryogenesis.

atherosclerosis, neoplasia, desmoplasia, bone marrowfibrosis and myeloproliferative

disease (158).

1.2 Other Growth Factors.

There are many other growth factors that do not belong to any of the growth

factor families discussed above. Some of these growth factors, like the grns, may

serve as the prototype for a larger family of yet undiscovered growth factors. Several

examples can be presented.

Two closely related developmentally regulated cytokines, pleiotrophin (PTN)

and mldklne (MK), which display both neurotrophic and mitogenic properties. PTN

was originally identified as a heparin-binding mitogen for murine fibroblasts and as

a neurite growth promoting activity in neonatal brain cultures (166), and

subsequenliy shown to be mitogenic for endothelial cells and normal rat kidney

(NRK) cells, and to induce tumor formation in nude mice (167). MK is the product

of a retinoic acid responsive gene, and is mitogenic for fibroblasts and PC12 cells,

and can promote neurite extension from PC12 cells (168,169).

Platelet-derived endothelial cell growth factor (PD-ECGF) is an endothelial

cell mitogen purified from human platelets that has chemotactic activity for
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endothelial cells in vitro and angiogenic activity in vivo (170). Unlike other endothelial

cell mitogens (e.g. FGFs) PD-ECGF does not bind heparin, and is not mitogenic for

fibroblasts.

Vascular permeability factor 1vascular endothelial growth factor (VEGF)

is a recentiy discovered heparin binding mitogen related to PDGF that can induce

endothelial proliferation in vitro and angiogenesis in vivo (171, 172). In addition,

VEGF induces vascular permeability, promotes monocyte migration in vitro, induces

intracellular Ca+ shifts and plasminogen activator and plasminogen activator inhibitor

1 synthesis in endothelial cells, and stimulates glucose transport into endothelial cells

(173,174).

Autocrine motility factor (AMF) is a tumor cell-derived factor that was initially

characterized by its ability to stimulate the random and directed migration of the

producer cells (175), and recently shown to function as a paracrine mitogen for 3T3

fibroblasts (176).

1.3 Uncharacterised Growth Modulators.

The increased sophistication of protein purification methods coupied with

improved tissue culture techniques has led to the identification of numerous growth

factor activities in tissue extracts and in conditioned media of cell Iines. The

purification, sequencing, and cloning of the factors responsible for the growth

modulating activities may weil reveal that many of these biological activities are

mediated by known growth factors. However, there are many reported factors whose

physio-chemical properties (e.g. size, pl, acid/base/heat stability, Ab recognition) are
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different from other weil studied mitogens, suggesting that they represent novel

growth factors. Because the grn gene products exists in several forms ranging in

size from 6-90 kDa, have known growth modulating activity for epithelial cells and

fibroblasts, has TGF-Iike activity, and is widely expressed, and has only recently been

described, it is conceivable that some of these yet to be characterized activities may

be products of the grn gene. Several examples of such factors can be cited:

nephroblast growth factor (NB-GF), a growth factor activity secreted by a Wilms'

tumor (a neoplasm arising in nephroblasts) cell line that is mitogenic for, and

maintains the undifferentiated state of renal mesenchymal progenitor cells

(nephroblasts) (177); A human myelomonocytic ceilline THP-1 secretes a 50-70 kDa

factor that is mitogenic for a wide spectrum of target cells in culture, including

myeloid, T-, B-, mastocytoma, melanoma, and fibroblast ceIls (178); A 67-69 kDa

factor secreted by a preadipocyte cell line derived from the 3T3 fibroblast cell line

that stimulates the growth of normal breast epithelial cells, and inhibits the growth

of breast and colon cancer cell Iines (179); A human mesothelioma (tumors of the

mesodermally derived serosal surfaces) ceilline produces an autocrine growth factor

that is also mitogenic for several lung-derived tumor cell Iines (180); a 12 kDa

muscle derived mitogen from rat muscle that is stimulatory for fibroblasts, and

induces soft agar colony formation of 3T3 cells (181); human prostatic cancer cells,

PC13, secrete a 26-30 kDa basic mitogen that selectively stimulates human bone

ceIls (182); human malignant gliomas secrete growth factors with TGF-Iike activity

(183);

It would clearly be naive to suggest that ail these activities are due to the grns,
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but by analogy with the FGFs for which several different activities were identified, it

is possible that the same may be true for the grns.

1.4 Granulins and Wound Healing.

It is weil established that somatic growth factors are frequently associated with

ceIls of the immune response, and it is generally assumed that this implies important

functions for these peptides in tissue repair processes. Many of the growth factors

discussed in the preceding pages are implicated in this process. Examples include

platelet-derived growth factor, transforming growth factor-B, fibroblast growth factor,

epidermal growth factor, and heparin-binding EGF. Some of these peptides may be

involved in initiating or sustaining an inflammatory response (87,184), in tissue

remodelling at the site of a wound by regulating matrix formation (85,185), and in the

recruitment of neighbouring fibroblasts by chemotaxis (186). The simîlarity between

the molecular biology of wound repair and tumor development has been discussed

(187), and it is Iikely that many of the same regulatory polypeptides are involved in

both processes.

The isolation of grns from inflammatory leukocytes (1), and the widespread

distribution of grn mRNA in hematopoietic cells (see Chapter 4) implicate the grns

in the immuno-inflammatory response. Although it has not been possible to

determine their role in these processes directly, one working hypothesis by

researchers in our laboratory is the possible involvement of the grn gene products

in tissue repair. The role of growth factors in wound healing will be discussed briefly.
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1.4.1 Growth Factors and Wound Heallng.

Wound healing is a complex biologicaJ process that involves the Integration

of inflammation, mitosis, angiogenesis, and synthesis and remodelling of the

extracellular matrix. Peptide growth factors have been shown to regulate many of

these processes ln vitro, strongly suggesting that peptide growth factors are also

important regulators of the key processes of wound healing ln vivo. The association

of human and rat grns with inflammatory leukocytes, and the mitogenic properties

of the grn gene products suggests roles for the grn gene products in wound healing.

Wound healing is initiated by the process of blood clotting and platelet

degranulation, which results in the release of several growth factors which are potent

chemotactic factors for inflammatory cells. The inflammatory cells (neutrophils and

macrophages) are rapidly drawn into the wound and begin to synthesize and secrete

additional growlh factors. The secreted growth factors stimulate the migration of

fibroblasts and epithelial ceIls that proliferate and repopulate the wound area, and

vasclJlar endothelial calls that extend new capillaries into the wound site, establishing

a new blood supply. As the number of inflammatory cells in the wound begins to

decrease, other cells in the wound, such as fibroblasts, endothelial cells, and

keratinocytes, continue to synthesize and secrete growth factors that continue to

stimulate cell proliferation, synthesis of extracellular matrix proteins to form scar

tissue, and new capillary formation. As proliferation and neovascularization ceases,

and the extracellular matrix is remodelled through a balance of synthesis of new

components of the scar matrix and their degradation by proteases.
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Peptide growth factors regulate many of these processes in vitro. These

include the chemotactic migration of cells. For example, TGF-B is a potent

chemotactic factor for monocytes (87) and PDGF is chemotactic for fibroblasts and

smooth muscle cells (188,189). bFGF and IGF-I are chemotactic for vascular

endothelial cells (190), and EGFfor epithelial cells (191). Additionally, growth factors

are mitogenic to the cells involved in wound healing Le. fibroblasts, keratinocytes,

and vascular endothelial cells, with some degree of selectivity observed. For

example EGFrrGF-a and KGF are effective mitogens for epithelial cells (50,126),

bFGF for fibroblasts and vascular endothelial cells (95), IGF-I and PDGF for

mesodermal cells such as fibroblasts and smooth muscle cells (146,156). Several

growth factors can induce neovascularization, including bFGF, EGF, TGF-a and TGF

B (192). The synthesis and degradation of extracellular matrix components is also

important in wound healing. For example, EGF stimulates the synthesis of

fibronectin (193) and TGF-B stimulates the synthesis of collagen, elastin, and tissue

inhibitors of metalloproteinases, while decreasing the production of collagenase (85).

The direct involvement of peptide growth factors in wound healing is further

supported by experiments using animal models of wound healing. Several examples

can be cited. Topical treatment with EGF, TGF-a, FGF, or the combination of PDGF

plus IGF-I accelerates the rate of epidermal regeneration in skin wounds

(194,195,196,197). PDGF increases the formation of granulation tissue in diabetic

rats (198), and enhances healing of chronic pressure ulcers (199).
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1.5. Granulin Receptors•

ln 1993, the preliminary biochemical analysis of a grn{epi receptor (In a

human breast carcinoma cell line was reported (82). This high affinity 140 kDa

receptor (f<" 2X10·,OM) binds both grnNepi1 and grnB{epi2 with the same affinity.

However, a discrepancy exists between the relatively high affinity (0.2 nM) of the

receptor for its Iig:ands, and the high levels of ligand required to elicit a growth

response (half maximal biological activity at approximate 60 and 300 nM for

grnNepi1 and grnB{epi2 respectively). This can be compared with the f<" of other

growth factor receptors such as the EGF receptor (f<" = 0.1-1 nM) (48), TGF-B

receptor-I and Il (f<" = 5-50 pM) (200), FGF receptors (f<" = 20-600 pM) (101), IGF-I

receptor (f<" = 1.5 nM) (201), IGF-II receptor (f<" = 2 nM) (201), and PDGF receptors

(f<" = 0.1-10 nM) (156). However, unlike the grns, the half-maximal concentrations

of ligand required to elicit a growth response correlates closely with the f<" of the

above mentioned receptors respectively.

It is not known if the recently characterized grn receptor possesses an intrinsic

protein kinase activity. Additionally the presence of other receptors for the grn family

of peptides cannot be excluded. In view of the recent identification of a grn{epi

receptor on an epithelial cell line, our current understanding of growth factor

receptors will be discussed briefly.

1.5.1 Growth Factor Receptol.3.

Growth factors are believed to exert effects on target cells through integral

membrane proteins that are coupled to cytoplasmic signal transducers (Le. growth
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factor receptors). Binding of growth factors to their cognate receptors evokes

pleiotropic cellular responses, including the stimulation of Na+/H+ exchange and

glucose and amino acid transport, Ca2+ influx, activation of membrane kinases and

a number of cytoplasmic pathways, pinocytosis, membrane ruffling, and other

cytoskeletal and morphological changes; events which in many cell types culminate

in cell cycle progression, DNA synthesis, and cellular replication.

As with the growth factors, it has become clear th::; growth factor receptors

can also be divided into several types based on commor! structural features.

Members of the EGF, IGF, PDGF, FGF, NGF, and HGF receptor families ail share in

common an intrinsic, ligand-sensitive, protein-tyrosine-kinase activity. This class of

receptor tyrosine kinases (RTK) comprise an extracellular ligand binding domain

connected by a hydrophobic membrane spanning segment to a cytoplasmic catalytic

domain involved in signal transduction. They can be classified into 6 subclasses

based on primary sequence similarity and distinct structural characteristics (202,203).

Subc/assl

Representatives of subclass 1 receptors are the EGF receptor, and the

HER2/neu (c-erb2) and HER3 (c-erb3) receptor-Iike gene products (204).

Characteristic structural features of this subclass are two cysteine rich repeat regions

in the extracellular ligand binding domain. Following the intrace!lular catalytic

domain is a C-terminal extension that contains the major sites for

autophosphorylation, and is proposed to modulate the activity of the tyrosine kinase

domain.
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Subclassfl

Glass Il RTKs include the receptors for insulin and IGF-I (201). These

receptors comprise two a and Bsubunits disulfide -Iinked to form a a2B2 tetrameric

structure. Each a subunit possesses a cysteine-rich repeat and together contribute

to form the ligand binding domain; the transmembrane B subunits contain the

catalytic kinase domains. The a and Bsubunits are cleavage products of a receptor

precursor that is the product of a single gene.

Subclass 1/1

This receptor subclass is defined by the presence of five immunoglobulin-like

repeats in the extracellular domain, and, unlike the class 1 and Il RTKs, the

intracellular catalytic domain is interrupted by a long, structurally unique, hydrophilic

insertion sequence. This kinase domain insertion sequence may be involved in

defining substrate specilicity and other receptor-specilic functions. Members 01 the

subclass III RTK include the a and B PDGF receptors (163).

Subc/ass IV

The receptors for the FGFs (e.g. fig, bek, cek) constitute the class IV RTKs

(101). Glass IV RTKs have similar structural characteristics found in subclass III

RTKs, with the difference 01 one to three instead 01 live immunoglobin-Iike repeats

in the extracellular domain. The second and third immunoglobulin-Iike loops which

are implicated in ligand binding, and the tyrosine kinase domains are highly

conserved between members 01 this family. Several forms 01 these receptors,

44



•

•

generated by differential splicing, with different ligand-binding specificities and

affinities have been identified.

Subc/ass V

The product of the cornet protooncogene (the HGF receptor) serves as the

prototype of this subclass of RTKs (205). The c-sea protooncogene product was

recently identified as the second member of this family (206). This subclass of

receptors is characterized by a heterodimeric (aB) subunit structure, in contrast to

the monomeric structure of class l, III, and IV RTKs, and tetrameric subunit structure

of class Il RTKs respectively. The a and B- subunits are cleavage products of a

single precursor protein. Both the a and B-chains are glycosylated and exposed at

the cell surface; the B-chain spans the membrane and contains the cytoplasmic

tyrosine kinase domain.

Subc/ass VI

The neurotrophin receptors constitute the class VI RTK family, which currently

numbers three members, trkA, trkB, and trkC (207,208,209). The trk proteins have

a tripartite structure consisting of two immunoglobulin-like modules in the

extracellular domain involved in ligand binding, a single transmembrane domain, and

a cytoplasmic catalytic domain containing the tyrosine kinase. These receptors are

responsible for mediating the trophic properties of the neurotrophins. The

neurotrophins also interact with a second type of cell surface receptor. This low

affinity receptor, known as the low-affinity neurotrophin receptor (LANR), contains a
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highly glyco!'ylated cysteine-rich extracellular region and a short cytoplasmic domain,

and binds the neurotrophins with equal affinity but is not able to mediate signal

transduction piocesses. The physiological role of the LANR, and its relationship with

the trks is unclear.

Although most peptide growth factors act via tyrosine kinases, it should not

be assumed thatthe gms will as weil. Additionally, not ail growth factor receptors

have intrinsic tyrosine kinases activity, some, Iike the TGF-B type Il receptor (210) is

a serine/threonine kinase, while others, Iike the TGF-B type III receptor (betaglycan)

(200) and the IGF type Il receptor (211) are not coupled to any cytoplasmic

structures involved in signal transduction.

TGF-B binds to various membrane proteins, two of which, the TGF-B type 1

and Il receptors, form a signalling receptor complex (210). Type 1receptor is a

monomeric transmembrane protein, while the type Il receptor consists of a cysteine

rich extracellular domain and a cytoplasmic serine/threonine kinase domain. Both

type 1and Il receptors are required for cell signalling (210). The TGF-B type III

receptor (betaglycan), a non-signalling receptor, serves as a direct regulator of TGF-B

access to the type 1and Il signalling receptors (212).

The IGF type Il receptor is a single transmembrane protein with a large

extracellular domain consisting of fifteen cysteine-rich repeats, and a small region

homologous to the collagen-binding domain of fibronectin (211). The type Il receptoi'

lacks intrinsic kinase activity (211). The IGF type Il receptor is identical to the cation

independent mannose 6-phosphate receptor, a protein implicated in the targeting of
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Iysosomal enzymes to the lysosomes (213). Both IGF-II, and with a reduced affinity,

IGF-I, bind to the IGF type Il receptor. The significance of the IGFs binding to this

nonsignalling receptor is not completely understood. It is proposed that the IGF type

Il receptor serves as a scavenger receptor (211).

At present there is no published data on the mechanism of action of the grn

receptors. The availability of recombinant grns (see Chapter 3) will make it possible

to undertake a thorough study of grn receptors and their mode of action.
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CHAPTER 2

MATERIALS AND METHODS

2.1 Restriction Enzyme Digests and Modifying Enzyme Reactions.

Ali restriction and modifying enzymes were purchased from Pharmacia

(Piscatoway, NJ), Gibco-BRL (Gaithersburg, MD), Stratagene (La Jolla, CA), New

England Biolabs (Beverly, MA), Bio-Can (Mississauga, Ont.), and Boehringer

Mannheim (Indianapolis, IN). Restriction enzyme digestions were performed at 37"C

for 1 to 16 hrs in the buffers supplied by the manufacturer. DNA modifying reactions

(e.g. blunt-ending, end-Iabeling, Iigations, etc.) were carried out according to

conditions suggested by the manufacturer or as outlined in Molecular Cloning, a

Laboratory ManuaJ (214). Enzyme reaction buffers were either supplied by the

manufacturer or made according to protocols provided in Molecular Cloning, a

Laboratory Manual (214) or Current Protocols in Molecular Biology (215). DNA nick

translation reactions were performed with enzyme and reagents supplied in kit form

(Boehringer Mannheim) according to conditions outlined by the manufacturer.

2.2 Isolation of DNA and RNA.

2.2.1 Extraction of DNA from Tissue.

Freshly obtained or frozen tissue (approximately 2g) was finely chopped,

washed in Phosphate Buffered Saline, PBS (137 mM NaCI, 2.7 mM KCI, 10 mM

NaH2PO., 1.8 mM KH2PO., pH 7.4) and resuspended in 2 ml of a 10 mM Tris-HCI pH

7.6,50 mM NaCI solution. 12 ml of 10 mM Tris-HCI pH 7.6, 50 mM NaCI, 0.2% SDS
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containing freshly added Proteinase K (200 I1g!ml) was added and the reaction

mixed gently. Following incubation at 42°C for 16 hrs with gentle agitation to digest

the proteins, the DNA was extracted with water-saturated phenol-chlorolorm-isoamyl

a1cohol (24:24:1). Extractions were performed by gently rocking the DNA sample in

the aqueous phase with an equal volume 01 the organic solvent for 10 min to obtain

a complete emulsion, centriluging at 600xg (using a Beckman J8-4.2 rotor in a

Beckman J6-B centriluge; Beckman Instruments Inc. Fullerton, CA) lor 3 min, and

recovering the aqueous phase. The extraction was repeated once with phenol

chlorolorm-isoamyl a1cohol (24:24:1) and twice with chlorolorm-isoamyl alcohol

(24:1). The DNA was precipitated Irom the aqueous phase by adding 0.02V 01 3M

NaCI and 1V 01 isopropanol. The DNA was then removed with a glass rad, washed

3X with 70% ethanol and resuspended in 1mM Tris-HCI pH 7.6, 0.1mM EDTA. The

resuspended DNA was then dialysed extensively in 1mM Tris-HCI pH 7.6, 0.1mM

EDTA, at 4°C until the DNA was lully dissolved. The concentration 01 the DNA was

determined by measuring the absorbance at 260 nm (Hitachi U-2000

Spectrophotometer, Hitachi Instuments, Danbury, CT).

2.2.2 Plasmid DNA Isolation.

Plasmid DNA was extracted according to a modified procedure 01 Birnboim

and Doly (216). Cells containing the plasmids were grown in Luria Bertani (LB)

medium (1 % bacto-tryptone, 0.5% bacto-yeast extract, 1% NaCI, pH 7.5) containing

either 100l1g!ml ampicillin or 50 I1g!ml kanamycin. 5 ml 01 LB medium was used for

a small scale preparation to obtain 1-20 I1g 01 plasmid DNA. 50 ml of LB medium
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was used for a large scale preparation to obtain 0.5-2 mg of plasmid DNA. Following

16-24 hrs incubation in a 3re shaker-incubator, the culture was centrifuged either

for 30 sec. at maximum speed in a microcentrifuge for the small scale preparation

or at 600Xg (JS-4.2 rotor; Beckman J6-B centrifuge) for 15 min. for the large scale

preparation to collect the ceIls. The cells were resuspended in an ice cold solution

of 25 mM Tris-Hel pH 8, 10 mM EDTA, 50 mM glucose using 100 III for the small

scale preparation or 3 ml for the large scale preparation, and incubated at room

temperature for 5 min. Then 200 III for the small scale preparation, or 6 ml for the

large scale preparation of a freshly prepared solution containing 1% SDS and 0.2N

NaOH was added, the sample gently mixed and incubated on ice for 5 min following

which an ice cold KOAc solution pH 4.8 (60% 5M KOAc, 11.5% glacial acetic acid)

was added, either 150 III for the small scale preparation or 4.5 ml for the large scale

preparation, and the sample mixed briefly by vortexing. Following centrifugation in

a microcentrifuge for 5 min at maximum speed for the small scale preparation or at

1750xg (JS-4.2 rotor;Beckman J6-B centrifuge) for 10 min for the large scale

preparation, the supernatant was transferred to a fresh tube and RNase A added to

a final concentration of 50 J.Ig/ml and incubated at 3re for 30 min. An equal volume

of phenol-chloroform-isoamyl alcohol (24:24:1) was added and the sample vortexed.

Following centrifugation in a microcentrifuge at maximum speed for 1 min for the

small scale preparation or at 1750xg (JS-4.2 rotor;Beckman J6-B centrifuge) for 3

min for the large scale preparation the aqueous phase was transferred to a fresh

tube and the DNA precipitated with 2.5V of 100% ethanol at -70oe. The DNA was

collected by centrifugation in a microcentrifuge at maximum speed for the small
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scale preparation or at 1750xg (JS-4.2 rotor;Beckman J6-B centrifuge) for the large

scale preparation for 20 min. The pellet was rinsed with 70% ethanol, air-dried, and

resuspended in Hp. NaCI was added to a final concentration of O.SM followed by

the addition of 1V 13% polyethylene glycol and the sampie incubated on ice for a

minimum of 2 hrs. The DNA was recovered by centrifugation in a microcentrifuge at

maximum speed for 20 min., the pellet rinsed with 70% ethanol, air-dried and

resuspended in H20.

2.2.3 Bacteriophage Lambda DNA Isolation.

DNA was isolated from bacteriophage lambda either by using a commercially

available bacteriophage lambda DNA isolation kit (Qiagen Inc., Chatsworth, CA) as

described by the manufacturer, or according to a modified procedure of Sambrook

et.al. (214) as described below. Plate Iysates of the bacteriophage lambda clones

were prepared essentially as described in Sambrook et.al. (214, Preparation of Plate

Lysates Stocks: Protocoll, pp 2.65), except that agarose was used in place of agar.

Chloroform was added to the plate Iysates to a final concentration of 5%, vortexed

and the debris removed by centrifugation at 5000Xg (JA-20 rotor;Beckman J2-21

centrifuge) for 10 min. at 4°C. RNaseA (200l1g/ml) and DNAse1 (10 I1g/ml) were then

added and the reaction incubated at 3rC for 2 hrs. Polyethelene glycol (PEG) SOOO

and NaCI were then added, in solid form, to a final concentration of 10% and 1.25M

respectively, and the sample incubated on ice for 12-20 hrs. The bacteriophage

lambda particles were recovered from the solution by centrifugation at 12000xg (JA

20 rotor;Beckman J2-21 centrifuge) for 15 min., and resuspended in lambda diluent
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(100mM NaCI, 8mM MgCI2 , 50mM Tris-GI pH 7.5, 0.01 % gelatin). EDTA, SDS and

proteinase K were then added to give final concentrations 12.5mM, 0.5% and

200l!g/ml respectively. Following incubation at 65°C for 30 min. the sample was

extracled three times with phenol, then twice with chloroform and the DNA

precipitated with 2.5V 100% ethanol. The DNA was removed with a glass rod,

washed with 70% ethanol, resuspended in H20 and the concentration determined by

measuring the absorbance at 260 nm (Hitachi U-2000 Spectrophotometer).

2.2.4 Total RNA Extraction.

Total cellular RNA was isolated from celllines and tissues by a modification of the

acid guanidinium thiocyanate-phenol-chloroform extraction method as initially

described by Chomczynski and Sacchi (217). Briefly, fresh or frozen cells or tissue

was homogenized in a solution of 4M guanidinium thiocyanate, 25 mM sodium

citrate pH 7, 0.5% sarkosyl, 0.1 M mercaptoethanol. Sodium acetate, pH 4, was then

added to a final concentration of 0.2M followed by the addition of 1V of water

saturated phenol and 0.2V of chloroform. The homogenate was mixed after each

solution was added. The mixture was shaken vigorously for 1 min, placed on ice for

15 min, and then centrifuged at 18,00OXg (JA-20 rotor, Beckman J2-21 centrifuge)

for 20 min. The upper aqueous phase was then transferred to a fresh tube and the

RNA precipitated by the addition of 1V of isopropanol for a minimum of 1 hr at -20°C.

The RNA was recovered by centrifugation at 18,00OXg (JA-20 rotor, Beckman J2·21

centrifuge) for 30 min. The resulting pellet was then resuspended in 1 ml of 4M UCI

to solubilize the polysaccharides, and transferred to a microcentrifuge tube.
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Following centrifugation in a microcentrifuge at maximum speed for 20 min., the

resulting pellet was resuspended in 10 mM Tris-HCI pH 7.5, 1mM EDTA, 0.5% SDS.

An equal volume of chloroform was added and the mixture vortexed. The aqueous

phase was recovered by centrifugation in a microcentrifuge at maximum speed for

15 min and the RNA precipitated at -20"C for a minimum of 1 hr by the addition of

0.1V of 2M NaAcetate and 1V of isopropanol. The RNA was recovered by

centrifugation in a microcentrifuge at maximum speed for 30 min, rinsed in 70%

ethanol and resuspended in DEPC-treated H.O. The concentration of the RNA was

determined by measuring the absorbance at 260 nm (Hitachi U-2000

Spectrophotometer).

2.3 Polymerase Chain Reactions.

2.3.1 Polymerase Chain Reaction to Generate a Granulin Specifie Probe.

Degenerate oligonucleotide primers (GrnAfp, 5'

CGATGTGAAGTG(T/C)GA(T/C)AT GGA-3'; GrnArp, 5'

CTGCATGTGGTT(T/C)TC(NG)CA(G/A)CA-3') were designed based on the amino

acid sequence of grnA. Genomic DNA (2~g) from human placenta was amplified

with 1~M primers in a 100 ~I reaction containing 50mM KCI, 10mM Tris.CI pH 8.4,

1.5mM Mgq, 0.01% gelatin with 200 ~M each of dATP, dCTP, dGTP, TTP and 2.5

units of Thermus aquaticus (Taq) DNA polymerase (218). The reaction was

subjected to 30 cycles of amplification in a thermal cycler (Perkin Elmer-Cetus

Instruments, Norwalk, Cl). Each cycle consisted of denaturation at 94°C for 1 min,

annealing at 58°C for 1 min, and elongation at 72°C for 1 min. Amplified DNA
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fragments were purified from an agarose gel with reagents supplied in kit form

(Mermaid, BIO 101 Inc., La Jolla, CA), blunt ended with T4 DNA polymerase and

subcioned into the plasmid vector Bluescript KSII+ (Stratagene, La Jolla, CA) by

blunt-end Iigation. Nucleotide sequence was obtained by double stranded

dideoxynucleotide sequencing (section 2.7).

2.3.2 Asymmetrlc Polymerase Chain Reaction to Generate Single-Strand

Templates for Dideoxy Nucleotide Sequencing.

DNA from HBM3 and HBM4 was amplified with 50 pmoles each of a lambda

gt11 specifie forward primer, Igt111 (5' GACTCCTGGAGCCCG 3') and a grn specifie

reverse primer, C12S31PR (5' GGGCACCGCGTICCAGC 3') corresponding to

nucleotides 46 to 62 of the human grn precursor cDNA, in a 100 111 reaction mixture

with 0.5U Taq DNA polymerase (section 2.3.1). 25 amplification cycles were

performed, consisting of denaturation at 94°C for 30 sec., annealing at 55°C for 30

sec., and elongation at 72°C for 1 min. Following the PCR, the reactions were

concentrated and excess primers removed using Centricon-30™ microconcentrator

filters (Amicon Divison, Beverly, MA) as described by the manufacturer. 6 111 of the

concentrated reaction was then used as the template for a second PCR with 50

pmoles of either Igt111 or C12S31PR as the primer in a 100 111 reaction mixture

(section 2.3.1). The PCR consisted of 20 cycles of denaturation at 94°C for 30 sec.,

annealing at 58°C for 30 sec., and elongation at 72°C for 1 min. The completed

reactions were then passed through Centricon-30™ microconcentrator filters to

remove the excess primers. 7 1-11 of the concentrated reaetion product (approximately
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25 \.lI) was then used as template for dideoxy sequencing (section 2.7) with Igt11f or

C12S31PR as the sequencing primers.

2.3.3 Polymerase Chain Reaction to Obtain 5'-Untranslated Region of the

Human Granulin Precursor cDNA.

An aliquot (1 \.lI) of a human bone marrow cDNA library in lambda gt11

(Clontech, Palo Alto, CA) was diluted to 10 \.lI with Hp, freeze/thawed 4X using dry

ice and a 37"C water bath, and subjected to a PCR with 0.5 \.lM of a lambda gt11

specific primer, Igt11r (5'GGTAGCGACCGGCGC 3') in combination with 0.5 \.lM of

a grn specifie reverse primer, C9S31PR (5'GTGATGGCCATCCCCGC 3')

corresponding to nuc:sotides 275 to 291 of the human grn cDNA. 30 cycles of

amplification were peliormed consisting of 1 min at 94°C, 1 min at 55°C, 1 min 30

sec at 72°C. 1\.lI of this reaction was reamplified using 0.5 \.lM of primer Igt11 rand

0.5 \.lM of a second grn specifie reverse primer, C12S31PR

(5'GGGCACCGCGTICCAGC 3') corresponding to nucleotides 46 to 62 of the human

grn cDNA. 30 cycles of amplification were performed (section 2.3.1). Each cycle

consisted of 1 min at 94°C, 1 min at 5aoC, and 1 min at 72°C. Reaction products

were Iigated to the pCR-1000 vector (TA cloning kit, Invitrogen, San Diego, CA)

according to conditions suggested by the manufacturer. 8acterial colonies

containing recombinant plasmids were then identified by colony lifts (section 2.6.4),

with a 32p end-Iabeled 35-mer oligonucleotide probe,

5'CCCTGCTGTIAAGGCCACCCAGCTCACCAGGGTCC 3' corresponding to

nucleotides 5 to 39 of the human grn precursor cDNA. Plasmid DNA was obtained
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from positively hybridizing colonies (section 2.2.2) and the insert sequenced by

double stranded dideoxy sequencing (section 2.7).

2.4 Ubrary Screening by Hybridlzation.

2.4.1 Human Bane Marrow cDNA Ubrary.

A human bone marrcw Iibrary in lambda gt11 (Clontech, Palo Alto, CA)

consisting of 1.51)(10· independent clones was screened with a 200 base-pair (bp)

PCR product (see section 2.3.1), corresponding to part of the grnA gene, labeled

with ""p by nick-translation. Duplicate nitrocellulose filters (Schleicher & Schuell,

Keene, NH) were prehybridized in 5X SSC (1X SSC is 0.15M sodium chloride,

0.015M sodium citrate,pH 7.0), 5X Denhardt's reagent (1X Denhardt's reagent is

0.02% polyvinylpyrrolidone, 0.02% Ficoll, 0.02% bovine serum albumin), 0.2% SDS

at 37"C for 5 hrs. Hybridization was in 5X SSC, 2.5X Denhardt's, 0.2% SDS, 50%

formamide, 10% PEG-8000 at 37"C for 12 hours. Filters were then washed twice, 45

min each, in 2X SSC, 0.1% SDS at 58°C, and exposed at -70°C with Kodak X-OMAT

film (Eastman Kodak Co., Rochester, NY) with an intensifying screen. The DNA from

positively hybridizing clones were digested with the restriction enzymes Kpnl and

Sac!. The resulting restriction fragments were then subcloned into the Kpnl and Sacl

cloning sites of Bluescript KSII by cohesive-end Iigation. Nucleotide sequence of the

cDNA inserts were obtained by double stranded dideoxy sequencing (section 2.7).

2.4.2 Rat Kldney cDNA Ubrary.

A rat kidney cDNA Iibrary in lambda gt11 (Clontech) was probed with
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EcoR1/SacI189D-bp and EcoRI/pstl 310 bp restriction fragments corresponding to

nucleotides 6 to 1896 and 6 to 316 of the human progrn cONA respectively.

Nitrocellulose filters (Schleicher & Schuell) were prehybridized in 5X SSC, 5X

Oenhardt's solution, 0.2% SOS at 57"C for 6 hr. Hybridization was in 5X SSC, 5X

Denhardt's solution, 0.2% SOS at 57"C for 16 hr with probe labelled with 32p by nick

translation. Filters were washed twice for 60 min in 2X SSC, 0,1 % SOS at 60°C, and

exposed at -70°C with Kodak X-Omat film with an intensifying screen. Several clones

were identified and purified by two additional rounds of screening at progressively

lower plaque 'densities. The inserts from positively hybridizing clones were removed

by digestion with the restriction enzyme EcoRI, and the resulting fragments

subcloned into the EcoRI cloning site of Bluescript KSII- by cohesive-end Iigation.

The cONA fragments were sequenced by double stranded dideoxy sequencing

(section 2.7).

2.4.3 Human Genomic Ubrary.

A human genomic library in EMBL-3 SP6/T7 (Clonetech) was probed with: i)

a 200-bp PCR-derived genomic fragment (section 2.3.1) corresponding to part of the

grnA gene (see Chapter 3, Figure 3.3), ii) a 394 bp Kpnl/EcoRI restriction fragment

corresponding to nucleotides 1706 to 2099 of the 3'-end of the human grn precursor

cONA, and iii) a 108 bp fragment corresponding to the 5' untranslated region of the

human grn precursor cONA obtained by the PCR as described in section 2.3.3.

Conditions of hybridization and washes were as described for screening of the

human bone marrow cONA Iibrary (section 2.4.1). ONA inserts fram positively
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hybridizing clones were removed by digestion with the restriction enzymes Sacl and

Xhol, and the resulting restriction fragments were subcloned into the Sacl and Xhol

cloning sites of Bluescript KSII by cohesive-end Iigation. Subclones containing the

grn gene were identified by Southern hybridization with the same grn specifie cDNA

fragments used to screen the genomic Iibrary. In some cases, controlled digestions

with Exonucleaselll were performed (as described in Current Protocols in Molecular

Biology, Section 7.2.1 - Basic Protocol:Using Exonuclease III to Construct

Unidirectional Deletions) (215) on the subclones to generate overlapping templates

for sequencing. Nucleotide sequence was obtained by double stranded dideoxy

sequencing as described in section 2.7., and in some cases by automated

nucleotide sequencing (Nucleic Acids Facility, Columbia University, NY).

2.5 Gel Electrophoresls.

2.5.1 Agarose Gel Electrophoresls of DNA.

Electrophoretic separations were carried out in a horizontal electrophoresis

apparatus (DNA Sub Cell TM, DNA Wide-Mini Sub Cell TM and DNA Mini Sub™ Cell;

Bio-Rad, Richmond, CA) in 0.7%, 1.0% or 1.5% (w/V) agarose containing ethidium

bromide (0.5. j.lg/ml). Electrophoretic separations were performed at 5-10 V/cm for

1-4 h at ambient temperature. Electrophoresis buffers were either TAE ( 50 mM Tris

base, 30 mM sodium acetate, 10 mM EDTA, pH 8.0) or TBE ( 90mM Tris base,

90mM borie acid, 2.5mM EDTA, pH 8.0). DNA was visualized in the gel by short

wavelength (254 nm) ultraviolet transillumination o.md photographed using Polaroid(R)

film, type 667 (Polaroid Corp. Cambridge, MA).
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2.5.2 Polyacrylamide Gel Electrophoresis of Proteins.

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SOS PAGE) was

pertormed following the Laemmli method (219) with a Mini-Protean Slab-gellM

apparatus (Bio-Rad). The protein samples were resuspended in 62.5 mM Tris-HCI,

pH 6.8, 1% SOS, 10% glycerol .00125% bromophenol blue, with 2.5% B

mercaptoethanol (reducing), or without B-mercaptoethanol (non-reducing), and

heated for 5 min at 100°C to denature the sampies. The samples were then applied

to 0.75 mm or 1 mm thick polyacrylamide gels comprising a resolving phase of 8

20% acrylamide and a stacking phase of 3 or 4.5% acrylamide. The samples were

electrophoresed at 10-20 V/cm with constant volts for 2-4 hrs, fixed for 5-10 min in

20% methanol, 10% acetic acid and then rehydrated in a solution of 20% methanol,

3% glycerol for 30 min to 6 hrs. The gels were then dried under vacuum in a gel

dryer at 55°C for 2 to 12 hrs and autoradiographed using X-OMAT X-ray film (Kodak)

at room temperature. Prestained protein markers (Amersham Corp., Arlington

Heights,IL; Sigma Chemical Co., St.Louis, MO) were run as size standards.

2.6 DNA and RNA Hybridizations.

2.6.1 Southern Hybridization.

Following electrophoresis on an agarose gel (section 2.5.1), the ONA was

transferred to nylon membranes (ZetaProbt,ï, BioRad; Biotrans, ICN) either by

capillary blotting with OAM NaOH or by semi-dry electrophoretic transfer (Trans-blot

SO Semi-Ory Transfer Cell, Bio-Rad) with 0.5X TBE or 1X TAE as the solvent. If

transfer was by electroblotting, the membranes were placed, following ONA transfer,
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on Whattman paper saturated with OAN NaOH for 10 min a'1d then briefly rinsed in

2X SSC. The membranes were then baked at 80°C in a vacuum oven for 30 min.

The membranes were prehybridized in 0.5M NaH2PO. pH 7.5, 7% SOS, 1mM EOTA

for 10 to 30 min, and hybridized at 65°C in 0.5M NaH2PO. pH 7.5, 7% SOS, 1mM

EOTA for 12-20 hrs with a 32p labeled cONA probe. The cONA fragment was labeled

by nick translation with reagents supplied in kit form (Boehringer Mannheim,

Indianapolis, IN). The membranes were washed at 65°C for 60 min in 40 mM

NaH2PO. pH7.5, 5% SOS, 1mMEOTA, and 60 min in 40mM NaH2PO. pH 7.5, 1%

SOS, 1mM EOTA. For oligonucleotide probes (17-25 mer) (end-Iabeled with 32p

using T4 polynucleotide kinase), the membranes were hybridized at 50°C in 5X SSC,

20 mM NaH2PO., 7% SOS, 10X Oanhardt's reagent for 12-20 hré'- The membranes

were washed twice in 3X SSC, 7.5X Oenhardt's reagent, 5% SOS, 25 mM NaH2PO.,

pH 7 at 50°C for 30 min., and once in 1X SSC, 1% SOS for 30 min at 50°C.

Autoradiograms were obtained by exposing the blots to Kodak X-OMAT film with

intensifying screens at -70°C.

2.6.2 Northern B!ot Analysis.

Total cellular RNA (8 to 30~g) was denatured with deionised glyoxal (1A5M

glyoxal, 72.8% OMSO, 14.5mM NaH2PO. pH 6.8, 0.145% SOS) at 50°C for 1 hr, and

fraetionated by eleetrophoresis on 1.1 % agarose gel in 10 mM NaH2PO., pH 6.8,

transferred to nylon membranes (ZetaProbe, Bio-Rad; Biotrans,ICN) either by semi

dry eleetrophoretic transfer (Trans-Blot SO Semi-Ory Transfer Cell,Bio-Rad) with 0.5X

TBE or by capillary blotting with 10 mM NaOH, and the membrane baked at 80°C in
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a vacuum oven for 30 min. The membranes were hybridized at 65°C in 0.5M

NaH2PO. pH 6.8, 7% SDS, 1mM EDTA for 16-20 hrs with grn specifie cDNA

fragments labelled with a_32p dCTP or dATP (3000Ci/mmole, ICN) by nick

translation. The membranes were washed at 65°C for 60 min each in 40mM

NaH2PO. pH 6.8, 5% SDS, 1mM EDTA and in 40mM NaH2PO. pH 6.8, 1% SDS, 1mM

EDTA respectively. Autoradiograms were obtained by exposing the blots to Kodak

X-OMAT film with intensifying screens at -70°C. In some cases, following

autoradiography, the blots were reprobed with a 25-mer oligonucleotide

(5'-TGCTIAAATICAGCGGGTCGCCACG-3') specifie for the 18S ribosomal RNA to

correct for loading discrepancy. Densitometric scanning was performed using a

Beckman Densitometer (Beckman Instruments Inc. Fullerton, CA).

2.6.3 ln Situ Hybridization.

Paraformaldehyde-fixed tissue was sectioned (1 0 ~m) on RNase-free poly-L

Iysir,e coated glass slides and dried for 2 hours at 37"C. Following rehydration in

PBS, sections were incubated with proteinase K (10 min) and the reactiQn was

stopped by immersing sections in 4% paraformaldehyde for 5 min. The sections

were washed three times in PBS, immersed in a 0.1 M solution of triethanolamine and

0.25M of acetic anhydride for 10 min, washed in DEPC-treated W&tH, dehydrated in

ethanol and air dried. Sections were hybridized with a osS-labelied cRNA probe

(1x106 cpm/section) for 16 hr at 42°C. Unbound probe was removed by RNase

treatment (20 ~g/ml) in 2X SSC for 30 min at 42°C. Washes were carried out in

graded concentrations of SSC (from 4X to 0.1X) at temperatures from 20 to 55°C.
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Following dehydrâtion of sections with increasing concentrations of ethanol

containing 0.3M ammonium acetate, sections were dipped in Iiquid emulsion

(Amersham Corp., Arlington Heights, IL). Exposure was for 5-10 days at 4°C.

Autoradiograms were developed (0-19 developer,Kodak), fixed, counterstained with

haematoxylin, dehydrated and mounted. For negative controls, extra set of sections

were either treated with RNaseA prior to hybridization with the grn cRNA probe, or

hybridized with a probe having an identical sequence to the coding strand (sense

probe).

2.6.4 Bacterial Colony Lifts l.md Hybridlzation.

Bacterial colonies were subcultured in grid-form on a LB agar petri-dish

containing the appropriatt:: antibiotic. Nitrocellulose dises (Schleicher and Schuell,

0.45 I1m, 82mm) were prewetted in LB medium and placed on the bacterial colonies

for 1 min. The nitrocellulose filters were peeled from the plates and placed in

succession, colony side up, on Whatman 3MM papers saturated with i) 10% SOS for

3 min. Ii) 0.5M NaOH, 1.5M NaCI for 5 min. iii) 1.5M NaCI, a.5M Tris-HCI pH 7.4 for

5 min. and iv) 2X SSC for 5 min. The filters were then allowed to dry at room

temperature before being baked for 2 hrs at 80°C in a var;uum overl. Prior to the

hybridi.~ation, the filters were placed in a solution of 5X SSC, 0.5% SOS, 1mM EOTA

pH 8 at 50°C for 30 rrin. and the bac:3rial debris gently scrapped from the surface

of the filters. The filters were prehybridized in 5X SSC, 5X Oenhardt's solution, 0.2%

SOS at 65°C for 3-8 hrs. The hybridization conditions were either in 5X SSC, 5X

Oenhardt's solution, 0.2% SOS with 32p labelled probe at 65°C for 12-20 hrs, or in
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50% formamide, 10% PEG-8000, 5X SSC, 5X Denhardt's solution, 0.2% SDS with 32p

labelled probe at 55°C for 12-20 hrs. The filters were washed at 68°C for 60 min

each in 2X SSC, 0.1% SDS and in 0.5X SSC, 1% SDS respectively and exposed at

70°C with Kodak X-OMAT film with an intensilying sereen.

2.7 DNA Sequencing Reactions.

Nucleotide sequences were obtained using the double-stranded dideoxy chain

termination DNA sequencing method (220) as modified for using the Sequenase

Version 2.0. enzyme and reagents supplied by the manufacturer in kit form (United

Sta'es Biochemicals, Cleveland, OH). The sequencing reactions were performed as

described by the manufacturer. Sequencing primers were either M13, T7, T3, KS,

SK or custom-synthesized 17 to 23-mer primers (Sheldon Biotechnology Center,

Montreal, Quebec) with either a_32p dATP (3000 Ci/mmole, ICN Biomedicals, Costa

Mesa, CA) or a_35S dATP (1326 Ci/mmole, NEN-DuPont Canada Inc., Mississauga,

Ont). DNA template for sequencing was purified by PEG precipitation (section 2.2.2).

ln sorne cases nucleotide sequence was obtained by dideoxy sequencing of single

stranded templates generated by asymmetric PCR (section 2.3.2). Sequencing

reactions were analysed or, 5-8% denaturing polyacrylamide gels (31.0 cm X 38.5

cm X 0.4 mm; S2 Sequencing apparatus, GIBCO-BRL, Gaithersburg, MD) at constant

power (30-55 W) for 2-12 hrs in lX TBE buller. Following electrophoresis, gels were

fixed in 10% acetic acid, 10% methanol for 10 min, dried in a gel dryer at 80DC for

2-6 hrs, and au';oradiographed at room temperature for 35S sequencing reactions.
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For 32p sequencing reactions, the gels were autoradiographed directly without fixing,

at -70°C using Kodak X-Gmat film with an intensifying screen.

2.8 Chromosomal Mapplng.

Grn-specific primers [forward primer,5'GGAAGTATGGCTGCTGC

3',corresponding to nucleotides 681 to 697 of the human grn precursor cDNA;

reverse primer 5'GGATCAGGTCACACACA 3' nucleotides 753 to 769 (primer pair A);

and foward primer 5'CTGTGTGTGACCTGATC 3' nucleotides 752 to 768; reverse

primer 5'CTGGATGTGGTT(T/C)TC(NG) CA(G/A)CA 3' nucleotides 940to 959 (primer

pair B)] were used in the PCR with DNA from human-hamster somatic cell hybrids

(BIOSMAp™, BIOS Corp.,Cl) as the template. The PCR consisted of 30 cycles of

denaturation at 94°C for 1 min, annealing at 60"C for 1 min, and elongation ai 72°C

for 1 min. Th" amplified products were electrophoresed on a 1.5% agarose gel,

transferred to nylon membranes by capillary blotting and analysed by Southern

hybrid1zation (section 2.6.1) using grn-specific probes

(5'TGCTCCGATCACCKCACTGC 3', nucleotides 715-735, and a 1890-bp EcoRI/Sacl

cDNA restriction fragment, nucleotides 6 to 1896, for PCR products from primer pairs

A and B respectively).

2.9 Primer Extension Analysls.

The primers used were a 35-mer (5'

CCCTGCTGTTAAGGCCACCCAGCTCACCAGGGTCC 3') and a 17-mer (5'

AGCAGCAACCGGGTAGC 3') corresponding to nucleotides 5 to 39, and -35 to -51,
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of the human grn precursor respectively. 0.05-0.2 pmole primer, end-Iabeled with

32p_ATP (7000 t..i/mmole, ICN), was hybridized to 20 \log total RNA in a solution of

40mM PIPES pH 6.4, 1mM EDTA, OAM NaCI, 80% formamide. The reaction was

heated to 85°C for 10 min, slowly cooled to 50°C over 60 min. and incubated at 37"C

for 12-16 hrs. The nucleic acids were precipitated with ethanol, and resuspended

in a solution of SOmM Tris.CI pH 7.6, 60mM KCI, 10 mM MgCI2 , 1mM of each dATP,

dCTP, dGTP and TIP, 1mM dithiothreitol, 1U/\lo1 placental RNAase inhibitor. The

primers were extended with 2U/\lo1 AMV reverse transcriptase at 42°C for 1 hr. The

extended products were ethanol precipitated, recovered by centrifugation,

resuspended in 10mM Tris.CI, 1mM EDTA pH 7.6, and analysed on a 8%

acrylamide/8M urea sequencing gel (section 2.7).

2.10 Expression Vector Construction.

2.10.1 Human Granulln Precursor Expression Vector.

The cDNA of the human grn precursor was removed from bacteriophage

lambda clone HBM4 by restriction digestion with EcoRI and cloned into the EcoRI

cloning site of the mammalian expression vector pcEXV-3 (221). This vector contains

the SV40 (simian virus 40) enhancer, replication origin and early promoter, a

synthetic polylinker region, and a polyadenylation signal. Positive clones were

selected by colony hybridization (section 2.6.4) with a grn specific probe

corresponding to nucleotides 6 to 1896 of the human grn precursor cDNA. The

orientation of the grn precursor cDNA in pcEXV-3 was verified by restriction mapping
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and partial nucleotide sequencing (section 2.7).

2.10.2 Human Granulin-A Expression Vector.

To construct an expression vector for grnA, the cDNA encoding grnA was

ligated to the Ly-6C leader sequence and the construct cloned into the eukaryotic

expression vector pcEXV-3 (221) as described. Briefly, Ly6C cDNA in Bluescript KSII

(a generous gift of Dr. R.G.E.Palfree, R.V.H) was digested with Sacl to remove the

cDNA r.oding for the Ly6C precursor leaving behind the first 24 residues of the 26

residue signal peptide (222). Two oligonucleotides were synthesized, GrnAExPf

5'GGAGCTCAGGGAGATGTGAAATGTGACATG 3'; GrnAExPr

5'CGAGCTCGAATICTCACTGTICACAGGTACCCTI 3' and used in the PCR with

human grn precursor cDNA as template to generate the cDNA encoding grnA

flanked by the last 6 nucleotides of the Ly6C leader sequence and a Sacl restriction

site at the 5' end, and a stop codon followed by Sacl and EcoRI restriction enzyme

sites at the 3' end. This PCR-generat~d fragment was cloned into the pCR-1000

vector (TA cloning kit, Invitrogen) as described by the manufacturer, removed by

digestion with Sacl and Iigated to the Ly6C leader sequence to generate a Ly6C

leader-grnA construct in Bluescript KSI!. The fusion gene was then removed from

Bluescript KSII by digestion with EcoRI and cloned into the EcoRI cloning site of

pcEXV-3. Positive clones were identified by plaque hybridization (section 2.6.4) with

a grn specifie cDNA probe and the construct sequenced (section 2.7) to verif)'

orientation and reading frame.
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2.10.~ Human Granulin PrOïnoter-CAT Expression Plasmids.

The chimericgrn promoter/CATplasmids, pGRN-1662, pGRN-638, pGRN-492,

and pGRN-342 were constructed by Iigation 01 various grn gene 5'-llanking region

restriction Iragments into the promoterless CAT-gene containing plasmid pBLCAT3.

pBLCAT2, which contains the thymidine kinase (TK) promoter upstream 01 the CAT

gene, was used as a positive control. The CAT-vectors, pBLCAT2 and pBLCAT3

(223), were generously supplied by Dr.G.Hendy, R.V.H. The 5'-llanking region

restriction fragments of the human grn gene were generated by digesting a 1 kb

Sacl/Xhol subclone of HGL1 (see figure X) with Sstll and (i) Pstl (pGRN-342); (il) Smal

(pGRN-492); (iii) Xhol (pGRN-638); and a 8 kb Sacl subclone of HG[P26 with Sstll

and Xhol (pGRN-1662). Ali restriction fragments were purilied from low melting point

agarose gel by phenol extractions followed by ethanol precipitation. The fragments

were cloned into pBLCAT3 by blunt-end Iigation into the BamHI c10ning site 01

pBLCAT3, which was filled in with dNTPs using T4 DNA polymerase. Correct

orientation 01 inserts with relation ta the CAT gene coding sequence was verified by

restriction enzyme analysis using Pstl, Sacl, and Xhol, and DNA sequencing (section

2.7). pGRN-154, pGRN-116, pGRN-63, and pGRN-32 were generated by controlled

digestions from the 5' end of pGRN-342 with Exonuclease III as described (215).

The 5' end 01 these grn promoter/CAT constructs were verilied by nucleolide

sequencing (section 2.7).

2.11 Cell Culture and TransfecUons.

Ali ceillines were obtained from American Type Culture Collection (Rockville,
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MD) except for Swei cells which were obtained from Dr J.R.Newcomb at Yale

University, New Haven, CT. The cells were maintained in the culture medium

suggested by the supplier. The type and origin of the cell lines are given in table

4.1.

2.11.1 Human Granulln Precursor and Granulin A-Expression Vectors.

COS-7 cells were maintained in Dulbecco's Modified Eagle Medium (DMEM)

supplemented with 10% fetal bovine serum (FBS) (Gibco-BRL) in an atmosphere of

5% CO. at 3?"C. Prior to transfections, cells were trypsinised and replated in 60mm

or 100mm tissue culture dishes and allowed to proliferate until 50-70% confluency

(2-4 days). Cells were transfected with 4 ~g plasmid by liposome mediated

transfection with 10 111 (1 mg/ml) UpofectinlM reagent (Gibco-BRL) for six hours as

described by the manufacturer, or with 250 I-lg/ml DEAE-dextran for 3 hours as

described in Molecular Cloning, a Laboratory Manual, section 16.41 (214). 48 hrs

after transfection, the cells were washed twice with PBS, and once with serum-free

DMEM. The ceIls were then labeled for 20 hrs in serum-free DMEM (4ml/1 DO-mm

plate) supplemented with 13.7 Ill/ml 35S-Cysteine (1104 Ci/mmole, ICN). Labeled

supernatants were then dialyzed against 0.1 N acetic acid (grn precursor) or passed

through preconditioned Waters C'8 SepPak cartridges (grnA) and eluted in 80%

acetonitrile in 0.1 % trifluoroacetic acid.

2.11.2 Granulin Promoter-CAT Constructs.

Cells were maintained in RPMI-1640 medium (for A431, A549, and Swei cells)
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or DMEM (for COS-7 cells) supplemented with 10% FBS and 10 119/ml gentamycin

in an atmosphere of 5% CO. at 3rC. Ali DNA used in the transfections was purified

by banding on a CsCI gradient essentially as described in Molecular Cloning, a

Laboratory Manual, section 1.42 (214). CsCI centrifugations (1 g/ml CsCI and

0.8mg/ml ethidium bromide) were performed for 48 hrs at 48 000 rpm (Beckman

l265B and l275B ultracentrifuges, Beckman Instruments Ins, Fullerton,CA) using a

Sorval T880 rotor (Sorval Instruments, DuPont, Mississauga, Ont.). The ethidium

bromide was removed trom the plasmid DNA preparation by repeated extractions

with iso-amyl alcohol. The DNA was precipitated with 100% ethanol, recovered by

centrifugation, and the DNA pellet resuspended in H.O. Prier to transfection,

adherent cells were trypsinised and replated in six-weil (35mm) tissue culture plates

and incubated until 50-70% confluency (2-4 days). For ceIls growing in suspension

(Swei cells) , 2-3x10" cells were used for each transfection. Cells were transfected

with 2 I1g of chimerie grn promoter/CAT plasmid by the liposome mediated

transfection with 10 III (1 mg/ml) LipofectinTM reagent (Gibco-BRL) for six hrs as

described by the manufacturer. Transfection efficiency using the liposome mediated

method is consistant (224,225,226) thus eliminating the need to normalizti for

transfection efficiency. Cell extracts were assayed for CAT activity 48-b2 hrs post

transfection (section 2.12).

2.12 Chloramphenicol Acetylacyltransferase Assays.

Cells were harvested and resuspended in 100111 0.25M Tris-CI, pH 7.8,
,

disrupted by three cycles of freezing e.nd thawing using dry ica and a 3rC water
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bath, followed by centrifugation in a microcentrifuge at maximum speed for 30 sec.

to remove cell debris. Equal volumes of cell extract were then assayed for CAT

activity according to a modified procedure of Gorman et. al. (227). Briefly, the cell

extracts were heated for 10 min at 65°C, centrifuged for 1 min at maximum speed in

a microcentrifuge, and 70~1 of the supernatant added to a solution of 66.5~1 0.25M

Tris-CI pH 7.8, 2~114C-Chloramphenicol (60 mCi/mmole, ICN), 10~140mM acetyl co

enzyme A, and 1.5~1 0.5M EDTA, pH 8. The samples were incubated for 2 hr at

37"C, and then extracted with 1ml ethyl acetate. 900~1 of the organic phase was

removed and placed in a fresh tube, and dried under vacuum using a speedvac™

(Savant Instruments Inc., Farmingdale, NY). The resulting pellet was then

resuspended in 25 ~I ethyl acetate. The unreacted and acetylated forms of the 14C_

chloramphenicol were separated by thin layer chromatography (Silica Gel 1B,

J.T.Baker Inc., Phillipsburg, NJ) using chloroform:methanol (19:1) as solvent, and,

following autoradiography, were cut out from the TLC sheets and the B-partiele

emission determined by scintillation counting. The CAT activity was then quantified

as the percentage conversion of the 14C-chloramphenicol to its acetylated form per

~g protein used in each assa~. The protein content of each extract was determined

by the Bradford Protein Analysis with reagents supplied in kit form (BioRad) as

described by the manufacturer.

2.13 High Performance Uquid Chromatography.

The dialysed supernatant from grn precursor cDNA transfected cells (see

section 2.11.1.) was Iyophilized and fractionated by reversed-phase HPLC using a
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Waters C-4 I!Bondapak column eluted over a 60 min period using a gradient of 0

80% acetonitrile in 0.1 % trifluoroacetic acid throughout at an eluiion rate of 1.5 ml

min". The eluted proteins ware monitored by UV absorbance at 215 and 280 nm.

The B-emission of the eluted fractions were then determined by scintillation counting.

For heparin-sepharose chromatography, the sample (fraction 33, C4 column) was

applied tu a Shodex heparin-affinity HPLC column pre-equilibrated with 0.05M Tris-CI

pH 7.1. The heparin-bound protein(s) were eluted with a gradient of NaCI from 0.01

to 1.0M in O.05M Tris-CI pH 7.1, over a 30 min period at a flow rate of 0.6 ml min".

Fractions containing the labelled gm precursor were monitored by scintillation

counting.
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CHAPTER 3

ISOLATION AND CHARACTERIZATION OF THE HUMAN AND RAT GRANULIN

PRECURSOR cDNA

INTRODUCTION

Granulins are novel candidate growth factors isolated from inflammatory

leukocytes and the kidney (1,2). Four members (gms A,B,C and D) of this cysteine

rich family of peptides were isolated and structurally characterized from human

neutrophil extracts (1, and see preface). The discovery of a novel family of

biologically active peptides raises many questions, the answers to which could lead

to an understanding of its biological role(s) in physiological and/or pathological

processes. For example, is the protein the product of one or several genes under

coordinate or independent control? What is the tissue distribution and cellular

localization of gene expression? How is the expression of the gene regulated? Is

the biological response(s) mediated through receptor interactions? What is its

mechanism of action? etc. The availability of the cDNA(s) encoding the protein(s)

of interest would be an initial step towards addressing these and many other

questions. We therefore set out to isolate and sequence the human gm cDNA.

At the outset of these experiments it seemed reasonable that each gm peptide

could be encoded for by a distinct gene. We therefore chose to obtain the cDNA for
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grnA first. GrnA was chosen because (i) it was the most abundant grn in human

leukocyte e>.1racts (1), Qi) it was the only grn for which the complete peptide

sequence was available (1), and (iii) it was the only member of the grn family to have

a known biological activity (1 ,2).

There are severa! approaches towards obtaining the cDNA for a particular

protein, of which two are most commonly used. The first method is to screen

proteins produced from expression cDNA Iibraries with antibodies directed against

the protein of interest. The second method uses nucleic acid probes to isolate the

desired c1one(s) from cDNA libraries. Immunological detection was not possible

because antibodies against grnA were not available at the star! of the project.

However, the complete amino acid sequence of grnA was known (1), therefore DNA

probes could be designed and used for nucleic acid screening of a cDNA Iibrary.

To maximize the specificity of our probes we decided to use faithfully copied

fragments of the grnA gene generated by PCR amplification rather than use small,

highly redundant synthetic oligonucleotide probes of relatively low specificity.

Aiso presanted in this chapter is the characterization of the rat grn precursor

cDNA. The rat grn precursor cDNA was isolated and sequenced for two reasons.

First, regions in a protein tl13t have been conserved in evolution often provide an

indication of residues and/or domains that may be involved in the structure and/or

function of the protein. Second, the human is not a good experiniental model in

which to understand sorne of the in vivo roles played by the grns. Because both we

(1), and others (2) have demonstrated the presence of the 6 kDa biologically active

peptide grnNepi1 in rat hematopoietic and epithelial tissue respectively, we chose
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to charaeterize the rat grn precursor cDNA to provide an animal system in which to

fUlther study the biology of the grns.

RESULTS

3.1 Isolation ilnd Charaeterization of the Human Granulln Preeursor eDNA.

3.1.1 Generaticn of a Granulln Specifie Probe.

Two degenerate oligonucleotides, GrnAfp (4-fold degeneracy) and GrnArp (8

fold degeneracy), were synthesized based on the probable codon usage (228) and

lowest redundancy, and corresponded to the amine terminal and midportion regions

of grnA respeetively (Figure 3.1). The degenerate oligonucleotides were used as

primers in a polymerase chain reaetion (PCR) amplification using human genomic

DNA isolated from the placenta as the template. In the first PCR performed, the

template was denatured at 94°C for 1 min., the primers annealed at 42"C for 1 min.,

and extended at 72°C for 2 min. This PCR resulted in a series of extension produets

with no weil defined amplification produet(s) as observed by agarose gel

eleetrophoretic analysis of th€! reaetion. This result suggested that the primer

annealing temperature was too low, resulting in spurious annealing of primer to the

template. To inciease the specificity of the reaetion, the primer annealing

temperature was increased to 55°C, while keeping the template denaturation and

primer extension temperatures and times unchanged. Agarose gel eleetrophoretic

analysis of the completed reaetion revealed five amplification produets of
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Figure 3.1 Location and sequence of degenerate oligonucieotides corresponding

to the amino-terminal (GrnAf, forward primer) and mid-portion (GrnArp, reverse

primer) of grnA. The amino-acid sequence of grnA was determined by gas-phase

microsequencing (1).

75

•

•



•

1 10 20
:::".

D V K C D M E V S C P D G Y T C C R L Q
5' cgatgtgaagtg~ga~atgga3'

c c
GrnAfp 30 40

......
S A W G C C P F T Q A V C C E D H l H C

3' acgacgctcttggtgtaggtc 5'
il il t

50 GrnArp

C p A G F T C D T Q K G T C E

•



•

•

approximately 120, 200, 350, 480 and 600 bp respectively. The annealing

temperature was then raised to 60°C to further increase the reaction specificity. This

resulted in the elimination of the 480 and 600 bp amplified products respectively.

A further increase of the primer annealing temperature to ô5°C, rosulted in only two

amplified products of approximately 120 and 200 bp as determined by agarose gel

eleclrophoresis (Figure 3.2).

Because the primers used in the PCR were based on two regions of grnA that

are 40 amino acids apart (Figure 3.1), and, because genomic DNA was used as the

template thereby a1lowing for the possibility of amplifying across an intron(s), any

PCR reaction product of 120 bp or greater could represent part of the amplified grnA

gene. Additionally, the PCR resulting in only two amplification products of

approximately 120 and 200 bp respectively employed stringent reaction conditions

(primer annealing at 65°C), strongly suggesting accurate annealing and amplification

of the degenerate oligonucieotides. Consequently, both the 120 and 200 bp PCR

amplified DNA fragments were purified from an agarose gel and Iigated into

Bluescript KSII to obtain their nucleotide sequence.

The protein sequence deduced from the DNA sequence of the 120 bp

amplified fragment showed that it did not correspond to grnA. A search of nucieic

acid and protein databases using the BLAST E-mail server offered by the National

Library of Medicine, NIH (229), showed that the 120 bp fragment was unrelated to

any other sequence stored in the data banks. This fragment probably results from

spurious annealing of the degenerate primers to the genomic DNA. The protein

sequence deduced from the DNA sequence of the larger amplified fragment showed
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Figure 3.2 Polymerase chain reaction amplification products. Human genomic DNA

was subjected to the peR, under conditions outlined in Materials and Methods,

Section 2.3.1, with the degenerate oligonucleotides GrnAfp and GrnArp (Figure 3.1)

and the reaction products analyzed on a 1.5% agarose gel. Numbers on left indicate

DNA size markers in bp.
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that it represented part of the grnA gene (Figure 3.3). Analysis of this fragment

revealed that the first 73 bases following the forward primer correspond to amino

acids 8 to 31 of grnA (Figure 3.1) Y/hile the last 6 nucleotides preceding the reverse

primer corresponds to amino acids 32 and 33 of grnA (Figure 3.1). Between codons

31 (Gin) and 32 (Ala) of grnA is a stretch of 79 nucleolides that, when translated,

does not correspond to grnA. SeCluence analysis of this 79 nucleotide stretch

indicates it probably represents an intron because the sequencp at the 5' and 3'

ends (5' CAGgta....tagGCT 3', where CAG (Gin) is codon 31 and GCT (Ala) codon

32 respeetively) conform to splice site 5'donor/3'acceptor consensus sequences (i.e.

(C,A)AGgt(a,g) ..... (c,t)agG ) (230). The successful amplification and cloning of a

DNA fragment representing part of the grnA gene provided us with a suitable probe

to screen ,for the grn cDNA.

3.1.2 Isolation of Human Granulin Precursor cDNA Clones.

The human &i1d rat grns were isolated from circulating leukocytes and bone

marrow respeetively (1), suggesting that the bone marrow was a possible source of

grn mRNA. For this reason, and also because a commercial human bone marrow

cDNA library was available, we decided to screen a bone marrow c:~NA Iibrary for

the grn cDNA. Approximatel~ 3x1 cf' clones were screened with the PCR-d6rived

fragment corresponding to part of the grnA gene (Figure 3.3). Sixteen positively

hybridizing clones were identified. The human bone marrow Iibrary contains

1.51 x1 06 independent clones. This would suggest that the grn mRNA represents

approximately 0.05% of the total mRNA in the bone marrow. Of the 16 positively
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Figure 3.3 Sequence of the PCR-derived fragment corresponding to part of the grnA

gene. Underlined sequences correspond to forward and reverse primers, and the

nucleotides in lowercase letters represent an intron in the coding region of grnA.
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hybridizing clones, six, HBM5, HBM9, HBM10, HBM11, HBM12 and HBM16, were

plaque purified following three additional rounds of screening at progressively lower

plaque densities. The DNA was then isolated from these clones (see Materials and

Methods, section 2.2.3 for experimental detalls). Surprisingly, we were unable to

release the cDNA inserts from these clones by digestion with EcoRI (the restriction

enzyme used in the construction of the human bone marrow cDNA Iibrary), even with

several different DNA preparations. It is possible the EeoRI restrictions sites were

destroyed during the construction of the cDNA Iibrary, or that specifie restriction

enzyme inhibitors were present in the DNA preparations. Attempts to amplify the

inserts by the PCR with bacteriophage lambda gt11 specifie primers flanking the

cloning site also proved unsuccessful, which could be due to secondsry structures

in the cDNA sequence. As such, we could not unequivocally determine which clone

contained the longest cDNA insert. One clone, HBM12, was therefore chosen for

further analysis.

The cDNA insert from HBM12 was removed by digestion with Sael and Kpnl,

two restriction enzymes that cleave the lambda gt11 bacteriophage DNA on either

side of the c10ning site used to construct the lambda gt11 bone marrow cDNA

Iibrary. The reason why the DNA from clone HBM12 was susceptible to cleavage by

the restriction enzymes Sacl and Kpnl but not EcoRI is not clear. Three overlapping

restriction fragments containing the cDNA insert of HBM12 were obtained (Figure

3,4); two Kpnl fragments of approximately 800 bp (cDNA insert; fragment 12B) and

1,4 kb (400 bp cDNA insert plus 1 kb flanking lambda sequence; fragment 12C)

respectively, and one Sacl fragment of approximately 3 kb (2 kb cDNA insert plus 1
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Figure 3.4 Partial restriction map of clone HBM12. Hatched area represents the

cDNA insert of HBM12, and f1anking region represents the lambda gt11 DNA. 12 A,

B, and C indicate Sac1 and Kpnl restriction fragments that were subcloned into

Bluescript K811 to determine the complete nucleotide sequence of the cDNA insert

of HBM12.
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kb flanking lambda sequence; fragment 12A). The three overlapping restriction

fragments were subcloned into Bluescript KSII and restriction digests performed with

Sacl and Kpnl, either separately, together or in combination with EcoRI, to provide

a partial restriction map of clone HBM12 (Figure 3.4). Now EcoRI was able to digest

the Sacl and Kpnl subclones containing both the cDNA insert and lambda flanking

sequence (subclones 12C and 12A respectively). This proves that the EcoRI cloning

site in HMB12 was intact and the inability to release the cDNA insert with EcoRI was

probably due to enzyme inhibitors in the bacteriophage lambda DNA preparation

(231). The three overlapping subclones were then sequenced to obtain the complete

nucleotide sequence of the cDNA insert of clone HBM12 (see Materials and Methods,

section 2.4.1 and Figure 3.SA for sequencing strategy).

Nucleotide analysis of the 2093 bp cDNA insert of HBM12 showed that it

contained the sequence coding for grnA. Using the grnA coding sequence to set

the reading frame, the first in-frame ATG codon is located at nucleotides 418 to 420

of the cDNA insert of HBM12. Several things suggested that this was not the ATG

start codon. The first 417 nucleotides of HBM12 upstream of this ATG codon

maintains an open reading frame with no stop codons. Stop codons are frequently

found in ail three reading frames upstream of the initiator codon. Additionally, the

sequence surrounding this ATG codon, GTTATGG does not show good agreement

with the Kozak consensus sequence for eukaryotic initiation, given by ACCATGG

(232). Taken together, this would suggest that the ATG codon at nucleotides 418

to 420 does not code for the initiator methionine. Similarly, three other in-frame ATG

codons present 3' te nucleotide 420 and upstream of the grnA coding region are not
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Iikely candidates for the initiator methionine. This suggested that clone HBM12 does

not contain a full length cDNA insert.

The remaining 1S positive clones were then analyzed to determine if they

contained longer cDNA inserts than clone HBM12. This was achieved using a PCR

based strategy. The bacteriophage particles were eluted from the positively

hybridizing plaques and the bacteriophage DNA released by several cycles of

freezing and thawing. The DNA was then subjected to a PCR with a reverse primer

complementary to nucleotides 269 to 286 at the S'end of the cDNA insert of clone

HBM12, in combination with either a bacteriophage lambda gt11 specific forward or

reverse primer flanking the bone marrow cDNA Iibrary cloning site. The amplified

products were then analyzed on a 1.S% agarose gel to determine their sizes. While

we were unable to amplity the complete cDNA inserts of the grnA positively

hybridizing clones using two flanking bacteriophage lambda gt11 specifie primers,

amplification (under similar conditions) with an internai grn cDNA specifie primer in

combination with either one of the flanking bacteriophage lambda gt11 specifie

primers was possible. This may be due to secondary structure(s) within the cDNA

insert blocking the Taq polymerase extension from the primers, or it may be an

idiosyncrasy of the PCR when using the two bacteriophage lambda gt11 specifie

primers togetl1er. Analysis of the products of the PCR revealed that only two clones,

HBM3 and HBM4, contained cDNA inserts longer than the insert of HBM12. The S'

sequence of the cDNA inserts of HMB3 and HBM4 were then determined by

sequencing single stranded templates generated by asymmetric PCR (233) using a

grn specifie reverse primer (complementary to nucleotides 46 to 62, Figure 3.SB) and
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flanking bacteriophage lambda gt11 specifie primers with HBM3 and HBM4 DNA as

the template (see Materials and Methods, section 2.3.2 for experimental details).

The 5' sequences obtained from the cDNA inserts of HBM3 and HBM4

overlapped exactly with that of HBM12 and extended the previously determined

sequence of the cDNA insert of HBM12 by 104 and 30 nucleotides respectively.

Because only the 5'- end of the cDNA inserts of HBM3 and HBM4 were sequenced,

the possibility exists that the cDNA inserts of HBM3 and HBM4 may represent

alternatively spliced, or different grn transcripts from that of HBM12. This was

investigated using a PCR mapping strategy, the premise being that if HBM3, HBM4

and HBM12 are copies from identical transcripts, then amplification of their DNA with

the same primer pairs should result in amplification products of equal length for ail

three clones. Six primer pair combinations using nine different primers

complementary to various regions of the cDNA from HBM12 were employed in the

PCR with HBM3, HBM4 and HBM12 DNA as the template. The primer pairs used

were b (nucleotides 275 to 291 in Figure 3.5) and d (nucleotides 753 to 769) giving

an amplification product of 494 bp; e (nucleotides 680 to 696) and k (nucleotides

1643 to 1660) with a 964 bp amplification product; i (nucleotides 1144 to 1160) and

k, 516 bp; h (nucleotides 839 to 860) and grnAr (nucleotides 940 to 960), 122 bp;

grnBf (nucleotides 752 to 768) and grnAr, 193 bp; and b and grnFr (nucleotides 475

to 491), 217 bp; where grnAr, grnBf, grnFr are primers specifie for grnA, grnB and

grnF respectively (see section 3.1.4), and primers b,d,e,h,i and k are custom

synthesized primers used for sequencing the cDNA insert of clone HBM12 (see

legend of Figure 3.5). An identical pattern of amplification products of the expected
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size were obtained from clones HBM3. HBM4 and HBM12 respectively when these

primer pairs were used in a PCR with the lambda DNA as the template. This result

strongly suggests that HBM3, HBM4 and HBM12 are copies from identical grn

transcripts.

The complete nucleotide sequence of the human grnA precursor cDNA was

therefore determined from the overlapping cDNA inserts of clones HBM12, HBM3

and HBM4. A schematic of the three overlapping clones together with the

sequencing strategy used to obtain the complete nucleotide sequence of the human

grnA cDNA is shown in Figure 3.5.

3.1.3 Nucleotide Sequence of the Human Granulin Precursor cDNA.

The complete nucleotide sequence of the human grnA precursor cDNA is

shown in Figure 3.5. There is a stop codon at nucleotides 1780 to 1782 predicting

an open reading frame of 1779 bp from the initiator methionine, followed by 311 bp

of 3' untranslated region. The 5' most ATG is probably the start site because i) the

surrounding nucleotide sequence, ACCATGI, shows good agreement with the Kozak

consensus sequence for eukaryotic initiation, ACCATGG (232); ii) we have isolated

and sequenced a peptide, TRCPDGQFCPVACCLDPGGASYSCCRP, from human

granulocytes whose corresponding nucleotide sequence begins 48 bp 3' to the

putative initiator methionine, eliminating any AUG codon 3' to this sequence from

consideration, and iii) there are in-frame stop codons upstream of the putative

initiator methionine.

At the 3' end of the grn precursor cDNA there is a polyadenylation signal
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Figure 3.5 (A) Schematic of three overlapping clones and sequencing strategy used

to obtain the complete nucleotide sequence of the human grn precursor. Arrows

indicate the direction of sequencing. (B) Complete nucleotide sequence and

deduced polypeptide sequence of the human grn precursor. The nucleotides are

numbered from the initiator codon (ATG), and the amino acids are numbered from

the probable signal peptide cleavage site. Underlined sequences correspond to

sequences previously determined by gas phase microsequencing of purified grns

(1). Possible N-glycosylation sites are indicated by an asterix (*), and the stop

codon is shown by a #. The boxed sequence correspond to a poly(A) signal. Clone

HMB12 starts at nucleotide 6. The sequences of clones HMB3 and HBM4 differ in

the 5' untranslated region, as indicated by the bifurcation in the nucleotide sequence.
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... 250 260
GATGTGAAATGTGACATGGAGGTGAGCTGCCCAGATGGCTATACCTGCTGCCGTCTACAG
DVKCDIJEVSCPOGYTCCRlQ

270 260
TCGGGGGCCTGGGGCTGCTGCCCTTTTACCCAGGCTGTGTGCTGTGAGGACCACATACAC
SGAWGCCPFTOAVCCEDHIH

290 300
TGCTGTCCCGCGGGGTTTACGTGTGACACGCAGAAGGGTACCTGTGAACAGGGGCCCCAC
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310 320
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330 340
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390 400
GAGATCGTGGCTGGACTGGAGAAGATGCCTGCCCGCCGCGGTTCCTTATCCCACCCCAGA
EIVAGlEKUPARRGSLSIlPR

410 420
GACATCGGCTGTGACCAGCACACCAGCTGCCCGGTGGGCGGAACCTGCTGCCCGAGCCAG
OIGCODHTSCPVGGTCCPSa

430 440
GGTGGGAGCTGGGCCTGCTGCCAGTTGCCCCATGCTGTGTGCTGCGAGGATCGCCAGCAC
G G S W A C C Q l P Il A V C C EOR 0 H

450 460
TGCTGCCCGGCTGGCTACACCTGCAACGTGAAGGCTCGATCCTGCGAGAAGGAAGTGGTC
CCP AG Y TC" VKAR SC E K E V V

470 480
TCTGCCCAGCCTGCCACCTTCCTGGCCCGTAGCCCTCACGTGGGTGTGAAGGACGTGGAG
SAQPATFlARSPHVGVKOVE

490 500
TGTGGGGAAGGACACTTCTGCCATGATAACCAGACCTGCTGCCGAGACAACCGACAGGGC

C G E G H F CliO " a T C C ROll R a G
510 * 520

TGGGCCTGCTGTCCCTACGCCCAGGGCGTCTGTTGTGCTGATCGGCGCCACTGCTGTeCT
W A CCP y A a G V C CAO R R Hec P

530 540
GCTGGCTTCCGCTGCGCACGCAGGGGTACCAAGTGTTTGCGCAGGGAGGCCCCGCGCTGG
AGFRCARRGTKClRREAPRW

550 560
GACGCCCCTTTGAGGGACCCAGCCTTGAGACAGCTGCTGTGAGGGACAGTACTGAAGACT
OAPlRDPAlROllll

570
CTGCAGCCCTCGGGACCCCACTCGGAGGGTGCCCTCTGCTCAGGCCTCCCTA~CACCTCC

CCCTAACCAAATTCTCCCTGGACCCCATTCTGAGCTCCCCATCACCATGG~AGGTGGGGc
CTCAATCTAAGGCCCTTCCCTGTCAGAAGGGGGTTGAGGCAAAAGCCCATTACAAGCTGC
CATCCCCTCCCCGTTTCAGTG~CA1AbGGCCAGGTGCTTTTCCCTATeCACAGGGGTG
TTTGTGTGTTGGGTGTGCTTT T TTTGTCACTTTCTTAAAAAAA~AAAAA~

•

--'--,
,•

S····GCGTGGATCCTGAGAACTTCAGGCTCCTGGGCAACGTGCTG
GTCTTGTGTGCTGGCCCATCACTTTGCAAAGAATTCACCCCACCAG}

CGCAGGCAGACC
5'···GCGCGGAGTCGGA

ATGTGGACCCTGGTGAGCTGGGTGGCCTTAACAGCAGGGCTGGTGGCTGGAACGCGGTGC 60
M W T L V S W V A l T A G L V A G T R C-,--

CCAGATGGTCAGTTCTGCCCTGTGGCCTGCTGCCTGGACCCCGGAGGAGCCAGCTACAGC 120
POGOFCPVACCLDPGGASYS

10 20
TGCTGCCGrCCCCTTCTGGACAAATGGCCCACAACACTGAGCAGGCATCTGGGTGGCCCC 180
CCRPlLDKWPTTLSRHLGGP

30 40
TGCCAGGTTGATGCCCACTGCTCTGCCGGCCACTCCTGCATCTTTACCGTCTCAGGGACT 240
caVDAHCSAGHSCIFTVSGT

50 60
TCCAGTTGCTGCCCCTTCCCAGAGGCCGTGGCATGCGGGGATGGCCATCACTGCTGCCCA 300
S sec P F P E A V A eGO G " Hec P

70 80
CGGGGCTTCCACTGCAGTGCAGACGGGCGATCCTGCTTCCAAAGATCAGGTAACAACTCC 360
R G F H C 5 A 0 G R S C FOR 5 G fi Il 5

90 100 *
GTGGGTGCCATCCAGTGCCCTGATAGTCAGTTCGAATGCCCGGACTTCTCCACGTGCTGT 420
VGAIOCPDSOFECPDFSTCC

110 120
GTTATGGTCGATGGCTCCTGGGGGTGCTGCCCCATGCCCCAGGCTTCCTGCTGTGAAGAC 480
V g V 0 G 5 W G CCp M P Q A 5 ceE 0

130 140
AGGGTGCACTGCTGTCCGCACGGTGCCTTCTGCGACCTGGTTCACACCCGCTGCATCACA 540
RVHCCPHGAFCDlVHTRCIT

150 160
CCCACGGGCACCCACCCCCTGGCAAAGAAGCTCCCTGCCCAGAGGACTAACAGGGCAGTG 600

P T G T H PLA K K l P A Q R T fi R A V
170 180

GCCTTGTCCAGCTCGGTCATGTGTCCGGACGCACGGTCCCGGTGCCCTGATGGTTCTAce 660
AlSSSVP.lCPOARSRCPDGST

190 200

EcoRl Kpnl Kenl Sacr Econl
1 !! ! 1
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sequence (AAUAAA) together with part of the poly(A) tail. The predicted message,

not including a poly(A) tai!, is 2062 bp, which is in close agreement with the

message length of approximately 2.3 kb including a poly(A) tai!, determined by

Northern blot analysis (see Chapter 4). A 26 nucleotide polypurine·polypyrimidine

tract is found 3 nucleotides upstream of the polyadenylation signal.

The 5' end of the grn cDNA sequence showed heterogeneity in the 5'

untranslated region. The cDNA inserts of clones HBM3 and HBM4, whose sequence

extended upstream of the translation start site, had identical sequence 12 bp

upstream of the initiator AUG, following which the sequence diverged (Figure 3.5).

Several possible reasons could account for the anomaly at the 5'-untranslated region

of the grn cDNA. The two different transcripts may have arisen from alternate

splicing of the grn gene since 0) in later studies we found an intron 7 bp upstream

of the initiator methionine and 5 bp downstream from the point of sequence

divergence (Figure 3.5 and see Chapter 5, Figure 5.3), and ii) the 3 bp of sequence

common to the cDNA inserts of both HBM3 and HBM4, following the intron fit the

consensus sequence for a 3' donor exon (230). Alternatively, the heterogeneity

could be a c10ning artifact resulting from the Iigation of a spurious cDNA fragment

to the 5'-end of the grn cDNA insert of clone HBM3 by the manufacturer. This

possibility is supported by the presence of an EcoRI restriction site (5'GAATTC 3',

cloning site enzyme) in the 5'·untranslated region of the cDNA insert of clone HBM3

(Figure 3.5).

The origin of the heterogeneity in the 5' untranslated region of the grn cDNA

was investigated in two ways. First, we cloned several cDNA fragments containing
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the S'-untranslated and coding region of the amino terminal portion of the grn

precursor. The cDNA fragments were c10ned using the PCR with grn specific

reverse primers in combination with a flanking lambda gt11 primer. Human bone

marrow cDNA was used as the template (see Materials and Methods, section 2.3.3

for experimental details). This PCR·based approach resulted in our obtaining 46

clones containing the S'-end of the grn cDNA, which, after their size had been

determined by agarose gel electrophoresis and nucleotide sequencing, could be

divided into 3 distinct groups based on the length of the S' untranslated region of the

grn cDNA. Clones from ail 3 groups were similar to the previously determined

nucleotide sequence of the cDNA insert of clone HBM4 and contained 18, 28 and

142 bp of S'-untranslated region respectively (HBM4 contains 24 bp of S'

untranslated sequence). None of the cDNA fragments were similar to the S'-end

nucleotide sequence of the cDNA insert of clone HBM3.

ln the second approach, an EcoRt restriction fragment corresponding to the

first 72 nucleotides of the cDNA insert of clone HBM3 (Figure 3.S) was used as the

probe in a Northern blot analysis of various human tissues. An mRNA of

approximately 1 kb was detected in sorne tissues (Figure 3.6). This is smaller than

the grn mRNA of 2.3 kb, indicating that the 1 kb transcript does not represent the grn

mRNA. A subsequent search of nucleic acid and protein databases using the BLA8T

E-mail server (229) offered by the National Ubrary of Medicine, NIH, showed that the

first 45 nucleotides of the 72 bp cDNA fragment are identical to a part of the human

and rabbit B-globin genes.

The results obtained from the PCR cloning and Northern blot analysis together
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Figure 3.6 Northern blot analysis of human tissues probed with the 5'·end EcoRI

fragment of clone HBM3. Numbers on left indicate RNA size markers in kb.
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clearly suggest that the sequence at the 5'-end 01 the cDNA insert of clone HBM3 is

an extraneous fragment attached to the 5'-end of the grn precursor cDNA. However,

because the 5'-end EcoRI restriction fragment of HBM3 does not include the first 10

nucleotides following the divergence in sequence between the cDNA inserts of HBM3

and HBM4 respectively (Rgure 3.5), it is possib:e that these 10 nucleotides are part

of a grn transcript arising from alternate splicing of an exon in the 5' untranslated

region. In human bone marrow, this transcript must be at least four times less

abundant than the grn transcriptjcDNA sequence of the HBM4 insert because this

sequence was not detected in the four sets of PCR amplification products of the

5'untranslated region.

3.1.4 Deduced Amino Acid Sequence of the Human Granulin Precursor.

The deduced amino acid sequenc6 of human preprogrn predicts a protein of

593 residues with a calculated Mr 63.6 kDa (Figure 3.5). A computer search of

protein and DNA databases showed that this sequence was unrelated to any other

sequences stored in the databases. The 16 residues following the initiator

methionine, WTLVSWVALTAGLVAG, have the characteristics of a signal peptide; i.e.

a short, positively charged amino-terminal region immediately following the iniliator

methionine, a 7· to 15-residues-long central hydrophobic core, followed by a more

polar 3- to 7-residues-long carboxy-terminal region (234). Based on the probability

weight matrix described by von Heijne (235), the potential site of cleavage between

the signal peptide and the mature grn precursor is assigned between GIY17 and Thr'8'

The predicted 593 residue protein contains the 56-amino acid grnA sequence, as
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weil as six other cysteine rich grn-like repeats, including grnB, gmC, and grnD,

previously known from only N-terminal sequences (1). The precursor contains two

additional twelve cysteine repeats, E and F, and a degenerate grn repeat, G, with 10

cysteines. The positions of the cysteines are highly conserved in each grn repeat,

as are certain other residues, such as ASP37' His"", and Pro43, numbered according

to the grnA sequence (Figure 3.7). An eighth repeat at the amino terminus (paragrn,

Figures 3.5 and 3.7) contains only six cysteines that a1ign weil with the six amino

terminal cysteines of a grn rapeat.

The sequences between the repeats show IittJe homology but contain a

consensus D«K/R)XPA motif (where l is a hydrophobic amine acid, and X is any

amino-acid) midway between each repeat except D and E, and F and G (Figure

3.8A). Mono- or dibasic sites, which are frequent sites of proteolysis in peptide

processing (236) flank grn domains C, D and E, but not A or B, both of which have

been isolated as excised peptides (1). Thus nothing can be reliably inferred about

the post translational cleavage mechanisms of the human grn precursor. A Kyte

Doolittle hydrophobicity plot made with a 19-residue window, which gives a better

discrimination of membrane-spanning regions than the more commonly used 7

residue window "default" (237), revealed no obvious transmembrane sequences

(Figure 3.9A). A search for the N-glycosylation consensus sequence, NX(SfT),

(where X is any amino acid except proline) (238), revealed 5 potential N-glycosylation

sites (Figure 3.5), including one at Asn5 of grnC. GrnC hydrolysates contain amine

sugars, and microsequencing (1) gave a bJank at residue 5 (n=2), consistent with

glycosylation. This confirms that the grn precursor is a glycoprotein.

91



Figure 3.7 Comparison of the human grn like repeats. Residues occurring four or

more times are box!3d. and dashes have been introduced to align the cysteines. The

repeats are located at amine acids 264-319 (grnA). 169-244 (grnB), 347-400 (grnC).

425-479 (grnD). 501-556 (grnE), 106-162 (grnF). 41-96 (grnG), and 1-27

(paragranulin). The order of the repeats is paragranulin. G,F,B,A,C.D.E. They are

not alphabetically aligned because several repeats were isolated and named as

discrete peptides before their common origin was known.
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Figure 3.8 Comparison of the inter-repeat amino acid sequences of the (A) human,

and (8) rat grn precursor. p,G,F,B,A,C, D,E, and # indicate paragranulin, grnG,

grnF, grnB, grnA, grnC, grnD, grnE, and the stop codon respectively. The

consensus sequence, D«K/R)XPEl (where ! and El are hydrophobie and aliphatic

amino acids respectively, and X is any amino acid) occurring within some of the

inter-repeat sequences is boxed.
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Figure 3.9 Hydrophobicity analysis of the (A) human, and (B) rat grn precursor.

The Kyte-Dooliltle scale (237) with a window size of 19 residues was used for both

the human and rat grn precursors. A mean hydrophobicity higher than +1.6 predicts

a membrane-spanning segment (237).
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3.1.5 Southern Hybridizations of the Human Granulln Gene•

The copy number of the human grn gene was determined by Southern blot

analysis. A nylon membrane purchased from Clonetech, Palo Alto Ca., containing

human DNA digested with 8glll, Pstl, BamHI, Hindlll and EcoRI was probed with a

1890 bp cDNA fragment corresponding to nucleotides 6 to 1896 of the human grn

precursor cDNA as described in Materials and Methods, section 2.6.1. The result is

shown in Figure 3.10. A simple hybridization pattern was obtained implying that the

grn gene exists as a single'copy in the human genome. Because the Southern

hybridization was done under conditions that allow for a 25-35% mismatch between

the probe and the target sequence, the simple hybridization pattern obtained does

not exclude the possibility of distantly related grn-like genes in the human genome.

To determine if the grn gene is conserved between species. a blot. containing

DNA from human, monkey, rat, mouse, dog, bovine, rabbit, chicken and yeast

(Clonetech, Palo Alto, Ca.) was probed with a cDNA fragment corresponding to the

coding region of the grn precursor (see Materials and Methods, section 2.6.1 for

experimental details). A hybridization signal was detected in DNA from human.

monkey, rat, mouse, dog, bovine and rabbit, but not chicken or yeast (not shown),

demonstrating significant interspecies sequence conservation. This result probably

underestimates the species distribution since grn-Iike peptides have been isolated

from teleost hematopoietic tissue (8) and from the brain of the locust (4).
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Figure 3.10 Southern blot analysis of human DNA, digested with BgIII, Pstl, BamHI,

Hindlll and EcoRI, 5 l!g per lane, and probed with a '2p nick-translated 1890-bp

EcoRIISac1 cDNA fragment from clone HBM12 as described in Materials and

Methods, section 2.6.1.
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3.2 IsolaUon and CharacterlzaUon of the Rat Granulln Precursor cDNA•

3.2.1 IsolaUon of Rat Granulln Precursor cDNA Clones.

Gas phase microsequencing studies showed that human and rat grnA are

86% identicaJ at the protein level (1). This high degree of similarity between the

human and rat grnA allowed for homology cloning of the rat grn cDNA. We

screened a rat kidney cDNA library for the rat grn cDNA because grn{epi peptides

have been isolated from the rat kidney (2). A restriction fragment from the cDNA

insert of clone HBM12, corresponding to nucleotides 6 to 1896 of the human grn

precursor cDNA was used to screen a rat kidney cDNA Iibrary with reduced

stringency to aJlow for cross species hybridization. Hybridization was performed at

57"C in O.75M Na+(ionic strength), conditions which aJlow a 35-45% mismatch

between the probe and target sequence (214). Several positively hybridizing clones

were obtained and 25 were selected for further anaJysis. Of the 25 clones, only one

clone, RKL6, hybridized following two additional rounds of screening at progressively

lower plaque densities. The surprisingly high number of '1alse-positive" signais

obtained in the primary screen is most Iikely due to insufficient blocking of the

membrane during the prehyridization step which may have resulted in high

background. The cDNA insert from RKL6 was removed by digestion with EcoRI and

subcloned into BluescriptKSII to obtain its nucleotide sequence. Unlike the human

grn cDNA clones which were not susceptible to restriction cleavage with EcoRI, the

cDNA insert of RKL6 could be removed with EcoRI. This is probably due to the

different methods used to isolate the bacteriophage DNA containing the human and

rat grn cDNAs respectively. The DNA from clones carrying the human grn cDNA
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were isolated from plate Iysates prepared with agar, according to a modified

procedure of Sambrook et.al.(214), as described in Chapter 2 section 2.2.3, and a

commercially available bacteriophage lambda DNA isolation kit (Qiagen) was used

to isolate RKL6 DNA from plate Iysates that were prepared with agarose. DNA

isolated from bacteriophage plate Iysates prepared with agar contain enzyme

inhibitors (231) which could account for the inability of EcoRI to c1eave the

bacteriophage DNA containing the human grn cDNA. Ali subsequent bacteriophage

lambda DNA were then prepared from plate Iysates made with agarose, and were

not resistant to restriction enzyme digestion.

The 1645 bp cDNA sequence of RKL6 showed extensive similarity to the

human progrn cDNA sequence. The deduced protein sequence from RKL6 when

compared with the deduced human grn precursor protein sequence suggested that

the cDNA insert of clone RKL6 did not contain the initiator methionine and thus was

not a complete cDNA. To obtain the 5'-end of the rat grn cDNA, the rat kidney

Iibrary was rescreened with an EcoRllPstl restriction fragment from the cDNA insert

of clone HBM12 corresponding to nucleotides 6 to 316 of the 5' end of the human

grn precursor cDNA under similar hybridization conditions used to obtain RKL6. This

screening yielded four positive clones, RKL27, RKL26, RKL42 and RKL46. The size

of the cDNA inserts of these clones were then determined by agarose gel

electrophoretic analysis of products obtained from a PCR using flanking lambda gt11

specifie primers with RKL27, RKL28, RKL42 and RKL46 DNA as the template to

obtain approximate sizes of 1700 bp (RKL27), 500 bp (RKL28), 2000 bp (RKL42) and

1900 bp (RKL46) (not shown). The cDNA insert of RKL42, which was the longest of
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the four cDNA inserts, was removed from RKL42 with EcoRI and subcloned into

81uescriptKS/I to facilitate nucleotide sequencing. Analysis of the sequence showed

that it extended the rat grn cDNA sequence derived from clone RKL6 by an

additionaJ 342 bases but was still incomplete as determined by comparison with the

human progrn precursor cDNA. The remaining 5'-end sequence of the rat progrn

cDNA was then obtained from clone RKL28, whose 469 bp cDNA insert contained

the probable initiator methionine as determined by comparison with the human

progrn cDNA, and overlapped with the first 192 bases of the cDNA insert of clone

RKL42. A schematic of the three overlapping clones is shown in Figure 3.118

together with the sequencing strategy used to obtain the complete nucleotide

sequence of the rat grn precursor cDNA.

3.2.2 Nucleotide Sequence of the Rat Granulin Precursor cDNA.

The composite cDNA sequence of the rat grn precursor contains an open

reading frame of 1767 bp with 14 bp and 334 bp of 5'- and 3'- untranslated region

respeetively (Figure 3.11 A). The 5' most AUG is most Iikely to be the true translation

start site because i) the sequence around this AUG (ACCATGD agrees c10sely to the

Kozak consensus sequence for eukaryotic initiation, ACCATGG (232), ii) by

comparison to the human preprogrn sequence, and Oii) nucleotide sequence

upstream of this predieted initiator methionine in the human sequence contain in

fra;ne stop codons 5' to the putative initiator methionine. Since we obtained only

one clone that extended upstream of the translation start site, it is not known if

heteroganeity exists at the 5'-end of the rat grn cDNA. The 14 bp of 5' untranslated
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Figure 3.11 (A) Complete nucleotide sequence and deduced polypeptide sequence

of the rat grn precursor. The nucleotides and amino acids are numbered from the

initiator codon (ATG) and methionine (M) respectively. Underlined sequences

correspond to the grn repeats. Possible N·glycosylation sites are indicated by an

asterix (*) and the stop codon is shown by a #. The poly(A) signal is double

underlined. Clone RKL6 starts from nucleotide 456. Clone RKL42 extends the

sequence of RKL6 by an additional 342 nucleotides, and RKL28, whose 469 bp insert

contains the probable initiator methionine and extends the first 192 bases of the

sequence of clone RKL42. Homology to the human grn sequence is shown.

Differences in sequence is presented above (nucleotide) and below (amino acid) the

rat sequence. (8) Schematic of overlapping cDNA clones and sequencing strategy

used to obtain the complete rat grn sequence. Arrows indicate direction of

sequencing. Hatched areas indicate region sequenced. (C) Organization of the grn

precursor. Closed boxes represent the grn repeats, open boxes represent the:

intervening spacer regions and the hatched box represents the signal sequence.

Potential N·glycosylation sites in the rat and human are shown above and below the

schematic respectively. Epi1 and epi2 correspond to grnA and grnB respectively.
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region of the rat cONA, however, shows a 92% identity to the 5' untranslated region

of the human precursor cONA of clone HBM4 (Figure 3.11A). A polyadenylation

signal, AATAAA, is present at the 3'-end but the sequence lacks a poly(A) tai!. A

polyadenylation signal sequence but no poly(A) tait was also found in the 3' terminal

of two other clones. A 26 nucleotide polypyrimidine-polypurine tract is found 13

nucleotides upstream of the polyadenylation signal.

3.2.3 Deduced Amino Acid Sequence of the Rat Granulin Precursor.

The deduced "mino acid sequence of rat preprogrn predicts a protein of 589

residues with a calculated size of 63.5 kOa (Figure 3.11 A). The rat progrn contains

4 fewer amino acids than the human sequence. The positions of the extra amino

acids in the human sequence is shown in Figure 3.11 A. Foliowing the initiator

methionine are 16 residues, WILVSWLALVARLVAG, predicted to be a leader

sequence based on the empirical rules for leader cleavage (234). The structural

units of the rat grn precursor are arranged in simitar fashion to the human grn

precursor (Figure 3.11 e). Rat progrn consists of six 12-cysteine grn repeats,

including epi 1 and 2, which correspond to grns A and B respectively; a degenerate

1O-cysteine domain in the same position as the human grn precursor; and an eighth

domain at the extreme amino terminus containing 6 cysteines (Figure 3.12). The grn

repeats within the precursor are 36% to 60% identical to each other at the amino-acid

level (Figure 3.13). The position of the cysteine residues are highly conserved

between each repeat as are several other residues and can be represented as ex•.••

e·x,,·(T,S)·e-e·x.·G·x,-e·e·x,,·e·e·x·o·x.·H·e·e-p-x.·e·x,,-e (Figure 3.12). There
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Figure 3.12 Comparison of the rat grn-like repeats. Residues occurring four or

more times are boxed. Dashes have been introduced to align the cysteines.

Location of the grn repeats within the precursor are indicated by the numbers in

brackets.
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GRANULIN A (278-333):

GRANULIN B (204-256):

GRANULIN C 1361-413);

GRANULIN 0 (438-492):

GRANULlN E (512-567):
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GRANUlIN G (58-1 t3);

PARAGRANULIN (18-47):

E~KCDLEVS_CPDGYTCCRlNTllAWG_CCPFTK~VCCE~HIHCCPA~OI~HTETOlCE
VVCPDAKTOCPODS CCElPTGKYG-CCPM~NA0CCSI~iHLHCCPODTvldDLIQSKCI
V PC DO F S S - CP 5 NN TC C RLSS G 0 W G - C C PM P E Avec L 0IHO He CP a~KclMDEG y - CO

IGCOQHTS-CPVGOrCCPSLKGSWA-CCQLPHAVCCEDROHCCPAGYTC'NVKARTc,e

Nl1EIC GAG H F - c[ii]o'Na~c c K osa G,G WA - CCPY VKG V Cc,11 G RH ccp I!G~J15 A K G TK cil

~aCpGSQFECP

DG 5

1

,e aiR 0 H - C P~G Y sJc~ L T V 5

1
'G\1 S 5 -le C!lF 5 E G~SlSD~G a]H C C piA~HEJs A 0 G K s~ls

TQCPOGOF-~VA--~LDaG8ANYSccINPLLD

•



Figure 3.13 Comparison of (A) rat grn repeats, (B) rat and human grn repeats.

Numbers indicate percent amino acid identity between the grn repeats.
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is little homology in the inter-repeat sequences (Figure 3.8B). None of the grn

repeats are flanked by a single basic or a pair of basic amino acids suggesting that

cleavage at basic amine acids is unlikely to account for the processing of the grn

precursor. However, like the human grn precursor, the rat precursor contains a

loose consensus sequence, IX(K/R)XPS (where I and S are hydrophobie and

a1iphatic amine acids respectively, and X is any amino-acid) midway between sorne

of the repeats (Figure 3.8B). It is possible that this consensus sequence may be

important for the processing or folding of the rat and human grn precursor. There

are no obvious transmembrane domains beyond the signal peptide (Figure 3.9B).

There are 3 potential N-Iinked glycosylation sites, at Asn.., Asn.7• and Asn526,

suggesting that the rat grn precursor is a glycoprotein. The potential N-glycosylation

site at Asn526 which is in GrnE, is the only potential glycosylation site between the rat

and human grn precursor that is conserved.

3.3 Comparison of the Human and Rat Granulin Precursor cDNA and Prote!n.

The nucleotide sequence of rat grn precursor cDNA shows a 78.5% identity

over the translated region and a 74.5% identity over the untranslated region with the

human grn cDNA sequence. The polypurine/polypyrimidine tract in the 3'

untranslated region is conserved between the human and rat cDNA. 12 of the 14

nucleotides in the 5' untranslated region of the rat cDNA are conserved in the human

cDNA. The sequence between the grn repeats have predominantly replacement

mutations (base substitutions that result in a change in amino acid), whereas the grn

repeats contain predominantly silent mutations (base substitutionsthat do not cause
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a change in the amino acid assignment). This suggests a selective pressure has

operated to conserve the integrity of the grn repeats.

At the protein level, the rat grn precursor shows an identity of 75% with human

progrn, with ail 88 cysteine residues conserved between the human and rat grn

precursor. If a1lowances are made for conservative amino acid substitutions, the

conservation increases to 82%. The rat grn repeats are between 70 to 92% identical

to the corresponding grn repeat in the human precursor, with the degenerate 10

cysteine grn G the least and grnD the most conserved repeat respectively (Figure

3.13).

3.4 Expression and Analysis of Recombinant Human Granulln.

3.4.1 Expression of Recombinant Granulin Precursor.

To demonstrate that the cloned human grn precursor cDNA sequence codes

for functional grns, the complete coding sequence of the grn precursor cDNA was

cloned into a eukaryotic expression vector under the control of the SV-40 promoter

(see Materials and Methods, section 2.10.1 for experimental details). The grn

precursor-expression vector was transfected into COS-7 cells as described in

Materials and Methods, section 2.11.1. At the same time, a second set of COS-7

cells were transfected with the expression vector without a cDNA insert; these will be

referred to as the mock transfected cells. Advantage was taken of the abundance

of cysteine residues in the grn precursor protein to metabolically label the proteins

in the transfected and mock transfected cells with 35S-Cysteine. The newly

synthesized proteins can then be readily detected by autoradiography of an SDS-
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PAGE analysis of the transfected cell extracts and supernatant. SOS-PAGE analysis

of the supernatant of cells transfected with the expression vector containing the grn

precursor cDNA showed an expressed recombinant protein of approximately 84 kDa,

which was absent in the supernatant of mock transfected cells (Figure 3.14). No

recombinant protein could be detected in the cell extract of grn precursor transfected

cells. Additionally there was no difference in the pattern of protein expression

between cell extracts of grn precursor transfected and mock transfected cells. This

indicates efficient secretion of the recombinant protein by COS-? cells. The

observed 84 kDa recombinant protein is larger than the predicted human grn

precursor of 63.S kOa, most probably due to glycosylation. The observation of a 84

kDa product in the medium of cells transfected with the grn precursor cDNA indicate

that COS-? cells are unable to process the recombinant grn precursor protein into

the smaller S kDa grn peptides.

To determine if the inability to process the grn precursor into the S kDa grn

peptides is also true for other cell types, several human celllines (A431 , epidermoid

carcinoma; A549, lung carcinoma; HL-SO, promyelocytic-Ieukemia; U93?,

promonocytic-Ieukemia; Swei, B-Iymphoblatoid), ail of which express grn mRNA (see

Chapter 4), were transfected with the expression vector containing the fuliiength grn

precursor cDNA. The proteins in the grn transfected and mock transfected cells

were metabolically labelled with 35S-Cysteine, and the cell extracts and supernatant

analyzed for protein expression by SDS-PAGE. Interestingly, analysis of the medium

of Swei cells transfected with the grn precursor cDNA revealed two expressed

recombinant proteins of approximately 60 and 26 kDa respectively, which were
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Figure 3.14 Expression of human recombinant grn precursor in COS-y cells. COS

Ycells were transfected with pcEXV-3 containing the human grn precursor cDNA (grn

precursor) or with pcEXV-3 alone (mock), and the newly synthesized proteins

metabolically labelled with 35S_Cys as described in Materials and Methods, sections

2.10.1 and 2.11.1 respectively. The labelled supernatant was dialysed against 0.1 N

acetic acid and an aliquot analyzed on a 8% polyacrylamide gel as outlined in

Materials and Methods, section 2.5.2. The numbers on the left indicate protein size

standards in kDa.
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absent in the supernatant of mock transfected cells (Figure 3.15). Whether the two

smaller forms are a result of processing of the grn precursor during transit of the

recombinant protein through the secretory pathway, or in the extracellular medium,

is currently under investigation by other workers in our laboratory. No recombinant

protein(s) could be detected in the cell extract of grn precursor transfected cells.

Additionally, no difference in the pattern of protein expression was observed between

cell extracts of grn precursor transfected and mock transfected Swei cells. This

indicates the efficient secretion of the recombinant proteins by Swei cells. The

observation of two recombinant products of 60 and 26 kDa in the medium of Swei

cells and a single recombinant protein of B4 kDa in COS-7 cells transfected with the

grn precursor cDNA respectively, suggest that Swei cells and COS-7 cells process

the grn precursor differently (Figure 3.16).

SDS-PAGE analysis of the supernatant and cell extracts of A431, A549, HL-60,

and U937 cells revealed no difference in the pattern of protein expression between

grn precursor cDNA transfected and mock transfected cells. The absence of

detectable recombinant protein is probably due to weak transcriptional activity of the

SV40 promoter in these cells. Experiments are currently in progress by other

workers in our laboratory, using several eukaryotic expression vectors under the

control of different viral promoters, to study the processing of the grn precursor in

various cell types e.g. fibroblasts, epithelial cells, myeloid cells, glial cells etc.

3.4.2 Expression of Recombinant Granulln-A.

Because COS-7 cells cannot process the grn precursor to release the mature
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Figure 3.15 Expression of human recombinant grn precursor in Swei cells. pcEXV-3

containing the human grn precursor cDNA (Grn Precursor) or pcEXV-3 alone (mock)

was transfected into Swei cells with LipofectinTM as described in Materials and

Methods, section 2.11.1. and the newly synthesized proteins metabolically labelled

with 35S-Cys. The labelled supernatant was analyzed by electrophoresis on a 10%

polyacrylamide gel as described in Materials and Methods, section 2.5.2. Numbers

on the left indicate protein size standards in kDa. The arrow indicates the dye front.
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Figure 3.16 Recombinant grn precursor is processed ditlerently in COS-7 and Swei

Cells. Supernatant from 35S-Cys labelled COS-7 and Swei cells transfected with

pcEXV-3 containing the grn precursor (see Materials and Methods, Sections 2.10.1

and 2.11.1) was analyzed on a 10% polyacrylamide gel (see Materials and Methods,

section 2.5.2). The numbers on the left indicate protein size standards in kDa. The

arrow indicates the dye front.
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grn peptides, a eukaryotic expression vector was constructed to allow for the

production of recombinant grnA. This was achieved by linking the signal sequence

of the Ly-6C peptide to the cDNA coding for the mature grnA. Ly-6C is a secreted

GIP-anchored cell surface antigen found predominantly on neutrophils, monocytes

and activated T-Iymphocytes (222). The "Ly6C signal-grnA" hybrid was then inserted

into a eukaryotic expression plasmid under the control of the SV40 promoter (see

Materials and Methods, section 2.10.2 for experimental details). COS-7 cells were

transfected with the grnA secretory expression plasmid and the medium

metabolically iabelled with 35S-Cysteine to a1low for the detection of expressed

proteins. SOS-PAGE analysis of the supernatant from cells transfected with the grnA

secretory plasmid showed an expressed product of about 6 kOa which was absent

in the medium of mock transfected cells (Figure 3.17). SOS-PAGE analysis of cell

extracts showed no visible differences between extracts from grnA and mock

transfected cells, indicating efficient secretion of the recombinant protein. The 6 kOa

expressed product is in agreement with the 6 kOa size of native grnA.

3.4.3 Recombinant Granulin Precursor but not Granulin-A is a Heparin-Binding

Protein.

It is weil known that heparin ca;l act as a growth regulator by binding to and

modulating the activity of many growth factors. Several examples can be cited,

including acidic and basic FGF (95,96), HB-EGF-Iike growth factor (22), and

amphiregulin (55). Recently, it was shown that soluble EGF-precursor is also a

heparin binding protein (46). We therefore wanted to determine if the same were
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Figure 3.17 Expression of human recombinant grn-A in COS-7 cells. COS-7 cells

were transfected with pcEXV-3 containing the cDNA coding for mature grnA fused

to the Ly6 leader sequence (grnA) (see Materials and Methods, section 2.10.2.) or

with pcEXV-3 alone (mock), and the newly synthesized proteins metabolically

labelled with 35S-Cys as described in Materials and Methods, section 2.11.1. The

labelled supernatants were passed through preconditioned Waters C'8 SepPak

cartridges and an aliquot analyzed on a 15% polyacrylamide gel as outlined in

Materials and Methods, section 2.5.2. The numbers on the left indicate protein size

standards in kDa.
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true for the grns.

The ability of the grn precursor to bind heparin affinity columns was

determined by affinity chromatography. Partially purified recombinant grn precursor

(fraction 33 of rpHPLC C4 column, Figure 3.18; see Materials and Methods, section

2.14 for experimental details) was applied onto a heparin column and eluted with

increasing concentrations of NaCI. Because the recombinant grn precursor was

radiolabeled with 35S-Cysteine, eluates from the heparin column could be monitored

by determining the counts from each fraction. This is shown in Figure 3.19. A peak

of radioactivity elutes in fractions 31 to 37, corresponding to 0.42 to 0.54 M NaCI.

Analysis of these fractions by SDS-PAGE confirms the presence of the recombinant

grn precursor in the eluates. This result indicates that the grn precursor binds to

heparin affinity columns, and ls eluted from the heparin column with 0.5M NaCI.

Using the same experimental approach, partially purified radiolabeled grnA was

examined for its ability to bind heparin. Recombinant grnA binds very weakly to the

heparin column and can be eluted with 0.25M NaCI. This salt concentration is below

the physiological ionic strength, indicating that the very weak affinity of grnA for

heparin is probably not physiologically significan!.

3.4.4 Activity of Recombinant Granulln Precursor and Granulln-A.

Experiments on the physiochemical and biological properties of the

recombinant human grn precursor and grnA are currently in progress and conslitute

a separate project. Experiments by other researchers in our laboratory indicate that

recombinant grnA is biologically active as determined by its ability to inhibit the
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Figure 3.18 RP-HPLC of recombinant grn precursor. Recombinant human grn

precursor was partially purified by reversed-phase HPLC as described in Materials

and Methods, section 2.13. Inset shows SDS-PAGE analysis (see Matcrials and

Methods, section 2.5.2) of fractions 28 to 39. Numbers on right indicate protein size

standards in kDa.
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Figure 3.19 Recombinant grn precursor is a heparin-binding protein. 35S-Cys

labelled recombinant grn precursor was applied to a heparin-sepharose column and

eluted with a Iinear gradient of 0.01 to 1.0M NaCI as described in Materials and

Methods, section 2.13. Fractions containing the recombinant grn precursor were

determined by scintillation counting.
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growth of A431 cells. Preliminary experiments indicate that recombinant grn

precursor, bU1 not grnA, is mitogenic for NIH-3T3 cells. The growth promoting effect

of the recombinant grn precursor on NIH-3T3 cells is consistent with the findings of

Zhou et.aI., who recently demonstrated that the mouse grn precursor acts as a

growth factor for NIH-3T3 cells (9). The ability to express a functionally active intact

grn precursor will allow us to study the processing, secretion and biology of the grn

precursor, which would prove invaluable towards understanding the physiological

role of the grn gene products. Additionally, the ability to express biologically active

recombinant grnA will provide a working system to express each individual grn

repeat (e.g. grnB, grnC, grnD etc.), and will allow us to determine if the other grn

peptides are biologically active.

DISCUSSION

3.1 Structure of the Human and Rat Granulin Precursor.

As a step towards understanding the function of the grns in vivo, we have

isolated and sequenced the human and rat grn precursor cDNAs. The human and

rat grn precursor consists of seven and one half cysteine-rich grn repeats arranged

in tandem (Figure 3.11C). Some of these repeats have been isolated as discrete

peptides; paragrn, grnA, grnB, grnC and grnD from the human (1), and epi1 and

epi2 from the rat (2). The presence of ail four known human grns and three grn-Iike

sequences in a common precursor was unexpected. However, the Iterative nature
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of the grn precursor is not uncommon among proteins. Multiple sequential repeats

of cysteine-rich domains is a recurrent motif among many regulatory proteins,

particularly growth factors and adhesion molecules (42,43,239,240). The Iterative

nature of progrn draws comparisons with the epidermal growth factor (EGF)

precursor. The EGF precursor consists of 9 EGF-like repeats arranged in tandem

which is proteolytically processed to generate the biologically active EGF (42,43).

However, unlike the EGF precursor, progrn has no transmembrane segment or

cytoplasmic domain.

The high degree of homology between the human and rat grn precursor

shows that the protein is highly conserved through vertebrate evolulion. The

isolation of grn-like peptides fram teleost fish (8) and insect (4) further establish that

these peptides have been conserved over larger evolutionary distances. The

conservation of the grns over large evolutionary distances implies fundamental

biological raies for these peptides. Ali 88 cysteine residues are conserved between

the human and rat grn precursor implying that the cysteine residues are critical for

maintaining the structure and/or function of the grns. Shoyab et al. have shown that

reduction of epi1 and epi2 results in loss of the ability of epi1 and epi2 to inhibit the

grawth of A431 cells (2), confirming that some cysteines in disulfide linkage(s) are

essential for biological activity. However, a1though the grns are disulfide bridged

(1,2), there is no a priori reason to believe that ail 88 cysteine residues in the

precursor are involved in intramolecular disulfide bridging. Additionally, the presence

of '1ree" cysteines may a1low for the grn precursor to form dimer(s), either with

another grn precursor molecule (homodimer), or with a different protein
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(heterodimer). It will therefore be important to determine the extent of disulfide

bridging in the grn precursor.

Computer analysis of the grn precursor predicts a protein with mixed

secondary structure. The high content of cysteine-residues suggests that the grn

peptides are compact proteins. The arrangement of the cysteine residues within

each repeat is conserved and can be represented as CXs.

•Cx"CCX.CCx"CCx"CCx"Cx...,C. Glycine residues recurrently occur between

cysteine residues in each repeat and probably assist in peptide folding. Proline

residues often follow the 2nd, 6th and 10th cysteine in each repeat and may confer

stability to the compact structure of the grns. The sequence CPXG (where X is any

amino acid) is frequently found in the grn repeats. This motif also occurs in other

cysteine-rich proteins and has close to maximum B-turn potential as predicted by the

Chou and Fasman method (241).

Comparison of the repeats reveals that the sequence CCXD><"HCCP is

common to ail the 12-cysteine human and rat grn repeats. Interestingly, this

sequence is also conserved in the locust grn (PMP-D1) (4), while in the three carp

grns, the proline residue is substituted by an arginine (8). The significance of this

conserved motif is not known but it is tempting to speculate that the sequence

CCXD><"HCCP (e.g. residues 33 to 42 of human grnA) contributes significantly

towards the function or folding of the peptide. A search of nucleic acid and protein

databases using the BLAST E-mail server (229) offered by the National Library of

Medicine, NIH, revealed no homology of this consensus motif to any sequences

stored in the databases. However, a homology was observed between the motif
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CCX,HX,C (e.g. residues 33 to 40 01 human grnA) present in sorne 01 the grn repeats

(grnA, B and C 01 the human and rat) and a consensus sequence within the active

center 01 phospholipase A, (242). The lunction and/or evolutionary signilicance 01

this homology, il any, is not known.

Comparison 01 the consensus cysteine motil 01 the grn repeats with available

protein and DNA sequence databases revealed an extended homology between the

12-cysteine motil 01 the grns and the C-terminal region 01 the deduced amino acid

sequence 01 a tomate thiol protease gene induced by low temperature (38, and

Figure 3.19). The signilicance 01 this homology is not known. The catalytic domain

01 the tomato thiol protease lies in the N-terminal region, and, while the purpose 01

the C-terminal region is not clear, it has been proposed that this domain may serve

to regulate the protease activity by binding to metal ions (38). Interestingly, growth

lactor-Iike domains are lound in other proteases such as urokinase plasminogen

activator (uPA) and tissue plasminogen activator (tPA) (32).

Both the human and the rat grn precursors contain potential N-Iinked

glycosylation sites with one potential glycosylation site conserved between the

human and rat grn precursor. That the grn precursor is a glycoprotein is conlirmed

by microsequencing 01 the grn peptides (1). Additionally, Zhou et.al. have recently

demonstrated th~t the mouse grn precursor is N-glycosylated (9). However it is not

known il the grn precursor is O-glycosylated.

Our present understanding 01 the structural similarities and differences

between the human and rat grns are insufficient to recognize ail the significant

structure-function relationships of these proteins. The determination of the structure
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Figure 3.20 Alignment of :luman grnA with the C-terminal domain (amino-acids 236

to 297) of a tomato (Lycopersicon esculentum) thiol protease (TTP). A 47% identity

in a 58 amino-acid overlap is observed.
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01 the carp and locust (PMP-D1) grn gene(s) and precursor proteins will prove

invaJuable towards this end, and perhaps advance our understanding 01 the in vivo

lunctions 01 the grn gene products.

During the course 01 this project, two other groups reported the cDNA

sequences 01 the human, rat, murine and guinea pig grn precursor (6,243). Two rat

precursor sequences were presented (243), one 01 which wa.:; identicaJ to the

sequence that we obtained. The second was a grn precursor isolorm missing amino

acids 393 to 470. This deletion luses the amino and carboxyl termini 01 grn domains

C and D respectively, creating a hybrid grn structure without causing a frame-shift.

We did not detect this isoform but the rat CID hybrid probably arises from the

omission of an exon (see Chapter 5). While the mouse grn precursor shows similar

conserved cysteine-motif repeats like the human and rat precursors, the guinea pig

grn precursor (acrogranin) contains additionaJ stretches of amino acids between the

second and third repeats, and between the fourth and fifth repeats, and lacks part

of the sequence in the lifth repeat (6). Interestingly, the deletion in the fifth repeat

maps to an exon-intron junction in the human gene (see Chapter 5). Similarly, the

additionaJ sequence between the second and third repeats lie close to an exon-intron

boundary in the human gene. This suggests that some of the length variations may

be due to contraction and extension of exons at the intron/exon junction ~ntron-exon

junctionaJ sliding) respectively (244). The occurrence of intron-exon junctional sliding

among members of a protein family is not uncommon. Analysis of gene structure

and variation of protein sequence within gene families show that the intron-exon

junction positions correspond with length variations within members 01 the protein
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family (244).

There is greater intraspecies homology between equivalent grn repeats (e.g.

rat A with human A, rat B with human grnB etc.) than between the individual domains

of each protein (rat A with rat B,C,D,E,F, and G etc.) suggesting that the repeats are

not functionally redundant. Although only four discrete peptides from the human

precursor (grnA, grnB, grnC and grnD) and two discrete peptides from the rat

precursor(epi1 and epi2) containing the cysteine repeat motif have been isolated

thus far (1,2), the possibility that the remalning grn repeats are released from the

precursor co:nnot be excluded. Grn 0 is the most conserved grn repeat showing

92% identity between the human and rat and is 100% conserved between the rat and

the mouse (6,243). Interestingly, a comparison of the human and mouse EGF

precursor (42,43,44) reveals that the biologically active mature EGF, Iike grnA and

grnB, is not the most conserved EGF-repeat. The significance of the strict

conservation of grnD is not known, but it strongly suggests that grnD may be

functionally significant. The ability to express each individual grn repeat will allow us

to determine if grnD or any of the other grn repeats (grns C,E,F and G) are

biologically active.

A comparison of the grn precursor reveals that the structural homology

extends throughout the precursor sequence which may imply a function for the intact

precursor as weil as the individual grn peptides. This is supported by the recent

finding of an 88 kDa autocrine growth factor for a mouse teratoma derived highly

tumorigenic ceilline, that has been shown to be identical to the murine grn precursor

(9). Additionally, acrogranin, a 67 kDa acrosomal glycoprotein of unknown function
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isolated from guinea pig spermatogenic cells (5) was recently shown to be the

guinea pig grn precursor (6). The finding of the grn precursor in spermatogenic cells

further favours a different role for the intact grn precursor from the processed mature

grn peptides. Alternatively, the precursor may be functionally silent but activated

proteolytically in the extracellular milieu to give biologically active fragments, much

as TGFB is stored in a latent form with the amino terminal fragment of its precursor

(245), or basic FGF is sequestersd to heparin-Iike molecules in the extracellular

matrix (246). Interestingly, experiments with recombinant grn precursor indicate that

the grn precursor, but not grnA, binds heparin. It therefore conceivable that the

heparin sulfate proteoglycan-binding sites in the extracellular matrix of cells may be

involved in the sequestration of the secreted grn precursor and in this manner

regulate its biological activity.

3.2 Processing of the Granulin Precursor.

The grns were initially isolated from human leukocytes and rat bone marrow

(1) and rat kidney (2) as discrete 6 kDa peptides. Subsequent reports indicate that

the grns exist as multiole forms, ranging in size from 6-88 kDa. PC cells, a highly

tumorigenic cell line derived from a mouse teratoma secrete an 88 kDa murine grn

precursor protein (9). Equine neutrophils contain a 7.2 kDa peptide, eNAP-1, that

is highly homologous to human grnE (3). Acrogranin, a 67 kDa acrosomal

glycoprotein of unknown function that was recently identified as a product of the

guinea pig grn precursor gene (6), is processed into smaller fragments of 62, 51, 39,

and 22 kDa respectively during epididymal transit (5). TGF-e is a transforming
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growlh factor-like activity distinct from other known growlh factors (89,90). A recent

report of the amino-terminal protein sequence of bovine TGF-e shows that it is

indistinguishable from grnA (7). However, bovine TGF-e has a size of 20-25 kDa (7),

while human TGF-e has a reported size of 59 kDa (93). Additionally, several lower

molecular weight forms of biologically active human TGF-e of 13-15 kDa and 6.5 kDa

have been reported (94).

These results suggest that the processing of the grn precursor is complex and

is probably dependent on the tissue and cell type, much as is the case for the EGF

precursor, where. for example, the precursor is processed to generate mature EGF

in the submaxillary gland, but not in the kidney although the EGF mRNA is highly

expressed in the kidney (45). Additionally, it is conceivable that the various forms

of the processed grn precursor as weil as the intact precursor have overlapping and

distinct biological functions in vivo.

That the processing of the grn precursor is dependent on cell type is further

suggested by transfection experiments, where COS-7 cells are unable to process the

grn precursor, while Swei cells appear to process the recombinant grn precursor to

two smaller forms of approximately 60 and 26 kDa. interestingly, these processed

products of 60 kDa and 26 kDa are in close agreement with the 20-25 kDa bovine

TGF·e and 59 kDa human TGF-e respectively. Both COS-7 and Swei cells express

abundant grn mRNA (see Chapter 4), suggesting a similar fate for the endogenous

grn precursor. The ability to express and detect the expressed grn gene product(s)

provides an in vitro model to study the processing of the grn precursor in different

cell types.
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The mechanisms of processing of the grn precursor is not known. The

processing 01 growth factors and related polypeptides can follow several pathways.

Sorne, such as transforming growth factor-B, are cleaved from their precursor at

canonical dibasic sites (247); others, such as EGF are cleaved at monobasic sites

(42,43); and many, such as transforming growth factor a (65), tumor necrosis a (248)

and interleukin 1B (249) are cleaved from their precursors at small non basic

residues. Basic and dibasic potential cleavage sites are found in the human grn

precursor Ilanking the repeats, but not in the rat grn precursor. This suggests that

cleavage at basic sites is unlikely to be important in processing of the grn precursor

to generate the 6 kDa grns. However, because the grns exist as multiple forms, it

is possible that sorne of these forms may be derived from processing at basic sites.

A consensus motif, LX(K/R)Xpe, (where ! and e are hydrophobie and aliphatic

amino acids respectively, while X is any amino acid) is found between most of the
,

grn repeats in the human and rat grn precursor respectively. This motif may be

important for the processing or folding of the grn precursor. However, until the

various grn gene products are better characterized, no definitive statement can be

made regarding the mechanisms of processing of the grn precursor.

3.3 Constitutive vs Regulated Secretion of the Granulins.

The post translation pathway of the grn precursor is not completely known.

However, in human granulocyte extracts, the grns copurified with a granular fraction

free of cytoplasmic marker peptides (1). The granule location of the grns have been

independently confirmed in horse neutrophils (3) and fish macrophage (8). In
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addition, acrogranin has been immunolocalised to the acrosome of mature sperm

(5,6). These results clearly indicate a granule localisation for the grn gene products.

Additionally, several lines of indirect evidence point to a transit of the grn precursor

through the rough endoplasmic reticulum/Golgi apparatus compartment: i) There is

the presence of a probable signal sequence (234) H) human grnC is glycosylated

and glycosylation occurs exclusively in the rough endoplasmic reticulum and Golgi

apparatus (250) iii) grns are disulfide bridged (1,2), implying exposure to the enzyme

protein disulfide isomerase, which is located in the rough endoplasmic reticulum

(251). Furthermore, transfection studies with the grn precursor cDNA show that

COS-7 and Swei cells secrete recombinant grn into the culture medium. Since both

cell Iines express endogenous grn mRNA (see Chapter 4), this is likely to be

physiologically releva;'!!. Recently, Zhou et.al. purified the mouse grn precursor trom

the conditioned medium of PC cells, a highly tumorigenic cellline (9). This confirms

that the grn gene products are secreted in some cells.

It is weil established that proteins can be sorted in the Golgi apparatus into

those bound for vesicular organelles e.g. lysosomes or secretory granules, and those

destined for constitutive secretion or the plasma membrane (252,253). The grns

appear to enter both vesicular organelles and constitutive secretory pathways

depending on cell type. That the grns enter the flJrmer is suggested by the isolation

of grns A, B, C, and D from the granular fraction of circulating leukocytes (1), and

the immunolocalization of acrogranin to the acrosome of mature sperm (5,6). It

should be noted that the neutrophil granules and the acrosomes are not secretory

granules in the true sense, but rather are considered to be modified lysosomes. That
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the grns enter a constitutive secretory pathway is suggested by their presence in the

conditioned medium in the transfection experiments. Both COS-7 and Swei cells

efficiently secrete recombinant grn gene products into the cell culture medium as

shown by the absence of detectable recombinant gm gene products in the cell

extracts of the transfected COS-7 and Swei cells. Swei cells express abundant grn

mRNA (see Chapter 4), and MHC-class Il antigens in Swei cells were shown to bind,

in vivo, a fragment of the grn precursor (254), demonstrating that the endogenous

grn mRNA is translated. This suggests that the secretion and processing patterns

observed with recombinant grn precursor is also true for the endogenous grn

precursor. Additionally, PC cells, a highly tumorigenic cell line secrete the mouse

grn precursor into the conditioned medium (9).

Thus it is clear that the cumulative evidence based on work by other

researchers (1,2,5,6,9) and the results reported here, prove that the grn precursor

undergoes two distinct fates during transit. In some ceIls it is packaged and stored,

whereas in other cells it is secreted intact, or partially cleaved, directly into the

environment. The two different fates for the grn gene products Le. storage in

neutrophil granules and sperm acrosomes, and constitutive secretion, is simitar to

that observed with the EGF precursor. For example, in the salivary gland the EGF

precursor is processed to the 6.2 kD mature EGF and stored in secretory granules

(42,43), white the predominant form of EGF in body fluids and secretions is a 160

170 kDa soluble precursor form (46,51), suggesting that the EGF precursor is

secreted in a constitutive fashion. The significance of the different fates for the grn

gene products is not known, however it is clear that in order to elucidate the in vivo

127



•

•

functions of the grns, it will be important to understand the processing and secretion

of the grn gene products.

ln summary, the human grn precursor cDNA predicts a 593-residue

glycoprotein of Mr 63.6, containing seven and one half grn repeats arranged in

tandem. The grn repeats in the predicted rat grn precursor is structured in a similar

fashion, and shows 75% identity, to the human grn precursor. Processing of the grn

precursor appears to be tissue and cell type dependent. Secretion of the grn gene

products appears to be both constitutive and regulated, with constitutive secretion

of intact or partially processed precursor in some cells, and storage of more

extensively cleaved peptides in vesicular organelles in other cell types. The

availability of cloned grn cDNA and the ability to express recombinant grns will allow

for the further characterization of the grn gene(s) and its products, which could lead

to an understanding of the in vivo role(s) of the grn gene products.
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CHAPTER 4

TISSUE DISTRIBUTION AND CELLULAR LOCALIZATION OF GRANULIN mRNA

INTRODUCTION

When the project started, the tissue distribution and cellular sites of synthesis

of the grn gene were not known. Very Iittle was known about the distribution of the

grn peptides. Researchers in our laboratory have demonstrated the existence of

human grns (grns A,B,C and D) in circulating leukocytes (1), and a rat grn (grn A)

in bone marrow (1), while 8hoyab et al. had isolated grn peptides (grnA/epi1 and

grnBjepi2) from rat kidney (2). It was possible however, that the renal-derived

grnsjepis were not intrinsic to the kidney but were present through a passive

mechanism, such as leukocyte entrapment. More recently, several groups have

characterized grn peptides from different species; in each case the tissue source of

the grn peptides were different (see Preface). It was therefore Imperative to

determine the tissue distribution and cellular localization of the grn gene mRNA and

its products. More importantly, to understand the physiological role of the grn gene

products, it is necessary to know the context of grn gene and peptide expression in

vivo. Knowing which tissues and which cells within a given tissue express the grn

gene may provide a basis to formulate hypotheses concerning the biological
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functions of the grn gene products.

Because we did not have antibodies against the grn peptides at the time, it

was not possible to elucidate the tissue and cellular distribution of the grn peptides.

Although we recently obtained an antibody against the C-terminus of the intact

human grn precursor, this antibody does not recognise ail forms of the grn

precursor, which is known to be processed differently depending on tissue and cell

type (1,2,3,5,9 and see Chapter 3). Therelore a study on the levels and distribution

01 the grn gene products was not feasible. However, the availability 01 the cDNA of

both the human and rat grn (see Chapter 3) provided the necessary probes to

determine the tissue distribution and sites of cellular biosynthesis 01 the grn gene.

ln this chapter we examine, by Northern blot analysis and in situ hybridization

studies, the expression 01 the grn gene in cell Iines and tissues. The in situ

hybridization studies were carried out in collaboration with Dr. Adel Giaid at the

Department 01 Pathology, Montreal General Hospital. A broad spectrum 01 ceillines

were examined lor grn gene expression by Northern blot analysis. We also

determined, by Northern blot analysis, the distribution of grn gene expression in adult

human, rat and rabbit tissues. In situ hybridizations were then performed on adult

rat tissues to determine the cellular sites of biosynthesis of the grn gene. This

chapter also presents Northern blot analyses 01 grn gene expression in human letal

tissue as an initial step to determine the possible involvement 01 the grn gene

products in letal physiology.
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RESULTS

4.1 Northern Blot Analysis of Granulin Gene Expression.

4.1.1 Expression of Granulin mRNA in Cell Unes.

As the distribuilon of grn gene expression in vitro was not known at the start

of the project, we looked for grn gene expression in various celilines. The cells were

maintained in the appropriate medium supplemented with 10% fetal bovine serum

(FBS) in an atmosphere of 5% CO. at 37"C. Total cellular RNA was isolated using

a modification of the acid guanidinium thiocyanate-phenol-ehloroform extraction

method initially described by Chomczynski and Sacchi (217), and is outlined in

Materials and Methods, section 2.2.4. The RNA was denatured with glyoxal,

fractionated by agarose gel electrophoresis, transferred to nylon membranes and

hybridized with grn specifie cDNA fragments as described in Materials and Methods,

section 2.S.2.

The expression of grn mRNA in various cell lines is shown in Figure 4.1 and

presented in Table 4.1. It should be noted that the tabulation of the grn gene

expression is entirely subjective, and serves only to obtain an idea of the relative
,

levels of grn gene expression in cell lines of different origin.

Because the grns werr-initially found in inflammatory cells and bone marrow

(1), we expected grn gene expression in celilines of myeloid origin e.g. HLSO, U937

etc. We were surprised to find that grn gene expression was not restricted to

myeloid cells, but was widespread in celilines of diverse lineages, including cells of

epithelial, myeloid, Iymphoid, fibroblast and neural origin. Many cells in culture, of
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Figure 4.1 Representative Northern blot analysis of grn gene expression in ceillines

of diverse Iineages. Grn mRNA expression was detected as outlined in Materials and

Methods, section 2.6.2. See text (Chapter 4, section 4.1.1) for type and origin of cell

line.
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Table 4.1 Distribution of grn gene expression in cells. The relative levels of gene

expression is indicated by +/- (plus/minus) with - (minus) indicating undetectable

expression, and + to ++++ indicating 10'<1' (see Figure 4.1) to very high (see Figure

4.1) Ieveis of gene expression respectively.
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Granulin
Type Celiline Origin mRNA

expression

myeloid HL60 promyelocytic leukemia ++
U937 promonocytic leukemia +++
K562 proerythroid leukemia +
KMOE proerythroid leukemia +
CML chronic myelogenous leukemia +
AML acute myelogenous leukemia ++

Iymphoid Swei B-Iymphoblastoid ++++
CEM T-Iymphoblastoid +

epithelial A431 epidermoid carcinoma, vulva +++++
Calu-1 epidermoid carcinoma, lung ++++
CaSki epidermoid carcinoma, cervical ++++
SK-MES-1 squamous carcinoma, lung ++++
A549 carcinoma, lung +++
CHO-K1 Chinese hamster ovary +++
Malme-3M malignant melanoma ++++

fibroblast NIH-3T3 Swiss mouse +
COS-7 kidney, monkey ++++

keratinocyte NHEK-3.12-P4 normal human +++

brain SKNMC neuroblastoma ++
U373MG glioblastoma, astrocytoma ++
U87MG glioblastoma, astrccytoma +
U118MG glioblastoma -
C6 glial cell -

muscle SKUT-1 mixed mesodermal tumor +
SK-LMS-1 leiomyosarcoma, vulva +
L6 skeletal muscle myoblast, rat -

insect S19 ovary, fall armyworm -
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tumor or non-tumor origin, express grn mRNA. The grn mRNA transcript is

approximately 2.3 kb in size, in close agreement with the length of the human and

rat grn precursor cDNA (see Chapter 3).

4.1.1.1 Epithelial Cell Lines.

Ali cell Iines of epithelial origin examined expressed abundant grn mRNA.

A431 cells, a human cell line derived from an epidermoid carcinoma of the vulva

(255), gave the strongest hybridization signal amongst ail cell Iines examined.

Interestingly, A431 cells respond to the grn gene products (1,2), indicating the

possibility of autoregulation. Very strong signais were also detected in cells derived

from epidermoid carcinomas of the lung (Calu-1) and cervix (CaSki), and in SK

MES-1 cells, a cell line derived from a squamous carcinoma of the lung (255).

Malme-3M cells, a malignant melanoma cell line (255) also expressed very high

levels of grn mRNA. High levels of expression was also observed in A549 cells, a

cell line of established from a carcinoma of a human lung (255). The grn mRNA is

also expressed in a non-tumor epithelial cell line, CHO-K1 cells (255), which gave

a strong hybridization signal. Interestingly, two grn mRNA species (2.3 and 2.5 kb)

can be distinguished in some of the epithelial cells (Figure 4.2). The origin and

significance of the second mRNA species is not known and requires further

investigation. Plowman et. al. have reported the isolation of rat grn precursor cDNA

with a 234 bp deletion (amino acids 393 to 470) (243), probably as a result of

alternate splicing of an exon (see Chapter 5), thus a1ternate splicing could account

for the second grn mRNA species observed in some epithelial cell Iines. Other
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Figure 4.~ Two grn mRNA species are detected in sorne epithelial cell Iines. Grn

mRI'JA expression was detected as outlined in Materials and Methods, seC'i:on 2.6.2.

See text (Chapter 4, section 4.1.1) for type and origin of cell line.
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possibilities include a1ternate splicing of other exons of the grn gene, or the use of

a second downstream polyadenylation signal.

Ali the epithelial cell Iines we examined initially were established secondary

cell Iines. Cells that can survive indefinitely in culture are not "normal". Therefore,

we wanted to determine if normal epithelial cells express grn mRNA, equating

primary cultured ceIls as a close in vitro approximation to normal ceIls in vivo. A blot,

generously provided by Dr.Adel Giaid at the Montreal General Hospital, containing

RNA from human bronchial epithelial cells which were maintained in primary culture,

was probed for grn mRNA. The results show that these cells strongly express the

grn gene (Figure 4.1), indicating that epithelial cells in primary culture express grn

mRNA, and implying that some epilhelial cells also express grn mRNA in vivo. This

was later confirmed by in situ hybridization studies on rat tissue (see section 4.2).

Keratinocytes in culture can respond to the grn gene products (2). Epi1

stimulates the proliferation of murine keratinocytes in vitro, whereas epi2 inhibits the

epi1-elicited growth of these cells (2). To determine if keralinocytes also express grn

mRNA, we probed for grn gene expression in RNA isolated trom NHEK-3-12-P4 ceIls

(RNA kindly provided by Dr.R.Kremer, R.V.H), a non-transformed cell line established

from normal human keralinocytes. The results show that keratinocytes in culture

express gf'l mRNA (Figure 4.1) suggesting the possibility of autocrine or paracrine

regulation.

4.1.1.2 CeUs of Hemopoletic Derivation.

High levels of grn mRNA was detected in myelogenous leukemic cells of
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promyelocytic (HL-50) and promonocytic (U937) Iineages (255) (Figure 4.1, Table

4.1). The proerythroid-Iike leukemic cell lines, K552 and KMOE, gave weaker

hybridization signais (Figure 4.1, Table 4.1). Cells of Iymphoid origin also express

grn mRNA (Figure 4.1, Table 4.1). Swei cells, a B-Iymphoblastoid celiline expressed

high levels of grn mRNA. MHC-class Il antigens in Swei cells were shown to bind,

in vivo, a fragment of the grn precursor (254), demonstrating that the expressed grn

mRNA is translated. Expression was also detected, but at a lower level in CEM cells,

a T-Iymphoblastoid cell line.

lt is possible that expression of the grn gene in myeloid and Iymphoid cell

Iines in culture is due to the transformed state of these cells, or to the culture

conditions. To address this, RNA was isolated from blood cells of patients with

chronic myelogenous leukemia (CML) and acute Iymphoblastic leul<emia (AML)

respectively, and probed for grn mRNA. The results presented in Figure 4.1 show

that both CML and AML cells express grn mRNA, demonstrating that grn mRNA

expression is not confined to myeloid and Iymphoid cells grown in culture, but the

gene is also expressed in leukemic cells in vivo.

The human grns were initially isolated from circulating leukocytes of healthy

voiunteers (1), and the cONA subsequently isolated from a cONA Iibrary constructed

using the bone marrow of a healthy donor (see Chapter 3). These results

demonstrate that the grn gene is also expressed in non-Ieukemic normal blood cells.

4.1.1.3 Fibroblasts.

Fibroblast cells in culture also express grn mRNA (Figure 4.1, Table 4.1).
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COS-? cells, a SV-40 (simian virus 40) transformed kidney fibroblast like cell line

(255) express high levels of grn mRNA. In contrast, NIH-3T3 cells, a non-transformed

mouse embryo fibroblast-Iike ceilline showed lower grn gene expression. Whether

the difference in gene expression between the two fibroblasl-Iike cell Iines is due to

the state of the cells (transformed vs non-transformed) is not known. Interestingly,

while COS ceIls are growth inhibited by the grn gene products epi1 and epi2, (2),

Zhou et.al. have recentiy shown that the intact 'ilrn precursor (mouse) is mitogenic

for 3T3 cells (9). Whether there is a correlation between the level of grn mRNA

expression by the fibroblast-like cells and its response to the grn gene produci(s)

requires further investigation.

The expression of the grn gene in the above cell Iines (epithelial, rnyeloid,

Iymphoid, and fibroblasts) indicates a widespread pattern of gene expression wittl

no apparent spec!!icity of expression in vitro Le. tumor-derived vs normal cells and/or

viral-transformed vs non-transformed cells in culture appear to have no effect on the

absolute exprèssion of grn mRNA.

4.1.1.4 Brain-derived CeUs.

A grn-Iike peptide, PMP-D1 has recently been isolated from the neurosecretory

pars intercerebralis of the locust (4), strongly suggesting that insect neural tissue

express a grn-Iike gene. We therefore wanted to determine if the same were true for

the vertebrates. Several brain-derived cell Iines were examined for the expression

of grn mRNA. Interestingly, we could detect grn gene expression, albeit at lower
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levels than the epithelial and myeloid derived cell lines, in some cell lines of neural

origin (Table 4.1). However, there is no apparent specificity of gene expression. For

example, U373MG cells (human) of astrocytoma-glioblastoma origin (255) showed

fairly strong grn mRNA expression while in U118MG cells (human), also of

astrocytoma-glioblastoma origin (255) we could not deteet any grn mRNA. SKNMC

cells (human) of neuroblastoma origin (255) showed fairly strong grn mRNA

expression, while lower levels were deteeted in U87MG cells (human), a cell line

deri'!ed from a malignant glioma (255). No grn mRNA was deteeted in C6 cells, an

astrocyte-like cell line derived from a rat glial tumor (255).

4.1.1.5 Muscle-derived Cells.

Muscle cell lines showed little or no expression of the grn gene (Table 4.1).

SKUT'1, a celiline of a mixed mesodermal tumor of the uterus origin (255) and SK

LMS-1 a leiomyosarcoma of the vulva derived cell line (255) showed very Iittle grn

gene expression, while no hybridization signal could be deteeted in L6 cells, a non

tumor rat skeletal muscle derived cell line (255).

When we were initially screening various cell lines for grn gene expression,

ail cells tested expressed grn mRNA. Desiring a negative control, we used RNA

isolated from an inseet celiline, Sf9. (Sf9 cells were kindly provided by Dr.F.Congote,

R.V.H.). No grn gene expression could be deteeted in inseet Sf9 cells.

To compare the rasults obtained using celilines with the situation in vivo, we
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examined the expression 01 grn mRNA in various rabbit, rat and human tissues.

4.1.2 Expression of Granulln mRNA ln Rabblt Tissues.

Various rabbit tissues were collected and immediately frozen in liquid nitrogen.

The tissues were kept frozen at -7CfC until needed. Total cellular RNA was isolated

by the guanidinium phenol-chlorolorm extraction method as described in Materials

and Methods, section 2.2.4. The RNA was denatured with glyoxal, translerred to

nylon membranes following fractionation on an agarose gel and hybridized with a

1890 bp cDNA probe corresponding to nucleotides 6 to 1896 of the human grn

precursor cDNA (see Materials and Methods, section 2.6.2 for experimental details).

Very strong expression was observed with kidney RNA, and much weaker expression

with spleen RNA. Alter prolonged exposure (24 days), hybridization was detected

in total RNA from liver, lung, thymus, and brain, but not in skeletal muscle. The

strong expression of grn mRNA in the kidney conclusively proves that the epijgrn

peptides are intrinsically renal. We repeated the Northern blot analysis using tissue

isolated Irom a different rabbit to see if tt>e results were reproducible. A similar

pattern 01 grn gene expression was observed, with very strong expression observed

in the kidney, while most other tissues examined show weak expression (Figure 4.3).

The same result was obtained when we probed rabbit RNA with a rat grn precursor

cDNA (results net shown).

4.1.3 Expression of Granulln mRNA ln Rat Tissues.

The distribution 01 grn gene expression in rat tissues is presented in Figures
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Figure 4.3 Northern blot analysis of grn gene expression in rabbit tissues. 10IJg of

total RNA was loaded in each lane and the blot probed with RKL6 (top panel) and

an 188 ribosomal RNA probe (bottom panel) as described in Materials and Methods,

section 2.6.2.
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4.4 and 4.5. A transcript of 2.3 kb is expressed in tissue derived from ail three

embryonic germ layers; the ectoderm, endoderm and mesodenn. Interestingly, the

abundance of grn mRNA in many rat tissues conflicted with Northern blot analysis

of rabbit tissues, where a1though many tissues express the grn gene, its levels were

low except in the kidney (Figure 4.3). Only one grn mRNA species was observed

in ail rat tissues examined, unlike sorne epithelial cell Iines where two grn mRNA

species were detected (Figure 4.2). Plowman et.al. reported a grn precursor cDNA

sequence from rat kidney with a 234 bp deletion (243) in addition to a cDNA

sequence identical to the rat grn precursor cDNA sequence presented in Chapter 3.

However, we could only detect a single grn mRNA species .of approximately 2.3 kb

in Northern blot analysis of rat kidney RNA. This would suggest that the grn

precursor mRNA with the 324 bp deletion is expressed at very low levels in the rat

kidney.

To obtain the relative levels of grn gene expression, densitometric readings

were performed on the autoradiogram of the Northern blots of rat tissue RNA. To

correct for loading discrepancy, the blots were reprobed with a 188 ribosomal RNA

probe and the autoradiogram scanned by a densitometer. The corrected

densitometer readings were then expressed relative to the intensity of kidney grn

mRNA which was run as a standard in each of the blots scanned. To eliminate

individual variation in gene expre~sion, we performed two independent Northern blot

analyses on RNA isolated from tissues of between two and six different rats. The

averaged results are shown in Figure 4.5.

When the expression of grn mRNA in rat tissues was normalised as described,
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Figure 4.4 Representive Northern blot analysis of grn gene expression in rat tissues.

20l-1g total RNA was loaded in each lane and the blot probed with the cDNA insert

of RKL28 (top panel) and an 188 ribosomal RNA probe (bottom panel) as described

in Materials and Methods, section 2.6.2. (cortex enr.), (p) and (np) indicate adrenal

cortex enriched, and avaries tram pregnant and non-pregnant rats respectively.
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Figure 4.5 Relative expression of grn gene in rat tissues. Following hybridization

with the grn probe, the blots were reprobed with a 188 ribosomal probe to correct

for loading discrepancy. Densitometric readings were obtained from autoradiograms

of two to six separate Northern blot analysis of RNA isolated from tissues of different

rats, and are given as the mean + 5D. Northern analysis of RNA from cerebellum,

cortex, hippocampus, hindbrain, and adrenal (ex.en.) was done once and do not

have error bars. The expression is shawn relative to the kidney which was used as

an internai standard in ail blots. (ex.en.), (p), and (np) indieate adrenal eortex

enriched, and ovaries from pregnant and non-pregnant rats respectively.
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above. the spleen showed the strongest expression. The spleen contains abundant

Iymphoid and myeloid ceUs. Lymphoid and myeloid ceUs in culture express very

high levels of grn mRNA (Figure 4.1, Table 4.1), which may account forthe abundant

grn mRNA in the spleen. Interestingly RNA isolated from the spleens of retired

breeder rats ( > 83 days) contain higher levels of grn mRNA than do spleens of

younger rats (44-51 days) (Figure 4.6). No apparent difference in grn gene

expression was observed between retired breeder and younger rat RNA from the

heart. lung, Jiver. kidney. skeletal muscle, and skin (Figure 4.6). This is a preJiminary

observation requiring further experiments to provide a definitive result, but may

suggest that grn gene expression is developmentally regulated in the spleen. The

significance of this tissue specifie age-related increase in grn gene expression is not

known. and may be associated with the age-related decJine in the immune system

(256).

Other than the spleen, the highest levels of grn gene expression were

observed in the placenta, reproductive tissues, and the adrena!. In the ovary no

difference could be seen between expression of grn mRNA in non-pregnant rats and

pregnant rats (19-20 days), suggesting that the hormones estrogen and

progesterone probably do not regulate grn mRNA expression. However, further

experiments are required for a definitive answer. In male reproductive tissue the

highest expression is in the epididymis. Lower levels of expression were also

observed in the seminal vesicles, vas deferens and testis.

ln the adrenal, the relative level of grn mRNA expression was indistinguishable

between whole adrenals and cortex enriched preparations. A subsequent Northern
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Figure 4.6 Northern blot anaJysis of grn mRNA expression in tissues from young

(44-51 day) and aged ( >83 day) rats. 20 I1g RNA was loaded in each Jane and the

blot probed with RKL6 asdescribed in Materials and Methods, section 2.6.2. The

autoradiograph exposure time is shown on the right. Y and RB indicate young and

retired breeder respectively.
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blot analysis of RNA from the adrenal cortex and medulla showed no apparent

difference in grn gene expression between the cortex and medulla (not shown).

Relatively high levels of expression were observed in the lung and kidney and to a

lesser extent in the skin, heart and Iiver. Expression was a1so observed in the

gastrointestinal tract with the duodenum, ileum and colon showing similar

hybridization signal intensity wheieas the tongue and stomach gave weaker signais.

Grn mRNA expression was observed at lower levels in the CNS, with

homogeneous distribution between the cerebellum, cortex, hippocampus and hind

brain. Higher levels were detected in the pituitary. There was no difference in the

expression of the grn gene in extracts of whole 15, 19 and 20 day fetal brains and

from the brains of adult retired breeders (Figure 4.7).

Extremely low levels of expression were observed in skeletal rnusc!e,

consistent with Northern blot analysis of muscle-derived celllines (see section 4.1.1.5

and Table 4.1).

ln summary, Northern blot analysis demonstrates a ubiquitous expression of

grn mRNA in rodent tissues derived from ail three embryonic germ layers; the

endoderm, mesoderm, and ectoderm.

4.1.4 Expression of Granulln mRNA ln Adult Human Tissues.

Post-mortem human tissue, obtained frozen from Dr. Giaid, was stored at 

70°C prior to use. Northern blot analysis for grn mRNA expression was performed

as described in Materials and Methods, section 2.6.2, and the results are presented

in Figure 4.8. A similar pattern of grn gene expression was observed between the
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Figure 4.7 Northern blot analysis of grn gene expression in fetal and adult rat brain.

20 Il\) RNA was loaded in each lane and the blot probed with RKL28 (top panel) and

an 188 ribosomal RNA probe (bottom panel) as described in Materials and Methods,

section 2.6.2. RB, AB, and FB indicate retired breeder (> 83 day) brain, adult brain

(44-51 day), and fetal brain (20, 19, and 15 day) respectively.
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Figure 4.8 Distribution of grn gene expression in adult human tissues. 10 I-Ig RNA

was loaded in each lane and probed with a human grn cDNA restriction fragment

corresponding to nucleotides 1225 to 1660 as described in Materials and Methods,

section 2.6.2.
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human and rat tissue, with a 2.3 kb grn mRNA transcript detected in ail adult human

tissues examined. Expression was strongest in the lung, with the kidney and heart

also showing strong hybridization signais. Grn gene expression could also be

detected in the spleen and intestine. A weaker hybridization signal was detected in

the Iiver.

When we examined a second set of post-mortem human tissue by Northern

blot analysis, we were surprised to find two grn mRNA species, of 2.3 kb and 4.2 kb

(Figure 4.9). In these tissues, the heart ventricle, adrenal, kidney and colon showed

strong gel"'e expression white weaker expression was observed in the spleen, Iiver

and lung. A simitar result showing two hybridizing species of 2.3 and 4.2 kb was

obtained using different grn specifie cDNA fragments corresponding to the amino,

mid and carboxy portion of the grn precursor. This would suggest that the 4.2 kb

hybridizing signal represents an authentic grn mRNA, and, could result from alternate

splicing at the S'end (see Chapters 3 and 5), incomplete processing of grn pre

mRNA, or the use of a second downstream polyadenylation site. Further

experiments such as genomic Southern hybridization, and cloning and sequencing

of the 4.2 kb transcript are required to clarify the origin and significance of this 4.2kb

mRNA species. It should be noted, however, that only one set of post-mortem

human tissues produced this anomalous result. Ali other cell Iines and tissues

including rabbit, rat, and human fetal tissue (see below), did not express detectable

levels of the 4.2 kb grn transcript.
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Figure 4.9 Northern blot analysis of adult human tissue indicate two grn mRNA

species. 10 fig RNA was loaded in each lane and the blot probed with a human grn

cDNA fragment corresponding to nucleotides 1225 to 1660 as described in Materials

and Methods, section 2.6.2.
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4.1.5 Expreulon of Granulln mRNA ln Human Fetal llnues•

Fetal tissue at various stages of gestation (12-13, 17, and 18 weeks

respectively) were obtained frozen from Dr.A.Giaid and stored at -70°C prior to use.

Total RNA was isolated and probed for grn mRNA as described in Materials and

Methods, sections 2.2.4 and 2.6.2. The results are shown in Figure 4.10. Ali tissues

examined express a single message of 2.3 kb with the placenta, spleen and GI tract

showing strongest grn gene expression. Expression was also detected in the CN8,

lung, liver, pancreas, kidney, adrenal, muscle, skin and heart. There was no

apparent difference in grn gene expression with increasing gestational age. The

distribution of grn mRNA expression in fetal tissues is similar to that of adult tissues,

with both fetal and adult human tissue showing a ubiquitous pattern of grn gene

expression. However, sorne differences are observed. The expression of grn mRNA

in the GI trtict appears more prominent in the fetus than the adult human and rat.

Additionally, strong grn gene expression is observed in fetal muscle at 18 weeks

gestational age. This is in contrast with the very low levels of grn mRNA expression

in rat skeletal muscle (Figures 4.4 and 4.5) and muscle-derived celllines (Table 4.1).

The widespread grn gene expression in fetal tissues and the detection of grn mRNA

as early as 12-13 weeks gestation, implicates the grn gene products as having an

important function in fetal physiology. Plowman et.aI. reported the presence of grn

mRNA in embryonic carcinoma cell lines (243), further suggesting a role for the grn

gene products in very early fetal development.

Unfortunately, because of the small number of samples as a result of the

difficulty in obtaining post-mortem human adult and fetal tissue, it was not possible
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Figure 4.10 Distribution of grn mRNA expression in human fetal tissues at various

stages of gestation. 10 I1g RNA was loaded in each lane and the blot probed with

a cDNA fragment corresponding to nucleotides 1225 to 1660 of the human grn

precursor cDNA as outlined in Materials and Methods, section 2.6.2. Numbers on

right indicate length of feet in mm and corresponding gestational age.
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to quantitatively determine the expression of gm mRNA in human adult and fetal

tissues.

4.2 Cellular Locallzatlon of Granulln Gene Expression by ln Situ Hybrldlzatlon.

Northem blot analysis provides no indication of which ceIls within a given

tissue express the gm gene. To address this question, we performed in situ

hybridization analysis of rat tissues for gm mRNA expression, in collaboration with

Dr.A.Giaid. The in situ hybridization analyses were performed as described in

Materials and Methods, section 2.6.3, and the results are shown in Figures 4.11 and

4.12.

ln rat kidney, gm mRNA was localized to the cortex reglon with few signais

detected over the medulla. Hybridization signais were seen over epithelial cells of

the proximal and distal tubules, and the Bowman's capsule (Figure 4.11). There was

little significant hybridization signal over the glomerulosa tafts. In the liver, deposits

of silver grains representing specifie hybridization signais were primarily seen over

scattered hepatocytes (Figure 4.11). Few signais were detected in other cell types

in the liver. Scattered signais were seen over the respiratory epithelia (Figure 4.12).

ln situ hybridization of the spleen showed gm gene expression to be localized in

lymphocytes (Figure 4.12). In the small intestine, hybridization signais were primarily

seen over the intestinal epithelium with no apparent difference in hybridization

intensity between the base of the villus and the tip (Figure 4.12). Scattered signais

were also seen over the epithelia of the hair follicle and neuronal bodies of various

nuclei of the hippocampus and brain stem (data not shown). Negative control
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Figure 4.11 ln situ hybridization analysis of grn mRNA expression. Kidney sections

photographed under brightfield (A and C) and darkfield (8 and D) conditions. Large

arrows point to the glomerulus and small arrows to distal tubules respectively. A and

B are at 250X magnification, C and 0 are at 500X magnification. (E) and (F) show

brightfield and darkfield photographs respectively of a Iiver section (250X

magnilication) with arrows showing grn mRNA positive hepatocytes.
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Figure 4.12 Expression of grn mRNA using in situ hybridization in sections of (A)

rat Jung with arrows showing respiratory epithelial cells, (B) spleen with arrows

showing grn mRNA positive lymphocytes, and (C) the small intestine, with arrows

showing the intestinal epithelium. Panel (0) represents a negative control showing

a section of rat kidney hybridized with the grn sense probe. Magnification X250.
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sections did not show any specific hybridization signais (Figure 4.12)

DISCUSSION

As an initial step towards understanding the physiological role of the grn gene

products, we have studied the expression of the grn gene in vitro and in vivo. The

Northern blot and in situ hybridization studies have provided valuable information to

begin postulating the roles of grns in vivo. The possible physiological significance

of the observed results is discussed below.

The abundant expression of grn mRNA in epithelial cells is particularly

interesting, since many epithelial cells, including A431 cells, are growth modulated

by, and some have been shown to have receptors for, the grn gene product(s)

(2,82), raising the possibility of autocrine or paracrine regulation. Furthermore, many

solid tumors are epithelial in origin, thus the propensity of transformed epithelial cells

to express grn mRNA, and respond to the grn gene products, may have

pathophysiological consequences. The possibility of autocrine and/or paracrine

regulation is not restricted to epithelial cells but may also extend to other cell types.

Grn mRNA is detected in fibroblast cells, which are also growth modulated by the

grn gene product(s) (9). In addition, Zhou et.aI. recently showed that PC cells, a

highly tumorigenic cell line derived from a mouse teratoma, secretes and responds

to the intact grn precursor (9) demonstrating that the grn gene product(s) may act

as an autocrine growth factor for the producer cells.
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We initially found grns in inflammatory cells and bone marrow (1), so the

presence of grn mRNA in HL60 (promyelocyte) and U937 (promonocyte) was

expected. The expression of the grn gene in two proerythroid cells, K562 and

KMOE, and in the Iymphoid cell Iines, Swei and CEM, was unanticipated.

Proerythroid cells and their progeny, and 13- and T-cells are unlikely to be involved

in regulating epithelial proliferation, suggesting other possible roles for the grn gene

products. It is possible that the grn gene products may be involved in hematopoietic

and immune functions, much as is the case with TGF-B, which is widely expressed

in myelopoietic and Iymphopoietic cells, and shows pleiotropic immunoregulatory

activities (86). Interesting!y, the widespread occurrence of grn mRNA in myeloid cell

Iines of diverse Iineage contradicts the low representation (approximately 0.05 %) of

grn message in the human bone marrow cDNA Iibrary. However, since these cell

Iines are transformed, care should be taken extrapolating the results to normal bone

marrow. The apparent contradiction could also be due to stage-specific gene

expression, induction of grn mRNA expression by factors in the cell culture medium,

or inhibition of expression by factors in bone marrow.

Many cell Iines of diverse Iineages examined express grn mRNA. This

ubiquitous pattern of grn gene expression in cultured cells differs from the localized

grn gene expression ln vivo. For example, human keratinocytes in culture express

grn mRNA, which is not in accordance with ln vivo findings, where, in the skin, grn

gene expression was confined to the epithelia of the haïr follicle with no significant

grn mRNA expression in keratinocytes. Similarly, grn gene expression occurs in a

restricted set of epithelial and myeloid cells ln vivo, yet, cell culture experiments
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indicate that ail epithelial and myeloid cells express the grn gene. The basis 01 the

discrepancy between the essentially universal expression 01 grn in cultured cells and

its more localized expression in vivo is not clear. It is possible that grn gene

expression in vivo is regulated by the extracellular environment or by lactors secreted

by surrounding cells. Thus the removal 01 the cells Irom their natural environment

might contribute to the discrepancy between their behaviour in culture and in vivo.

This is the case with TGF-B1 where the expression 01 TGF-B1 mRNA is strongly

induced by the loss of cellular interactions with the ECM (257), possibly accounting

for the weil delined and limited expression of TGF-B1 mRNA in vivo (69,70) in

contrast to its synthesis by virtually ail cells in culture (69,70). Therelore, caution

should be taken when extrapolating from the results of grn gene expression in

cultured cells to the situation in vivo.

The ubiquitous nature of grn gene expression in tissues is similar to the

pattern of gene expression observed with sorne of the better studied growth factors,

such as TGF-B and bFGF (69,70,96). In the rat, grn gene expression is abundant in

a number of tissues, especially in tissues that are rich in epithelia, such as the

seminal vesicles, placenta, ovary and the adrenal. In contrast, tissues with little

epithelium, such as the tongue, brain and skeletal muscle show correspondingly low

grn gene expression. This is consistent with results from the celllines where muscle

and brain-derived cell lines expressed little grn mRNA, and supports a role for the

grn gene products in autocrine or paracrine maintenance 01 epithelial cells in vivo.

The abundance of grn mRNA in many rat and human tissues conflicts with grn

mRNA expression in the rabbit, where although many tissues express the grn gene,
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its levels were low except in the kidney. The biological rationale for the observed

intersper.:ies differences in grn gene expression is not clear but the high expression

of grn mRNA in the kidney of ail three species emphasizes a probable role for the

grn gene products in renal function. It had been suggested that the grns exlracted

from the kidney (2) arose from leukocyte entrapment, but the in situ hybridization

results conclusively show that renal epithelial cells express grn mRNA in vivo. Grn

mRNA was detected in epithelial cells of the proximal and distal convoluted tubules

and Bowman's capsule. The hybridization signal was low in the medullary region

and in the glomerulus. The absence of hybridization in the epithelial cells of the

medulla provides evidence for cellular specificity in grn gene expression among

epithelial cells. in Northern blot analysis of celilines grown in continuous culture, no

specificity in grn gene expression among epithelial cells was observed, and although

grn gene expression in the kidney is confined to epithelial cells, COS-7 cells, an SV

40 transformed kidney fibroblast-like cell line (255) express the grn gene in vitro.

Grn/epi peptides have been purified from rat kidneys (2) demonstrating that the grn

message is translated, and at least sorne of the precursor is cleaved to the smaller

peptides. However, it is not known if the grn gene products enter the circulation, or

are secreted directly into the lumenal space. It is possible that grns are involved in

renal tissue growth and repair since epi1 stimulates anchorage independent growth

of NRK cells in the presence of TGF-B (2). The presence of grn mRNA in the tubules

but not in the interstitium, is similar to the expression of the EGF gene which is also

highly expressed in renal tubular epithelium (45). Under normal conditions the renal

epithelium is not mitotically active (258) and the expression of the progrn gene in
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these cells may serve nonmitogenic functions, as has been proposed for the EGF

precursor protein (45).

ln the intestine, rapid cell division occurs at the base of the villus white little

cell division occurs at the tip of the viiius (259). In situ hybridization studies show

uniform grn mRNA expression in epithelia from the base to the tip of the villus,

suggesting that the grn gene products may play a non-mitogenic role in the intestine.

The spleen and Iiver sections both show scattered staining for grn mRNA. The

grn positive cells in the spleen appeared to be lymphocytes. Lymphocyte celilines

in culture express very high levels of grn mRNA. A fragment of the grn precursor is

a major self-peptide bound to MHC-class Il antigens in SWEI B-cells (254)

demonstrating that the message is translated. We initially thought that grn gene

expression in the Iiver might derive from reticuloendothelial cells since grns have

been isolated from myeloid cells (1,3,254) and the grn gene is expressed in a

number of myelogenous leukemic cell Iines. This was not supported by the in situ

hybridization results where grn positive cells in the liver do not line the sinusoids and

have the appearance of hepatocytes, i.e. cells of epithelial origin, rather than

reticuloendothelial ceUs.

The finding of grri gene expression in the brain, a1beit at low levels, is

intriguing. A grn-Iike peptide, PMP-D1, has recently been isolated from the

neurosecretory pars intercerebraiis of the locust (4). The evolutionary lines leading

to insects and vertebrates diverged, at the latest, in the early Cambrian period, 570

million years ago (260}. The occurrence of grn-like peptides in neural tissue across

impressive evolutionary distances suggests that the grn gene products have

161



•

•

previously unsuspected raies in the brain, which, can at present only be guessed at;

it may act as a mitogen or developmental hormone, or it may serve as a

neurotransmitter or neuromodulator, or it may act as a maintenance factor.

Interestingly, we could not detect a difference in grn gene expression between the

developing adult and fetal brair., suggesting a non-mitogenic role for the grn gene

products. However, since we only examined fetal brains at day 15 onwards, its role

as a mitogen during the earlier stages of brain development cannot be excluded.

It also conceivable that the grn gene products act as maintenance factors necessary

for the continuai survival of the brain cells, much as nerve growth factor enhances

the survival of cholinergie neurons in the mammalian central nervous system (261).

The function of the grns in the brain remain speculative at present, and elucidation

of the roles of grn gene products will require a detailed analysis of the effects of the

grns on neuronal and glial cells, as weil as the knowledge of the post-translational

fate of progrn in the vertebrate brain, and the neuroanatomic 10caJization of both the

grn mRNA and the translated protein.

The widespread expression of gm mRNA in fetal tissues implicates a role for

the grn gene products in fetal physiology. The broad expression profile of grn mRNA

is reminiscent of the ubiquitous mRNA distribution in human fetal tissue of the IGFs,

peptide mitogens that have been implicated in fetal growth and development

(147,148). Other growth factors that are widely expressed during embryogenesis

include TGF-B (69,70), bFGF (96), and TGF-a (68). Interestingly, unlike grn gene

expression, TGF-a mRNA is selectively expressed in a restricted set of human fetal

tissue, including nerve tissue, Iiver, adrenal, and kidney (68). During fetal
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development, rapid cell division and differentiation occur. However, analysis of

various fetal tissues showed that there was no apparent difference in grn gene

expression with increasing gestational age. This may imply that the grn gene

products may serve non-mitogenic functions during fetal development. It should be

noted, however, that only one set of fetal tissue at each gestational stage was

examined. Therefore more studies are required (better N-values) before a definitive

statement can be made.

A limitation of ail these studies is that measurements were made only at the

mRNA levaI. Grn peptides have been isolated from hematopoietic tissue (1,3,8,254)

and kidney (2). Whether the grn mRNA is translated in other tissues is not known

at present. Additionally it is not known if the translated product is secreted from ail

cells. Tissue localisation of the grn gene products will complement the mRNA

studies to further provide valuable information on the possible ln vivo roies of the grn

gene products. Progrn is differentially processed in various cell types (1,2,6,9 and

see Chapter 3) and some of the products are mutually antagonistic in certain assay

systems (2). The intact progrn has also been shown to act as an autocrine growth

factor (9). It will therefore be essential to establish the post-translational processing

of the precursor in each tissue. Additionally, in hypothesizing the role of the grn

gene products ln vivo, the localization and quantity of the grn receptor(s) should also

be considered. It will therefore be Imperative to determine the distribution and

localization of the grn receptor(s).

ln summary, the grn gene is strongly expressed in most, perhaps ail, myeloid

and epithelial cell lines in vitro, and at lower or undetectable levels in brain- and
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muscle-derived cell Iines. Grn gene expression can be detected in a restricted set

of epithelial cells and lymphocytes ln vivo. A1though grn gene expression is also

detected in fibroblasts and other non-epithelial cell types in culture, it appears to be

much more restricted to epithelial and hemic ceUs ln situ. The Iimited expression of

the grn gene in epithelial and hemic cells implies cell specific functions for grn gene

products, as weil as cell specific regulation of grn gene expression ln vivo. Several

of the known biological properties of the grns resemble those of the EGF{TGF-a

polypeptides. Whether this is physiologically significant is unclear but it is possible

that the grns, or related products of the grn-gene, are involved in regulating cell

growth. The grn gene product(s) may also serve a non-mitogenic function. It is

becoming increasingly apparent that many growth modulating factors are

multifunctional and the same may be for the grn gene product(s). The grn gene is

expressed in fetal and adult tissues and is consistently abundant in those tissues that

have a high content of epithelial cells. Based on work by other researchers

(1,2,3,7,8,243,254) and the results reported in this chapter, the grn gene products

are Iikely to be particularly significant in cens of the immune system and epithelial

cells. The presence of grn gene expression in epithelial cells ln vivo as shown here,

the known effects of the grns/epis on epithelial cell growth (1,2,8,243), and the

recently reported identification of a high affinity grn/epi receptor (Kd 2 x 10.10 M) on

an epithelial cell line (82) suggest an important role for the grn gene product in

autocrine or paracrine regulation of epithelial ceUs in vivo.
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CHAPTER 5

CHROMOSOMAL LOCALIZATION, GENOMIC ORGANIZATION AND

STRUCTURAL AND fUNCTIONAL ANALYSIS Of A PROMOTER

Of THE HUMAN GRANULIN GENE.

INTRODUCTION

ln this chapter, the structure of the human grn gene will be presented,

followed by an analysis of the S'-flanking region and promoter function. Also

presented in this chapter is the chromosomal localization of the human grn gene.

The work described in this chapter provides the foundation to address two important

questions:

~) What regulates grn gene expression.

The grn gene is expressed in a wide variety of tissue (see Chapter 4). In vitro,

the grn gene is widely expressed in cell types of diverse Iineages, including epithelial

cells, myeloid and Iymphoid cells and fibroblasts. However, its expression ln situ is

apparently restricted predominantly to hematopoietic and some epithelial cells. This

restricted cell distribution suggests that grn gene expression is regulated ln vivo. A

primary control point in the regulation of gene expression is the initiation of mRNA

synthesis. Transcription initiation is a complex process involving the interaction of

trans-acting factors with specifie cls-element DNA sequences frequently found in the
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Immediate vicinity of the transcription initiation site(s); i.e. the promoter region.

Isolation of the 5'-flanking region of the human grn gene, identification of putative cis

acting response elements, and delineating a functional promoter of the grn gene

represents an initial step towards understanding the molecular mechanisms

regulating the cell specificity of grn gene expression and those governing grn gene

expression in general.

(ii) How did the grn gene evolve.

Comparison of the human and rat grn precursor shows that the protein is

hlghly conserved between human and rodent (see Chapter 3). The isolation of grn

Iike peptides from teleost fish (8) and locust (4) establishes that the grn gene

products are also found in lower vertebrates and insects. These results clearly

demonstrate that the grn gene has a long evolutionary history. To investigate the

evolutionary origin of the cysteine-rich motifs that form the grn precursor (see

Chapter 3), phylogenetic studies of its molecular structure are required. Therefore,

knowledge of the exon/intron organization of the human grn gene is an initial step

towards characterizing the evolutionary emergence of the grns.

RESULTS

5.1 Chromosome LocalizaUon of the Human Granulln Gene.

The polymerase chain reaction (PeR) was used to determine the chromosome
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assignment of the human gm gene. Two independent gm specifie primer pairs (see

Materials and Methods, section 2.8 for experimental details) were used in the PCR

with DNA from human-hamster somatic cell hybrids as the template. Human and

hamster genomic DNA were used as the templates for positive and negative control

reactions respectively. The PCR was performed as described in Materials and

Methods, section 2.3.1, and the reaction products fractionated by agarose gel

electrophoresis and transferred to nylon membranes. The membranes were then

hybridized with gm specifie probes complementary to nucleotide sequences Iying

between the primer pairs used in the PCR (see Methods and Material, section 2.8 for

experimental details) and the results are shown in Figure 5.1. With both gm-specific

primer pairs, Southem blotting of the PCR products revealed a single amplified

product of the predicted size with human genomic DNA and with DNA trom the

somatic cell hybrid 811, which contains human chromosomes 8,17 and 18 (Figure

5.1, Table 5.1). No PCR product was obtained with hamster genomic DNA or with

the control reaction (no DNA added). Localization of the gm gene to chromosomes

8 or 18 can be excluded because of the absence of hybridization in hybrids 803,

909, 967 and 1006 which contain chromosome 8, or hybrids 324, 734, 750, and 867

which contaln chromosome 18 (Table 5.1). Therefore the gm gene must be on

chromosome 17.

5.2.1 IsolaUon of Genomlc Clon.. Contalnlng the Proteln Codlng Region of the

Granulln Gene.

To begin characterization of the gm gene structure, a commercial human
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Figure 5.1 80uthern Hybridization of PCR products. Conditions for the PCR are

described in Materials and Methods, section 2.8. The amplified products were

electrophoresed on a 1.5% agarose gel, transferred to nylon membranes (ZetaProbe,

BioRad) by capillary blotting and hybridized with grn specifie probes (Materials and

Methods, section 2.6.1.). Conditions for the hybridizations and washes were

essentially as described by the manufacturer (BioRad). (A) PCR with primer pair A

and probed with a 21-mer oligonucleotide. (B) PCR with primer pair Band probed

with a 1890-bp EcoRl/Sacl fragment. The description of primer pair A and B and the

probes used are given in Materials and Methods, section 2.8.
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Table 5.1 Segregation of Human Chromosomes in Human-Hamster Somatic Cell

Hybrids. +/- indicate presence (+) or absence (-) of the noted chromosome in the

cell hybrids. Percentage numbers are the percent of the cell population containing

the noted chromosome. D· Deletion at p15.1-15.2.
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Human Chromosome Content
Cell
Line 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 X Y

324 - - - - - - - - - - - - - - - - - +
423 - - + - - - - - - - - - - - - - - -
507 - - + - + - - - - - - + - + - - - - - 40% - 25% - +
683 - - - - + - - - - - + 45% - + - - - - + - + +
734 - - - - + - - - + - - - - - - - - +
750 - - - - D - - - - - - + + + - - - +
803 - - - + + - - + - - 15% - - - - - - - - - - + +
811 - - - - - - - + - - - - - - - - + +
854 - + - - +
860 - - 15% - + + - - - 15% - - - - - -

: ~ ~
45% - +

867 60% - - - + - - - - - - - + + - - +
909 - - - - D + - + - - - - - + - - - - - - - - +
940 - - - - + - - - - - - - - - - - - +
967 - - - - + - - + - - - - - - - +
968 - - - - + - - - + - - - + - - - 11- Il - - - - - +
983 - - - - + - - - - +

1006 - - - 55% + - + + - - - - + - + - /1: /1 : + - +
1099 + - - - D - - - - - - - + - - - + - + +
Hamster
Human + + + + + + + + + + + + + + + + 1/+ Il + + + + + + +
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genomic Iibrary was screened with a 182-bp PCR derived genomic fragment

corresponding to part of the grn A gene (see Chapter 3 section 3.1.1, and Figure

3.3). The choice of probe was governed by two factors: i) To maximize the

stringency of the hybridization conditions and thereby eliminate non-specifie

hybridization, the probe should contain the exact nucleic acid sequence of the grn

gene Le. a homologous probe. H) To increase the probability of isolating genomic

clones containing the complete grn gene, the probe should correspond to the mid

portion of the grn precursor cDNA. The 182-bp PCR-derived genomic fragment

corresponding to part of the grnA gene fits both criteria. The hybridization and

washing conditions employed in screening the genomic Iibrary are described in

Materials and Methods, section 2.4.3. Of approximately 45 000 clones screened,

only one positively hybridizing clone, HGL1, was obtained. The DNA of HGL1 was

isolated and digested with the restriction enzymes BamHI, Sacl, Sail and Xhol to

determine the size of the DNA insert and to obtain a partial restriction map of the

DNA insert. This restriction analysis suggested that HGL1 contained a DNA insert

of approximately 13.5 kb. HGL1 DNA was then digested with the restriction enzyme

Xhol, and the resulting fragments (DNA insert fragments of approximately 1200, 1300,

2300, 3200 and 5500 bp respectively) were fractionated by agarose gel

electrophoresis and transferred to a nylon membrane. Restriction fragments

containing the grn gene were then identified by Southern hybridization with a 1890

bp fragment corresponding to nucleotides 6 to 1896 of the human grn precursor

cDNA, which covers the complete coding region of the grn precursor. Only one Xhol

restriction fragment of 5500 bp, was recognised by the grn specifie probe (Figure

170



•

•

5.2, fragment A). This fragment was then subcloned into Bluescript KSII and

characterized by restriction analysis. The DNA sequence of the 5500bp Xhol

fragment was then obtained by dideoxynucleotide sequencing according to the

strategy described in Materials and Methods, section 2.4.3.

Analysis of the nucleotide sequence of the 5500bp Xhol fragment, and

comparison with the human grn precursor cDNA sequence revealed that the Xhol

fragment contained only the 5' portion of the grn gene. To determine if the DNA

insert of HGL1 contained the 3'-end of the grn gene, HGL1 was probed with a

EcoRl/Kpnl restriction fragment (fragment 12C, Figure 3.4) corresponding to

nucleotides 1709 to 2099 of the 3'-end of the human grn precursor cDNA. No

hybridization signal was obtained, indicating that the DNA insert of HGL1 did not

contain the 3'-end of the protein coding region of the grn gene.

To obtain the 3'-end of the grn gene, the human genomic Iibrary was

rescreened with a 390 bp cDNA restriction fragment corresponding to the 3'-end of

the human grn precursor cDNA (Fragment 12C, Figure 3.4). One positively

hybridizing clone, HGL23, with a DNA insert of approximately 10 kb was isolated.

Restriction analysis of HGL23 suggested that the DNA insert of clone HGL23

overlapped the 5500 bp Xhol subclone of HGL1 b~' approximately 1400 bp (Figure

5.2). This was confirmed by nucleotide sequencing. A Bkb Xhol restriction fragment

of clone HGL23 recognized by the 3'-end grn cDNA probe (Figure 5.2, fragment B)

was subcloned into Bluescript KSII, characterized by restriction analysis and partially
.'

sequenced to obtain the complete nucleotide sequence of the 3'-end of the grn

gene.
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Figure 5.2 Schematic and partial restriction map of overlapping genomic clones,

HGL1, HGL23, and HGLP26 containing the protein coding region and 5' untranslated

and lIanking region of the grn gene. The hatched region indicates region sequenced.

HGL1 contains a spurious 7 kb fragment at the 3' end indicated by the solid region.

A, B, C, and D indicate fragments that were subcloned to obtain nucleotide

sequence (see text). S and X indicate Sacl and Xhol respectively.
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The entire protein coding region of the grn gene was therefore contained

within two overlapping genomic clones; HGL1, from which was determined the

sequence of the 5'-end of the grn gene, and, HGL23, from which the 3'-end of the

grn gene sequence was obtained. The nucleotide sequence of the protein coding

region of the human grn gene is shown in Figure 5.3.

S.2.2 Isolation of Genomlc Clona Contalnlng the S'·Flanklng Region of the

Granulln Gene.

As an initial step towards understanding the molecular mechanisms involved

in the regulation of grn gene expression, genomic clones containing the 5'-flanking

region of the grn gene were obtained. Nucleotide sequencing of a 2.3 kb Xhol

fragment of clone HGL1 (see section 5.2.1) revealed that it contained only 675 bp

of 5'-flanking sequence of the human grn gene. To obtain genomic clones

containing a greater portion of the 5'-flanking region, a human genomic Iibrary was

probed with a 108 bp cDNA fragment corresponding to the 5' untranslated region

of the grn gene (nucleotides -35 to -142). This fragment was obtained by a PCR

based strategy described in Materials and Methods, section 2.3.3 and in Chapter 3,

Section 3.1.3. Three clones, HGLP21, HGLP22 and HGLP26, were obtained from the

human genomic Iibrary. Restriction mapping of HGLP21, HGLP22 and HGLP26

followed by Southern hybridization with two different grn specifie cDNA fragments

corresponding to i) the 5'-untranslated region (nucleotides -35 to -142), and li)

nucleotides 6 to 1896 of the grn precursor cDNA (spanning the complete coding

region of the grn precursor), indicated that the three clones overlapped, and ail three
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Figure 5.3 Nucleotide sequence of the human grn gene. The nucleotide sequence

is a composite of two overlapping clones, HGL1 and HGL23. HGL1 and HGL 23

overlap by about 1400 bp. Sequences of exons, intron/exon boundaries and 3'

untranslated region are shown. The amino acid sequence is shown below the

nucleotide sequence. The stop codon is indicated by #. The lengths of the introns

are given in parentheses. IV refers to intervening sequence. The polyadenylation

signal is underlined, and the nucleotide sequence resembling the consensus

sequence frequently found downstream of the polyadenylation site is double

underlined. The nucleotides are numbered according to the human cDNA sequence.
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. : .... IVO( .., 3000bp) ....• tactttgcagGCAGACCATGTGGACCCTGGTG 15
M W T L V

AGCTGGGTGGCCTTAACAGCAGGGCTGGTGGCTGGAACGCGGTGCCCAGATGGTCA 71
S W V A L T A G L V A G TAC PDG Q

GTTCTGCCCTGTGGCCTGCTGCCTGGACCCCGGAGGAGCCAGCTACAGCTOCTGCC 127
F C P V Ace L 0 P G GAS V sec

GTCCCCTTCTGgtgagtgccc ..... IV1(121bp) ..... gtctttctagGACAA 143
RPLL DK
ATGGCCCACAACACTGAGCAGGCATCTGGGTGGCCCCTGCCAGGTTGATGCCCACT 199

W PTT L S A H L G G P C a v 0 A H
GCTCTGCCGGCCACTCCTGCATCTTTACCGTCTCAGGGACTTCCAGTTGCTGCCCC 255
C S A G H 5 C 1 F T V S G T S 5 CCP
TTCCCAGAGgtgagcgtgc ..... IV2(115bp) •.... tgttccacagGCCGTGG 271

F P E A V
CATGCGGGGATGGCCATCACTGCTGCCCACGGGGCTTCCACTGCAGTGCAGACGGG 327
ACGOGHHCCPRGFHCSAOG
CGATCCTGCTTCCAAAGATCAGgtgcagctgg ..... IV3(479bp) ..... cttg 349
RSCFORS

tcacagGTAACAACTCCGTGGGTGCCATCCAGTGCCCTGATAGTCAGTTCGAATGC 399
G N N S V GAI a C P 0 S a F E C

CCGGACTTCTCCACGTGCTGTGTTATGGTCGATGGCTCCTGGGGGTGCTGCCCCAT 455
P 0 F S T CCV M V 0 G S W Gee P M

GCCCCAGgtacaaatct ..... IV4(100bp) .... ttttcctcagGCTTCCTGCT 472
P 0 A S C

GTGAAGACAGGGTGCACTGCTGTCCGCACGGTGCCTTCTGCGACCTGGTTCACACC 528
C EOR V H CCP H G A F C "0 L V H T
CGCTGCATCACACCCACGGGCACCCACCCCCTGGCAAAGAAGCTCCCTGCCCAGAG 584

R C 1 T P T G T H PLA K K L PAO A
GACTAACAGGGCAGgtgaggaggt ..... IV5(112bp) ..... cctcttccagTG 600

T N A A V
GCCTTGTCCAGCTCGGTCATGTGTCCGGACGCACGGTCCCGGTGCCCTGATGGTTC 656

A L S S S V M C P 0 ARS R C PDG S
TACCTGCTGTGAGCTGCCCAGTGGGAAGTATGGCTGCTGCCCAATGCCCAACgtga 708

TCCELPSGKVGCCPMPN
gtgagg ..... IV6(234bp) ..... ccccactcagGCCACCTGCTGCTCCGATCA 728

A T C C S 0 H
CCTGCACTGCTGCCCCCAAGACACTGTGTGTGACCTGATCCAGAGTAAGTGCCTCT 784

L H CCP a 0 T V COL lOS K C L
CCAAGGAGAACGCTACCACGGACCTCCTCACTAAGCTGCCTGCGCACACAGgtacc 836
S KEN A T T 0 L L T K L P A H T
agngg ..... IV7(199bp) ..... tccctcacagTGGGGGATGTGAAATGTGACA 856

V G 0 V K C 0
TGGAGGTGAGCTGCCCAGATGGCTATACCTGCTGCCGTCTACAGTCGGGGGCCTGG 912
MEVSCPOGYTCCRLOSGAW
GGCTGCTGCCCTTTTACCCAGgtaccaggtg ..... IV8(79bP) ..... tctgcc 933

G CCP F T a
ctagGCTGTGTGCTGTGAGGACCACATACACTGCTGTCCCGCGGGGTTTACGTGTG 985

A V C C E 0 H l H CCP A G F T C
ACACGCAGAAGGGTACCTGTGAACAGGGGCCCCACCAGGTGCCCTGGATGGAGAAG 1041
o T 0 K G T C E 0 G P H a v P W M E K
GCCCCAGCTCACCTCAGCCTGCCAGACCCACAAGCCTTGAAGAGAGATGTCCCCTG 1097
A P A H L S L POP a A L K A 0 V P C

TGATAATGTCAGCAGCTGTCCCTCCTCCGATACCTGCTGCCAACTCACGTCTGGGG 1153
o N V S S C P S SOT C CaL T S G

AGTGGGGCTGCTGTCCAATCCCAGAGgtatatggga ....• IV9(21Sbp) ..•.. 1179
EWGCCPIPE
cacçccccagGCTGTCTGCTGCTCGGACCACCAGCACTGCTGCCCCCAGGGCTACA 1225

AVCCSOH~HCCPOGY

CGTGTGTAGCTGAGGGGCAGTGTCAGCGAGGAAGCGAGATCGTGGCTGGACTGGAG 1281
TCVAEGOCORGSEIVAGLE
AAGATGCCTGCCCGCCGGGCTTCCTTATCCCACCCCAGAGACATCGGCTGTGACCA 1337

K M P A A RAS L S H PRO 1 G C 0 0
GCACACCAGCTGCCCGGTGGGGCAGACCTGCTGCCCGAGCCTGGGTGGGAGCTGGG 1393

H T 5 C P V GOT CCP 5 L G G 5 W
CCTGCTGCCAGTTGCCCCATgtgagtgcct ..... IV10(10Bbp) ..... ttccc 1413
A C COL P H
gccagGCTGTGTGCTGCGAGGATCGCCAGCACTGCTGCCCGGCTGGCTACACCTGC 1464

A V C C EOR 0 H CCP A G Y T C
AACGTGAAGGCTCGATCCTGCGAGAAGGAAGTGGTCTCTGCCCAGCCTGCCACCTT 1520
NV KA R 5 C E K E V V 5 A 0 P AT F

CCTGGCCCGTAGCCCTCACGTGGGTGTGAAGGACGTGGAGTGTGGGGAAGGACACT 1676
LARSPHVGVKOVECGEGH

TCTGCCATGATAACCAGACCTGCTGCCGAGACAACCGACAGGGCTGGGCCTGCTGT 1632
FCHDNOTCCRDNROGWACC
CCCTACCGCCAGgtcagtgcca .•••• IV11 (85bp) ••... gaccatccagGGCG 1648

P V A 0 . G
TCTGTTGTGCTGATCGGCGCCACTGCTGTCCTGCTGGCTTCCGCTGCGCAGCCAGG 1704
VCCAORRHCCPAGFRCAAR
GGTACCAAGTGTTTGCGCAGGGAGGCCCCGCGCTGGGACGCCCCTTTGAGGGACCC 1760
G T K C L R REA P A W 0 APL R 0 P

AGCCTTGAGACAGCTGCTGTGAGGGACAGTACTGAAGACTCTGCAGCCCTCGGGAC 1816
A L R 0 L L N

CCCACTCGGAGGGTGCCCTCTGCTCAGGCCTCCCTAGCACCTCCCCCTAACCAAAT 1872
TCTCCCTGGACCCCATTCTGAGCTCCCCATCACCATGGGAGGTGGGGCCTCAATCT 1928
AAGGCCCTTCCCTGTCAGAAGGGGGTTGTGGCAAAAGCCACATTACAAGCTGCCAT 1984
CCCCTCCCCGTTTCAGTGGACCCTGTGGCCAGGTGCTTTTCCCTATCCACAGGGGT 2040
GTTTGTGTGTGTGCGCGTGTGCGTTTCAATAAAGTTTGTACACTTTCTTAACAGTG 2090
TCTGATTTGCCGCCCCTGCCTGCCC --- -- 3022
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clones contained a substantial portion of the 5'·flanking region of the grn gene. One

clone, HGLP26, with a DNA insert of approximately 17 kb, was then chosen for

further analysis.

HGLP26 was digested with Sacl and Xhol ta release DNA insert fragments of

approximately 3.6, 5.0, and 8.3 kb for the Sacl restriction digest and 3.0, 3.2, 4.1,

and 6.5 kb for the Xhol restriction digest as assessed by agarose gel electrophoresis.

The restriction fragments were transferred to a nylon membrane and probed with two

grn specifie cDNA fragments corresponding to the 5'-untranslated region

(nucleotides -35 to -142) and to nucleotides 6 to 1896 of the grn precursor cDNA

respectively to obtain a partial restriction map of HGLP26 (Figure 5.2 and 5.4A).

Restriction analysis suggested that the DNA insert of HGLP26 overlapped with the

DNA insert of clone HGL1 (see section 5.2.1) by approximately 5.5 kb. Two

overlapping restriction fragments from clone HGLP26, a 4.1 kb Xhol fragment and a

8.3 kb Sacl fragment (Figure 5.2, fragments 0 and E), recognized by the 5'-end grn

cDNA probe used to screen the genomic Iibrary (nucleotides -35 to -142), was then

subcloned into Bluescript K811, characterized by restriction analysis and partially

sequenced to obtain 2878 bp of the 5'-flanking region of the human grn gene (Figure

5.4B).

5.3.1 Organlzatlon of th. Proteln Codlng Region of th. Granulln Gen.-.

The complete nucleotide sequence of the protein coding region of the human

grn gene, obtained from two overlapping genomic clones, HGL1 and HGL23, Is

shown in Figure 5.3. The protein coding ragion of the grn gene covers about 3700
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Figure 5.4 Structure and nucleotide sequence of the 5' flanking and untranslated

region of the human grn gene. (A) Schematic and partial restriction map of genomic

clone (HGLP26) containing the 5'-flanking region and part of the coding region of the

human grn gene. The ATG codon is boxed. Shown above HGLP26 is the Sacl

subclone used to obtain the 5'flanking sequence. The hatched area indicates region

sequenced. (B) Nucleotide sequence of the 5' flanking region of the human grn

gene. Shown also is part of the first intron (intron 0) and the initial 30 amino acids

of the coding region. Nucleotide +1 denctes the A residue of the translation initiation

codon (ATG) , and residues preceding it are indicated by negative numbers. The

putative transcription initiation sites determined by primer extension analysis are

indicated by a •. The sequences of potential regulatory elements are double

underlined. (r) indicates putative response element in reverse complement. The four

putative eeMT boxes are underlined. The 11 bp direct repeat followed by eight 5

bp repeats in tandem are double overlined. The 41 bp anti-sense sequence is

overlined. The homopurinel homopyrimidine tracts are located at nucleotides -175

to -189; -196 to -215; -1116 to -1131; -1140 to -1156; -1204 to -1240; -1414 to -1433;

-1527 to -1541; -1545 to -1552; -1680 to -1701; -1831 to -1845; -1966 to -1994; -2265

to -2303; -2435 to -2445.
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-2878

-2818

-2758

-2698

-2638

-2578

-2518

-2458

-2398

-2338

-2278

-2218

-2158

-2098

-2038

-1978

-1918

-1858

-1798

-1738

-1678

-1618

-1558

-1498

-1438

CGGGAATGCGGTAATTACGC'I'TI'GTI"IATAAGTCAGATTT'I'AATTT'ITA'ITCCTl'AAC
NFIL6 rNFIL6

ATAACGAAAGGTAAAATACATAAGGC'rI'ACTAAAAGCCAGATAACAGTATGCGTA'ITI'GC
rNFIL6 -ciA'TA -

~CTGATTTTTGCGGTATAAGATATATACl'GATATGTATACCCGAAGTATGTCAAAAAG

RTFl rHYB rMYB
AGGTGTGCTATGAAGCAGCGTATTAcAG'TGACAG'I"l'GACAGCGACAGCTATCAGTTGCTC

E2A rGATA
AAGGCATATGATGTCAATATCTCCGGTC1'GGTAAGCACAACCATGCAGAATGAAG~

SrF
~TCTGCGTGCCGAACGCI'GGAAAGCGCAAAAT~GGGATGGCTGAGGTCGCCCGG

RAPPl. PEA3
T'ITATTGAAATGAACGGCTCTITI'GCTGACGAGAACAGGGACI'GGTGAAATGCAG'ITI'AA

rMYB NFIL6
GG'ITl'ACACCTATAAAAGAGAGAG~TCGTCTG'ITl'GTGGATGTACAGAGTGATAT

TATTGACACGCCCGGGTrCAAGCGATCTCCTGCCTCGGCCTCCTGAGTAGGGAATTACAG

ACCTCGTTATCGTGGCACCT1'ACCCTrC'I'GATGTTAAAAAAAAAAAAAAAGAGCGAGA

GAGAGAGAGAGAAACATTTGTGAAGTAGGTTGTTGAGTCTCAGCACTATTGACCTTTTGG
rPPAR

GCAGGATACTTCTl"I'GT'I'GTGGGGGATTGTTCTGTGTGTCGTGTGATGTl'TAGTGGGATT
CiE

Si-CTGGCCCT1'ACCTACCAGATCGCCAGTGTCCcrCCACCCTGAGTTGTGACAACCCAGAT
BP rFACTI
TGTCTCCAGACACTCerAAATGTCCCTGGCGCAAAATTGCCGCTGCTCAAGAATc..~CGGA

C/EBP
CTTTGACGATTAGACTTl'GTGATATTl'G'ITl'CAGTCTGTTTAGGli 1111 llCTl'CTACC

TGTAliIlIl lCTGGTTCTGGGTGGTTGTAATTAGTAGGTTATTGATCGATTCACCTAAC

ATTTCATGAAAGTTTCATGTGTGTGTGTGTTTCAATAGAAGCATAAACTATACTCCCTAG
PEA3

TCTCAAGATAGCCA""GGAA"GGAAAATAAGCACAAATGTGTCACCAGGGCACAGACl'AGTAC
G'ATi\ "'"PEA3

TAGGTCCTCAGCAGGCCAGGTGTCTI'ATCCGCTGTCTGGGTCTGCTCTAGCTCCAGGCTl'

AGAACCCCTGCCACACGACTCCACAGCTCGGTTGGCACCCTTTCCCTCCTCCGACTrCTG
AP2 AP2

CTGCCTCGAGC'l"l'GGTl'AGCCATCÇCCCTGCCCCTGCCTCATCCTCAGCTCCAGTTCCTr
AP2

GCTCAGGCTGCAGCAGTCTCCATCCCCTGTGCAGACACTGCCGTTCcrCCACGGCCCAGT

ATCAGGCTTTCCCTGGGCCTcrCCTCTCTCCTGGC~CCCATCAT~CTGCC
rCFI rCFI

TGGCCCAGGCCCTTTGGCACCAAGCAGGCTGACTCTTGTCACTGGCTAATCTGTTCTGTG
AP2

GTACA'lTI'TCTCTCCTCACCCTCCCATATCAATTCCTCGAAGGCAGGGCGATCTGGAGAC
-rcFi

-1378

-1318

-1258

-1198

-1138

-1078

-1018

-958

-898

-838

-778

-718

-658

-598

-538

-478

-418

-358

-298

-238

-178

-118

-58

-7

T~CCACTTCTC'ITrCGACAGCCCCCACCACAGCCCAGCCCGTGCCAGGCACCCAG

PEA3 rNFIL6 AP2
CAGCTCCTGAAGCCCACTGGCATTGAACATGGCATTCAATCCC'I'GCCAAGCCTGCCCTTC
~ ---cFi ~

CCATCTGGTTTCCCAGGGCTCTrCCCAACACCTCCTCCTCCACCTGC~AAAATCTI

rCF1 AP2 rN'FGMa rMYB
CCCAGACTCAGCTCAAGGAGATGCTCCTAAGGTGGAATGAAATCTCTI'Cl'TCCCCACC'l'G
rIL6RE rETS 1 C/EBP
GAGACAATCTACTTCCTCTCCCTACACCTGGCAACTGGCGCACAACCTTGTATCTTAAAT

rPEA3 HYB
TAGATl'CAGCCTGAGACTGTCTCCCACCAATCCCTGCTCCCTGTCCTGCTGAGCACCTISj

PEA3 rTIE
AGGAAAGGGCT'M'GGGGCTGTTTATCTTTGTCCTGGAAACCATCCTI'CAACTCACTCTGG
NFIL6 TIE rGAT'A
GGCCTGCCTAGCATGTCAACCGAGTTTGGAGAATAGGGCAGAATAGGGCAGGACAGGACA

GGACAAGACAGGGCAGGATAGGATAGGAGCGAGCCAGCTCAGTAGCTCACATTTGTAATS
!:.!.12RE
CCAGCGCTTGGGGGGCTGCGGTAGGAGAATCGCTTTGGGAGCAGGAGTTGCAGGCCGCAG

AP2 rAP2
TGAGCTATGATCAGCTTGGGCGACTGAGCGAGACCCTGTCTCTAAAACAAACACACAAGT

CCGGGCGCGGTGGCTCATGCCTGTAATCTrAGCAC'M"l'GGGAGGCCGAGGTGGGCGGATC
rGCF ~ LYFI -...2.!!:.. SPI

ACGAGGTCAAGAAATCGAGACCATCCTGGCCAACATGGTGAAACCCCGTCTCTACTAAAA
PPAR MTFI rNFGMa

ATACAAAAATTAGCTGGGCGTGGTGG'TëëGëGCCTGTAGTCCCAGCTACTCGGGAGGCTG
GCF rIL6RE SPI

~GCAGGAGAATCGCTTGAACCCGGGAGGCAGAGGTTGCAGTGAGCCGAGATCGTGCCAC

TGCACTCCAGCCTGGCGACAGAGTGAGACTCCGTCTCAGAACAAACAAACAAAAGGATAG
MTFl FAcTï

AAAGGCGAGCACAAATATTCCCAATTCATAACACTCCCTCGCACTGTCAATGCCCCAGAC
-- PEA3

ACGCGCTATCATCTCTAGCAAACTCCCCCAGGCGCCTGCAGGATGGGTrAAGGMGGCGA
~ AP2 NFIL6

CGAGCACCAGCTGCCCTGCTGAGGCTGTCCCGACGTCACATGATTCTCCAATCACATGAT
rE2A TEF2 ETSI •

CCCTAGAAATGGGGTGTGGGGCGAGAGGAAGCAGGGAGGAGAGTGATTTGAGTAGAAAAG
CFl ----PU3 •

AAACACAGCATTCCAGGCTGGCCCCACcTCTATATTGATMGTAGCCMTGGGAGCGGGT
• GATA

AGCCCTGATCCCTGGCCAATGGAAACTGAGGTAGGCGGGTCATCGCGCTGGGGTCTGTAG
SPI rAP2

TCTGAGCGCTACCCGGTTGCTGCTGCCCAAGGACCGCGGAGTCGGACGCAGgtaggag ••

• intron 0 ••• tttgcagGCAGACCATGTGGACCCTGGTGAGCTGGGTGGCCTTAA
M W T L V 5 W V A L

CAGCAGGGCTGGTGGCTGGAACGCGGTGCCCAGATGGTCAGTTCTGCCCTGTGGCCTGCT
T A G L V A G TAC PDG Q F C P V A C
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bp, with 12 exons and 11 introns. A twelflh intron of approximately 3 kb lies outside

the open reading frame, in the 5' untranslated region, 7 bp upstream of the

translation initiation codon. Postulated splice sites were determined by comparison

with the human grn cDNA sequence. Splice acceptor and donor sequences (Table

5.2) agree with the "GT-AG" rule (262) and conform to splice site consensus

sequence proposed by Mount (230), including a pyrimidine-rich region of

approximately 11 nucleotides or greater found within 3 to 10 bp of the 3' splice site.

At the 3' end of the grngene, a single consensus polyadenylation signal, AATAAA,

is present. Located 20 bp downstream of the polyadenylation site is the sequence

AGTGTCTG; this sequence agrees closely with the consensus sequence YGTGTGYV

(where Y is either pyrimidine) frequently found within about 25 bp downstream of the

polyadenylation site (263). Thus, the human grn gene contains typical signais for

mRNA splicing and polyadenylation (264,265).

ln the coding region, 8 splice junctions occur between amino acid codons

(type 0 introns), 3 occur afler the first nucleotide of a codon (type 1 introns), and

none occur afler the second nucleotide of a codon (type Il introns) (266). This can

be compared to the average values of 41% type 0, 36% type l, and 23% type Il

previously reported for vertebrate genes (267). Thus there is a clear preponderance

of type 0 splice junctions in the grn gene. The introns within the protein coding

region of the gene are small, ranging in size from 79 to 479 bp, with an average of

168 bp (Table 5.2). The exons vary in size, coding for 28 to 83 amino-acids.

Each 12-cysteine grn repeat is encoded by two exons, and in sorne Instances,

one exon codes for the carboxy-terminal of one repeat and the amino-terminai of an
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Table 5.2 Size and splice junction sequences of exons and introns in the protein

coding region of the human grn gene. Exon sequences are given in uppercase and

intron sequences in lowercase. Amino acids with interrupted codons were assigned

to the exon containing two of the three codon nucleotides.

• Consensus sequence from Mount (230)

b Intron type is according to Sharp (266). Type 0 indicates introns Iying between

two codons and type 1 indicates introns Iying between the first and second

nucleotides of a codon.
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Exon Amino 5'donor Intron Length 3'acceptor Typeb

Acids (C,A)AG/gt(a,g)agta (bp) (c, t) ag/Ga

l 46 CTG/gtgagt 1 121 tag/G 0
II 42 GAG/gtgagc 2 115 cag/G 0
III 28 CAG/gtgcag 3 479 cag/G l
IV 38 CAG/gtacaa 4 100 cag/G 0
V 45 CAG/gtgagg 5 112 cag/T l
VI 37 AAC/gtgagt 6 234 cag/G 0
VII 42 CAG/gtacca 7 199 cag/T l
VIII 33 CAG/gtacca 8 79 tag/G 0
IX 83 GAG/gtatat 9 219 cag/G 0
X 78 CAT/gtgagt 10 108 cag/G 0
XI 77 CAG/gtcagt 11 85 cag/G 0
XII 45

•
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adjacent repeat (Figure 5.5). Exon 1contains 7 bp of 5'-untranslated region and

encodes the signal peptide and paragrn. Exon Il and exon III encode grnG, while

grnF is encoded by exons IV and V respectively. Exon VI and VII contain gmB.

GrnA is encoded by exons VIII and IX, while grnC is encoded by exons IX and X

/respectively. Exons X and XI contain grnO, and grnE is encoded by exons XI and

XII respectively.

Type 0 introns (introns Iying between two codons) bisect the translated grn

protein repeats between the sixth and seventh cysteine (Figures 5.3 and 5.5). The

position of these junctions is rigidly conserved in ail seven grn repeats. The introns

in the intervening regions between grn repeats are ail type 1 Ontrons Iying between

the first and second nucleotide of a codon) and their position relative to the grn

repeats is variable. Baba et.aI. recently described the structural organization of the

mouse grn gene (268). The intron/exon arrangement of the protein coding region

of the mouse gene is identical to the human grn gene.

Three types of exons, which we have called a,a and Ba can be recognised

based on the peptide sequences that they encode and their type class (Figure 5.5,

Table 5.2). a exons encode a six cysteinyl peptide sequence with the cysteine motif

C~CX.CCX.CCX. corresponding to the amino-terminal half of a grn repeat, and

have type 1 and 0 5' and 3' exonic boundaries respectively. aexons encode a six

cysteinyl peptide with a X.CCX.CCX.C~C array corresponding to the carboxyl

terminus of the next grn repeat, with type 0 and 1 5' and 3' boundaries respectively.

Ba exons encode a 12 cysteine peptide, X.CCX.CCX.C~Cx.sooC~CX.CCX.CCX.

comprising the carboxyl-terminal half of a grn repeat, an intervening spacer
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Figure 5.5 Structural organization of the human grn gene. Exons are indicated by

hatched boxes and introns by Iines. Exons l, Il, IV, VI and VIII are a-exons, exons

III, V, VII and XII are B-exons and exons IX, X and XI are Ba-exons (see section 5.3.1).

Closed boxes represent the grn domains, open boxes represent the intervening

spacer reglons and the hatched box represents the signal sequence.
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sequence, and then the amino-terminal half of a grn repeat, with type 0 boundaries

at both 5' and 3' ends. The 5' end of the protein coding region of the grn precursor

consists of a1ternating a and B exons. The pattern changes towards the 3' end of

the gene where the Ba exons appear. The grn gene is therefore constructed of three

types of exons arranged in the following manner: a-a-B-a-B-a-B-a-Ba-Ba-Ba-B, where

a encodes the amino terminus and B the carboxy terminus of a grn repeat (Figure

5.5).

S.3.2 Structural Analysla of the S'·Flanklng Region of the Human Granulln Gene.

The nucleotide sequence of the 5'-flanking and untranslated region of the

human grn gene was obtained trom two overlapping genomic clones, HGL1 and

HGLP26 (see sections 5.2.1 and 5.2.2), and is shown in Figure 5.48. Analysis of the

5'-flanking and untranslated sequence revealed several interesting structural features.

Firstly, there is no apparent TATA box. Although one sequence of TATAAA

is present 2444 nucleotides upstream of the translation initiation codon, it is too far

upstream to be involved in the initiation of transcription. In mammals, TATA boxes

are usually located a short distance (25-30 bp) upstream of the transcription initiation

site (269). A variant TATA sequence, TATATI is present at nucleotides -148 to -143

[the nucleotides of the 5' untranslated and flanking region are numbered such that 

1 corresponds to the nucleotide preceding the translation initiation codon (ATG)],

however it lies within the 5' untranslated region of the grn cDNA and most Iikely does

not function as a TATA box. The absence of a canonical TATA box is consistent with

the observation of multiple initiation sites in the grn gene (see section 5.4), since the
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TATA box functions to ensure accurate initiation of transcription at a single site (270).

The 5'-flanking ragion contains 4 CCAAT boxes, at nucleotides -103 to -99; 

133 to -129; -251 to -247; and -398 to -394. The CCAAT box at nucleotides -133 to

129 is conserved between the human and mouse genes (see section 5.3.3).

The grn gene promoter has a G+C content of 56.4% over 500 bp of 5'

flanking and untranslated sequence. This value is lower than the G+C content of

sorne of the better characterized growth factor and growtil factor receptor gene

promoters. For example, a G+C content of 80% (nucleotides -262 to -1), 76%, and

78.6% (over the reported 1209 nucleotides of 5' sequence) is observed in the

promoters of the TGF7B1 (271), TGF-a (272), and PDGF-A chain (273) genes

respectively, while the EGF receptor (274) and insulin receptor (275) gene promoters

have a G+C content of 88% (nucleotides -540 to -1) and n% (nucleotides -371 to

+1) respectively. The human genome has an average G+C content of 40% (276).

A remarkable number of putative binding sites for transcriptional factors are

present, in direct or in reverse orientation, in the 5'-flanking region of the human grn

gene (Figure 5.4S). The locations of these putative response elements are presented

in Table 5.3.

Interestingly multiple sets of potential binding sites for nuclear factors with

only one mismatch to its consensus sequence (such sites are sometimes reported

in the Iiterature as possible binding sites for transcription factors) are present in the

5'-flanking region of the grn gene. For example, there are 25 AP1-like (13

complement, 12 reverse complement), 112 AP2-like (66 complement, 46 reverse

complement), 40 SP1-like (18 complement, 22 reverse complement), 4 CRE/ATF-Iike
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Table 5.3. Putative response elements in the 5' untranslated and f1anking reglon of the human granulin gene.

•
Transcription Consensus (5'-3'1

Factor
Location (nucleotidel Comments Reference

-
~

SP1

AP2

PEA3

CFI

G{fG/AGGCG{fG/A
G/AG{f

CCCA/CNG/CG/CG
/C

AGGMG/A

ANATGG

-87 ta -79; -545 ta -537; -668 ta
-660

-33 ta -25; -74 ta -67; -839 ta
-832; -1247 ta -1240; -1341 ta
-1334; -1495 ta -1488; -1648 ta
-1641; -1654 ta -1647; -1734 ta

-1727.

-213 ta -208; -308 ta -303; -1018
ta -1013; -1127 ta -1122; -1379
ta -1372; -1841 ta -1836; -2544
ta -2539.

-232 ta -227; -626 ta -621; -1258
ta -1253; -1392 ta ·1387; -1415
ta -1410; -1509 to ·1504;

Originally described as a specific
factor required for 81/-40
transcription, now known to play an
important role in transcription of
many viral and mammaIian genes.
Presence often correlated with
absence of a TATA box in
housekeeping genes and genes
involved in growth control.

A stimulatory transcription fal...tor
involved in the regulation of many
eukaryotic genes. DevelopmentaIly
regulated and induced by phorbol
esters tumor promoters and cAMP.

OriginaIly shown ta bind the
polyoma virus enhanr;er, and whose
activity is regulated by phorbol
esters and serum components and
by a number of oncogenes such as
v-src, polyoma middle-T, c-Ha-ras, v
mos, and v-raf.

A ubiquitous nuclear factor initiaIly
shawn ta act on c-myc, IgH- and a
actin promoters.

277,278

279,280

281,282

283
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Transcription Consensus (5'-3') Location (nucleotide) Comments

Factor

C/EBP GTGGT/AT/AT/AG -1167 to -1160; -2063 to -2059; A nuclear factor presumed to have a
-2161 to -2157 role in energy metabolism and may

have a role in regulating the balance
between cell growth and
differentiation.

•
Reference

284

FACT-1 TGGCGA -466 to -461; -2138 to -2133. A ubiquitous transcription factor that
binds to the serum response
element.-011... TEF-2

NF-IL6

IL6-RE

TIE

MTF1

GGGTGTGG

TT/GNNGNAAT/G

CTGGGA

GNNTTGGNGN

TGCNGCNC

-227 to -220

-311 to -303; -1020to -1012;
-1363 to -1356; -2476 to -2468;
-2828 to -2820; -2872 to -2864.

-559 to -554; -840 to -835; -1199
to -1194; -1248to -1243.

-1010 to -1001; -1055 to ·1046

-478 to -472; -572 to -566; -2761
to -2755.

An enhancer factor that binds to the
GT-IC motif on the SV40 promoter.

A nuclear factor involved in acute
phase reactions, inflammation, and
hematopoiesis.

A weil conserved sequence in
cytokine-responsive regions of acute
phase genes.

A conserved motif in the promoter
region of TGF-B1 inhibited genes.

A transcription factor induced by
heavy metals.

285

286

287

288

289

290
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Transcription Consensus (5'-3')

Factor

GCF C/GCGC/GC/GC/GC

SIF CCCGTC/A

Location (nucleotide)

-571 to -565; -715 to -709.

-614 to -609; -2583 to -2578.

Comments

A negative regulator of the EGFR
gene and other growth factor and
growth factor receptor genes.
A ubiquitous nuclear factor that
activates c-tos gene expression and
is induced by c-sis/PDGF.

•
Reference

291

292

HAPF1 CTGGNGAA

-00
III NFGMa

MYB

GATA

GNGGNGTTT/GCA
T/C

T/CAACG/TG

T/AGATANG

-2561 to -2555.

-621 to -612; -1162 to -1153.

-1107 to -1102; -1211 to -1206;
-2434 to -2429; -2647 to -2642;
-2667 to -2662.

-143 to -138; -353 to -348; -997
to -992; -1853 to -1848; -2651 to
-2646; -2780 to -2775.

An IL-6 induced nuclear factor that
cooperates with NF-IlS.

A nuclear protein that acts on
cytokine gene promoters, and is
induced by PMA and ConA.

A hematopoietic and tumor cell line
specific factor that plays a critlcal
role in cell proliferation and
differentiation.

The GATA family of transcription
factors are involved in erythroid
differentiation.

293

294

295

296
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Transcription Consensus (5'-3') Location (nucleotidel Comments Reference

Factor
AGGTCA -655 to -650; -2229 to -2224. A member of the steroid hormone 297

PPAR receptor superfamily that is thought
to play a role in the development of
Iiver tumors.

ETS-1 G/CA/CGGAA/TGT/ -214 to -207; -1128 to -1121. A nuclear oncoprotein that is 298
C believed to be a component of the

cell signa/ling network.

LYF-1 C/TC/TIGGGAGA/G -683 to -675 A lymphocyte specific transcriptiona/ 299
regulator that may be a member of- the Ets family.CID

0-

E2A G/ACAGNTG -291 to -285, -1218 to -1212; A ubiquitous transcription factor that 300
-2668 to -2662 binds 'E' boxes
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(2 complement, 2 reverse complement) (301) and 78 NFIL6-like (40 complement, 38

reverse complement) potential binding sites respectively in the 5'-flanking region of

the gm gene. These potential binding sites appear to be randomly distributed over

the 2878 bp of 5'-flanking and untranslated region of the human gm gene.

ln addition to the better characterized putative response elements present

upstream of the translation initiation site, there are multiple copies of palindromic

sequences as weil as direct and inverted repeats in the 5'·flanking region. Such

sequences have often been associated with enhancer and/or repressor activity of

gene expression (302). Two noteworthy features are i) an adjacent 11-bp direct

repeat, GAATAGGGCAG, followed by 8 repeats in tandem with the consensus

sequence C/TAG/AGG/A occurring at nucleotides -928 to -871, and ii) an "antisense"

sequence (5' CTACTCGGGAGGCTGAGGCAGGAGAATCGCTTGAACCCGGG 3') at

nucleotides -552 to -513 with a 93% match (38/41 nucleotides) to a 41 bp sequence

(5' CCCGGGTTCAAGCGATCTCCTGCCTCGGCCTCCTTGAGTAG 3') at nucleotides·

2388 to -2350. A search of nucleic acid and protein databases using the BLAST E

Mail server offered by the National Ubrary of Medicine, NIH (229), revealed that the

rat sarcoma virus v-ras oncogene contains a stretch of nucleotides, occurring in

reverse complement, highly similar to the C/TAG/AGG/A repeats in the promoter of

the gm gene. There are 71/2 repeats with the consensus sequence T/CCT/CTA/G

occurring in the 5'~flanking region of the rat sarcoma virus v-ras oncogene (303).

The significance of this motif in the v-ras oncogene is not known at present. The

database search also revealed that the 41 bp "antisense" repeats present in the 5'·

flanking region of the gm gene represents a member of the A1u family of repeated
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sequences. 8imilar A1u sequences to the one found in the grn gene are present in

approximately 2000 genes stored in the databases, including, the erythropoietin and

tumor necrosis receptor genes (304,305), the transformation-associated protein p53

(306), and the breast cancer-associated antigen (DF3) gene (307). The Alu

sequence family accounts for a minimum of 3-6% of the human genome (308). The

function of the Alu dispersed repeats in the mammalian genome is not known at

present.

Aiso denoted in the grn gene are 12 homopurinel homopyrimidine tracts Q.e.

regions composed of one strand containing primarily purine residues and the

complementary strand containing primarily pyrimidine residues) randomly scattered

along the 5'-flanking sequence (see legend of Figure 5.4). Homopurinel

homopyrimidine tracts have been shown to exhibit 81 nuclease sensitivity (309) and

are recognized by specifie transcription factors (310,311) involved in the regulation

of other essential growth control genes Iike cKi-ras (312), EGF-R (313), and c-myc

(314,315).

5.3.3 Comparlson of the Human and Mouse Granulln Gene 5' Untranslated and

Flanklng Region.

A comparison of the 5' untranslated and flanking sequence of the human grn

gene with the published mouse grn gene sequence (268) shows a 73% identity

between the 5' untranslated and flanking regions of the human and mouse grn

genes over a reglon of 300 bp 5' of the translation start codon (Figures 5.6 and 5.7).

Analysis of the nucleotide sequence in this region reveals several putative binding
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Figure 5.6 Sequence identity between the 5'·flanking and untranslated region of the

human and mouse grn gene. Aiso shown is an intron in the untranslated region

(intron 0). The translation initiation codon (ATG) is boxed. The numbering 01

nucleotides is based on the initiator codon with the first nucleotide preceding the A

residue of the translation initiation codon corresponding to nucleotide -1. The

conserved CCMT box (nucleotide -129 to -133, human sequence) is shaded, and

the almost conserved CCMT boxes are overlined. Putative response elements that

are conserved between the human and mouse are boxed and shaded, while almost

conserved putative response elements are double over- and under-Iined. The

conserved polypyrimidine-polypurine stretches are boxed. The alignment of the 5'

Ilanking region of the human and mouse grn gene was performed using the program

ALiGN (DNAstar Inc., Madison, WI)).
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H -1577 CGTTCCTCCACGGCCCAGTATCAGGCTTTCCCTGGGCC1'CTCCTCTCTCC

G Trec CC'I' C crc
H -1014 GAATrCCACAACCC'I'GCATGCACTC-

H -1527 TGGCCCATCTCCCATCATCCATCTCTGCCTGGCCCAGGCCCTTTcGCACC
crc C T CTC CTG cc C T TGG

H -989 --------CTCTCTATGTAAGACTCCCACTGTCCTGAACTGTATGG----

H -1477 AAGCAGGCTGAC'I'CTTGTCAcrGGCTAATCTG'I'TCTGTGGTACATTTTCT
CTG CAT TCT

H -951 ----------------------------------CTGACCCCCATGGTCT
~

H -1427 CTCCTCACCCTCCCATATCAAT'rCCTCGAAGGCAGGGCGATCTGGAGACT
CT TCACCC CCATA CAAT'rCCTCGAAGG GGG A CTG A

H -935 CTATTCACCCA-CCATAACAA'I'TCC'l'CGAAGGTGGGGACAGCTGAAACA
J'EàL

H -1377 AGGAAGCCACTTCTCTTTCGACAGCCCCCACCACAGCCCAGCCCGTGCCA
AGGAA· CC CTTC T TCGACAGCC CCA C A CCA CA

H -987 ~CCCCTTCCATCTCGACAGCCACCAGCCTACTCCA--------CA
... " SPI ~

H -1327 GGCACCCAGCAGCTCCTGAAGCCCACTGGCATTGAACATGGCATTCAATC
GCCA CA G CT TTGAAC TGGC TTeAA C

H -845 GGCAGTGCACACACTTGGCTAATGCCTI'ATCTl'GAACGTGGCTrTCAACC

H -1277 CCTGC------------------------------------CAAGC----
C TGC CAAG

H -795 CTl'GCTAGAGGCTGTCTGTAAAGAACAAGATATAAACTACCCAAGGAAAG

H -1267 ------CTGCCCTl'CCCA-TCTGGTTTCCCAGGGCTCTl'CCCAACACCTC
CTG C TTCCCA TCT GTTTC CTCT C

H -745 GATTCACTGTCTTTCCChATCTAGTTTCAAGTTCCTCTGTC--------
rIL6RE

H -1224 CTCCTCCACCT-----GCCAGTTAAAATCTTCCCAGACTCAGCTCAAGGA
CCACCT GCC Tl'AAAAT T CAG TCA T AA G

H -704 -----CCACCTTATCAGCCTCTTAAAATTCTTTCAGCTTCAATTTAATGC

H -1179 GATGCTCCTAAGGTGGAATG CTTCTTCC--C CCTGGAGACAA
TGCT AA TGGA T CTCTTCTTCC C T GAG CAA

H -659 AGTGCTATCAATATGGA'I'TT CTeTI'CTl'CCCCC GTTTGAGCCAA

H -844 GTAATCCCAGCGCTTGGGGGGCTGCGGTAGGAGAATCGCTTTGGGAGCAG
H --------------------------------- _

H -794 GAGTTGCAGGCCGCAGTGAGCTATGATCAGCTTGGGCGACTGAGCGAGAC
H --------------------------------- _

H -744 CCTGTCTCTAAAACAAACACACAAGTCCGGGCGCGGTGGCTCATGCCTGT
H ----------------------------------------- _

H -694 AATCTTAGCACTTTGGGAGGCCGAGGTGGGCGGATCACGAGGTCAAGAAA
H --------------------------------------------- _

H -644 TCGAGACCATCCTGGCCAACATGGTGAAACCCCGTCTCTACTAAAAATAC
H --------------------------------- _

H -594 AAAAATTAGCTGGGCGTGGTGGTGCGCGCCTGTAGTCCCAGCTACTCGGG
H --------------------------------- _

H -544 AGGCTGA~GCAGGAGAATCGCTTGAACCCGGGAGGCAGAGGTTGCAGTGA

H ------------------------------------- _

H -494 GCCGAGATCGTGCCACTGCACTCCAGCCTGGCGACAGAGTGAGACTCCGT
H --------------------------------------------- _

H -444 CTCAGAACAAACAAACAAAAGGATAGAAAGGCGAGCACAAATATTCCCAA
M --------------------------------------------- _

H -394 TTCATAACACTCCCTCGCACTGTCAATGCCCCAGACACGCGCTA--TCAT
CCT ACTGT TGCCC CA G G T TCAT

M -365 ------------CCTA--ACTGTGGGTGCCCTTAGCATGAGGTGTCTCAT

H -346 CTCTAGCAAACTCCCCCAGGCGCCTGCAGGATGGGTTAAGGAAGGCGACG
CTCT A ACTC CCC GCC GAA C A

M -329 CTCTGCAACACTCTCCC----GCCA---------------GAACCCAAAC

H -296 -AGCACCAGCTGCCCTGCT-GAGGCT-GTCCCGACGTCACATGATTCTCC
AGC CTGCCCTG GAGGC GTC G GTC ATTCTC

M -298 CAGCCAGCTCTGCCCTGGGGGAGGCGGGTCTAGTTGTCTAT--ATTCTCT
SPl NFIL6

•

H -994 ~ÇTTTGTCCTGGAAACCATCCTTCAACTCACTCTGGGGCCTGCCTAGCAT

!rcrT CCT AACCATC T CAACT TC G G CTGC GCA
H -502 TCTTCACCCTCACAACCATCTTC~GTTCGAGTG-CTGCTG-GCAG

--- rCFl MYB
H -944 GTCAACCGAGTTTGGAGAATAGGGCAGAATAGGGCAGGACAGGACAGGAC

G GAG GGA TA AG G C CAG A CAC
H -454 GCGTGAAGAGACAGGAATGTACAAAAGTCCCGATC----CAGAAGCAGAC

H -B94 AAGACAGGGCAGGATAGGATAGGAGCGAGCCAGCTCAGTAGCTCACATTT
A G A A T GCG GCC CTCAC AGCTC

H -408 ACCCTCCAGTAAACGACCTTGAACGCGTGCC--CTCAGCAGCTCT-----

H -1131

M -609

H -1094

M -564

H -1044

M -520

TCTACTTCCTC-TCC~CACCTGGCA------------ACTGGCGCACA

TCT CT CCTC TCCC'IiACAC C ACT CGC
TCTCCTGCCTCCTCccrlAcACACATCTACAGTGCCCGGTACT--CGC---

ACCTTGTATCTTAAATTAGATTCAGCCTGAGACTGTCTCCCACCAATCCC
CCTTG A CTT ATTAGATT AG CT AG C TCTCCC

-CCTTGAACCTTT-ATTAGATTTAGTCTAAGCCACTCTCCCCATTC---
rG~

TGCTCCCTGTOCTGCTGAGCACCTTGAGGAAAGGGCTTTGGGGCTGTTTA
AAAGG GGG CT T'rrA

-----------------------------AAAGGTG---GGGACTA~

H

H

H

H

H

H

H

H

H

H

H

H

-249

-250

-202

-200

-154

-150

-106

-106

-61

-61

-11

-11

AATCACATGATCCCTAGAAATGGGGTGTGGGGCGAGAGGAAGCAGGG---
AATCAC TGATCCCTAGAAATGGGGTGTGGGG A AG AGGG
~CAC-TGATCCCTAGAAATGGGGTGTGGGGATAAAGATTAAAGGGTAG

... CF1..::..:=.:.TEF2_~- __
--AGGAGAGTGATTTGAGTAGAAAAGAAACACAGCATTCCAGGCTGGCCC

AGGA GTGA TGAGTAGAAAAGAAACÀCAGCATTCCAGG G CC
GTAGGAATGTGAACTGAGTAG~AAA~CATTCCAGGAGAGTCC

TCFr- TCF1·
CACCTCTATATTGATAAGTAGCCAATGGGAGCGGGTAGCCCTGATCCC--
C CCTCTA T GA AAGTA 'CWTGG AGC GATC C
CGCCTCTACGTAGACAAGTAASÊ~GGAAGCeCTG------GATCTCCG

___ SPl _

-----TGGCCAATGGAAACTGAGGTAGGCGGGTCATCGCGCTGGGGTCTG
TGGe AATGGAAA TGAGGT GGCGGG CATCG GC C

AGCAATGGCTAATGGAAATTGAGGTGGGCGGGCCATCGTGCGCCAAGCCC

TAGTCTGAGCGCTACCCGGTTGCTGCTGCCCAAGGACCGCGGAGTCGGAC
TAGTC G GCT CCG G TGC CCCA GGA C CGGA C GAC
TAGTCCTGGAGCTGACCGCCAGATGCCTCCCAGGGAGCCCGGACCCCGAC

GCAGgtaggag ••• intron (3000 bP) ••• ttt9CagGCAGACaG
GCAG GCAGAC TG
GCAGgtaggag ••• intron {2220 bp) ••• tttgcagGCAGAC TG



Figure 5.7 Dot matrix analysis 01 the 5' Ilanking sequence 01 the human (X axis) and

mouse \'faxis) grn gene. The nucleatide sequence 01 the mause 5'·llanking reglan

was abtained Irom Baba et.al. (268). The numbering 01 nucleotides is based on the

initiator codon. Each dot represents a 65% match (stringency) within a 20·nucleotide

stretch (window size). The translation initiation site (ATG) is indicated. The dot matrix

analysis was perlormed using the program DOTPLOT (DNAstar Inc., Madison, WI)
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sites for transcription factors that are conserved or aImost conserved between the

two genes. These include partiaIly conserved sites for the ubiquitous nuclear factors

SP1 (nucleotides -87 to -79, human sequence) and NFIL6 (nucleotides -256 to -257),

and entirely conserved binding sites for CF1 (nucleotides -232 to -226) as weil as

TCF1 (nucleotides -175 to -171, and -183 to -179), a T-cell transcription factor distaIly

related to the Ets family of transcription factors (316) and TEF-2 (nucleotides -220 to 

227). Also conserved within this region is a CCAAT box at nucleotides -133 to -129.

A second region of identity between the 5'-flanking sequence of the human

and mouse genes occurs between nucleotides -950 to -1430 of the human grn gene

and nucleotides -460 to -940 of the mouse grn gene respectively (Figures 5.6 and

5.7). Within this region, a conserved potentiaI binding site for the ubiquitous

transcription factor PEA3 is present (nucleotides -1377 to -1372) as weil as two

conserved short homopurine/homopyrimidine tracts.

Interestingly, while the 5'-flanking regions of both the human and mouse grn

genes contain a remarkable number of sequences that could serve as potentiaI

binding sites for nuclear factors, most of these potentiaI binding sites are not

conserved between the human and mouse genes, and may represent regulatory

sequences specifie to the human or mouse promoter involved in the species specifie

expression of the grn gene (see Chapter 4). Alternatively, they may be spurious non

functionaI sequence elements. Further experiments involving DNase footprinting and

gel mobility shift assays will be required to determine if some or ail these sequence

elements play a role in the expression and regulation of the grn gene.
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5.4 Transcription Initiation Sites ln the Human Granulln Gene•

ln order to identify the probable transcription start site(s) of the human grn

gene, primer extension reactions were employed. Two different primers, a 35-mer

specifie to the first coding exon (exon 1; nucleotides 5 to 39 with respect to the

translation start site), and a 17-mer specifie to the 5'untranslated region (exon 0;

nucleotides -35 to -51) were annealed to total RNA from human adult and fetal

intestine and U937 ceHs, which express high levels of grn mRNA. (see Chapter 4),

and extended with reverse transcriptase (see Materials and Methods, section 2.9 for

experimental details). The 32p end- labeHed extended products were separated by

polyacrylamide gel electrophoresis and visualized by autoradiography. A

representative primer extension reaction is shown in Figure 5.8. With both primers,

multiple extension products were obtained. A control reaction using tRNA did not

result in any extension products. A similar pattern of extended products were

obtained over two separate experiments. The most abundant extension products

had approximate (+/- 2 bp) lengths of 79,116,119,125,147,168,172,205, and

253 bp with the 35-nt primer, and 71, 74, 82, 89, 92,116,147,155,176,181, and

230 bp with the 17-nt primer. The 17-nt primer is complementary to a ~n.quence 34

bp upstream of the sequence recognised by the 35-nt primer. Therefore, authentic

grn-specific primer extended products obtained from the 35-nt primer should be 52

bp longer than the extended products obtail'1ad trcm the 17-nt primer. Accordii"1(]ly,

four extension products obtained with the 17-nt primer of lengths 74, 92, 116 and

155 bp, are in close agreement with those obtained with the 35-nt primer of lengths

125,147,168 and 205 bp. These resLlI~:: thE/refore suggest that the initiation site of
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Figure 5.8 Representative primer extension analysis to determine transcription

initiation sites of the human gm gene. Total RNA from human adult (Iane 1) and fetal

(Iane 2) intestine, and U937 cells (Iane 3), and tRNA (Iane 4) was hybridized with a

17 nucleotide primer corresponding to nucleotides -35 to -51, and extended with

reverse transcriptase as described in Materials and Methods, section 2.9. Primer

extended products were analyzed on a 7M urea/ 8% polyacrylamide gel. A

sequencing ladder was generated from a Sacl subclone of HGLP26 (Figure 5.2,

fragment E) using the same primer was run in parallel as a size standard.

Transcription initiation sites that were also obtained with a different primer (see

section 5.4) are marked. Numbers on right indicate the putative transcription start

sites of the human gm gene.
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grn gene transcription is heterogenous, occurring approximately 105,123,150, and

189 bp upstream of the initiator ATG codon. It should be noted that not ail the

extended products obtained with the 17-rcl and 35-nt primers match. These

extended products are probably a result of premature termination of the reverse

transcriptase, or non-(wn)specific annealing of the primers to the RNA.

Unfortunately, attempts to further confirm the transcription start sites by SI nuclease

mapping were not successful. Because the grn gene initiates transcription from

multiple sites, we have numbered the 5'-flanking region of the grn gene such that-1

refers to the nucleotide preceding the translation initlation codon (ATG).

5.5 Actlvlty of the Human Granulln Gene Promoter.

To determine if the 5'-flanking region of the human grn gene could serve to

direct gene transcription, severa! fragments containing varying lengths of the 5'

flanking region of the grn gene were cloned into the chloramphenicol

acetyltransferase reporter plasmid, pBLCAT3. A similar plasmid, pBLCAT2,

containing the thymidine kinase (TI<) promoter was used as a positive control. Ali

chimeric grn/CAT constructs contained the same 3' end (nucleotide -21, Figure 5.4B)

but varied in length at the 5' end. Figure 5.9 depicts the structure of the 5'-flanking

region of the human grn gene containing the putative response elements, and a

schematic of the grn-eAT constructs used in the study of the 5'-flanking region of the

human grn gene. The chimeric constructs are named according to the length of the

cloned 5'-flanking region. It should be emphasized that the purpose of this study

was to determine whether the 5'-flanking region of the grn gene could serve to drive
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Figure 5.9 Schematic representation of the human Grn-CAT chimeric plasmids. The

chimeric grn-CAT plasmids were generated as described in Materials and Methods,

section 2.10.3. The relative positions of the CCAAT boxes and putative response

e/ements are shown above the grn-CAT construets. (r) indicates putative response

element occurring in reverse orientation. Solid bar represents the eight bp tandem

repeat (see text). Ali construets contain a common 3'-end (nucleotide -21) and

different 5'-ends. The name of the construets relleet their length in bp.
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transcription, and to delineate a functional promoter of the human grn gene. It was

not our intention to analyze the functional elements of the grn gene in complete

detai!. Therefore, the grn-eAT constructs were made to contain increasing lengths

of S'-flanking and untranslated region of the human grn gene.

Initial el:periments using IWo constructs, pGRN-492 and pGRN-1662 (see

Materials and Methods, sections 2.11.2 and 2.12 for experimental details) showed

that the cloned S'-flanking reglon of the human grn gene could drive the transcription

of the bacterial chloramphenicol acetyltransferase gene in A431 (human epidermoid

carcinoma), A549 (human lung carcinoma) and COS-7 (monkey kidney fibroblast

Iike) cells (Figure S.10). This result confirms that the S'-flanking region cao serve as

a functional promoter for the grn gene and that it cao act in cells of different species

and origin.

To further delineate the promoter of the human grn gene, two different human

cell Iines, one of epithelial origin (A549 lung carcinoma cells) and the other of

hematopoietic origin (SWEI B-Iymphoblastoid cells), were used for analysis of

promoter activity based on their expression of high levels of grn mRNA (see Chapter

4, section 4.1.1). Eight different grn-eAT constructs, containing from 32 to 1662 bp

of S'-flanking sequence were used for the promoter studies (Figure S.9).

The various chimeric grn/CAT constructs were transiently transfected into

A549 and SWEI cells by the liposome mediated method, and CAT activity in the cell

extracts determined 48 hrs post-transfection (see Materials and Methods, sections

2.11.2 and 2.12 for experimental details). A representative CAT analysis as weil as

the relative CAT activities of the grn-eAT constructs and the control plasmids,
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Figure 5.10 The 5' flanking region of the human grn gene serves as a functional

promoter in ceUs of different species and origin. Figure shows an autoradiogram of

a TLC plate demonstrating CAT activity. The upper radioactive spots corresponds

to di-acetylated chloramphenicol, the middle spots correspond to monoacetylated

chloramphenicol and the lower spots to unreacted chloramphenicol. A431 (human

epidermoid carcinoma of the vulva), A549 (human lung carcinoma), and COS-7

(monkey kidney fibroblast-Iike) ceUs were transfected with the plasmids pBLCAT2,

pBLCAT3, pGRN-492, and pGRN-1662 and CAT activity was determined 48 hr post-

transfection as described .in Materials and Methods, sections 2.11.2 and 2.12.

pBLCAT2 is a CA"r plasmid containing the thymidine kinase (TI<) promoter, while

pBLCAT3 is a promoterless CAT construct. pGRN-492 and pGRN-1662 are CAT

plasmids containing 492 and 1662 bp respectively, of the 5'-flanking region of the

human grn gene. Mock shows CAT-activity in Iysates of non-transfected ceUs.
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pBLCAT2 and pBLCAT3, are shown in Figures 5.11 and 5.12 respectively.

ln A549 cells, a lung carcinoma cell line, the strongest promoter activity was

observed with pGRN-492 (Figure 5.12A). This construct contains the transcription

initiation sites, CCAAT boxes as weil as other structural features, including putative

binding sites for several transcription factors such as SP1, AP2 and PEA3 (Figures

5.4B and 5.9). An increase in the length of the 5'-flanking region (pGRN-638) results

in a slight decrease in CAT activity. Interestingly, located within this region (-513 to

659) is a putative response element for the GC factor, a negative regulator of growth

factor and growth factor receptor genes (291). A further increase in the 5'-flanking

region (pGRN-1662) results in a significant drop in transcriptional activity. This result

suggests negative regulatory regions occur between nucleotides -659 and -1683.

Interestingly, the eight 5 bp-repeat occurring in tandem similar to a sequence found

in the 5'-flanking region of the rat sarcoma virus v-ras oncogene (303), lies within this

region. Deleting the 5'-flanking region down to nucleotide -127 (pGRN-342, pGRN

154, and pGRN-116) results in a graduai decrease in CAT activity (Figure 5.12A).

The transcriptional activity of pGRN-32 and pGRN-63 were not significantly different

from the promoterless control plasmid, pBLCAT3 (Figure 5.12A). This is consistent

with the observation that pGRN-32 and pGRN-63 do not contain any of the

transcriptional start sites or any known putative response elements. The lack of CAT

activity in pGRN-32 and pGRN-63, and demonstration of transcriptional activity in

pGRN-116 and pGRN-154, would indicate that the 5'-flanking sequence up to

nucleotides -137 to -175 is sufficient to confer grn promoter activity ln A549 cells.

This minimal region required for promoter activity contains 3 of the 4 transcriptional
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Figure 5.11 Raw data of a representive experiment showing promoter activity in

A549 cells. The transfection and CAT assays were performed as described in

Materials and Methods, sections 2.11.2. and 2.12. respectively.
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Figure 5.12 Graphical presentation of CAT activity in ceillysates of (A) A549 and (B)

Swei cells. Cells were transfected with the grn-CAT chimeric plasmids indicated with

the Lipofectin™ reagent as described in Materials and Methods, section 2.11.2., and

CAT activity determined 48-52 hrs after transfection (Materials and Methods, section

2.12.). pBLCAT2 is a CAT plasmid containing the thymidine kinase (fI<) promoter,

while pBLCAT3 is a promoterless CAT construct. Values are given as a percentage

of 14C-chloramphenicol conversion per I-Ig protein, relative to the CAT-activity of

pBLCAT3. Bars represent the mean ± SO of three to four separate experiments.

Note that the TK promoter containing pBLCAT2 does not give any significant CAT

activity in Swei ceIls (see text for discussion).
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Initiation sites and 2 CCAAT boxes, and one putative binding site for Sp1 and AP2

respectively. The observation of increased CAT activity with pGRN-492 compared

to pGRN-154 would suggest that there are enhancer elements occurring between

nucleotides -175 and -513. This reglon contains several structural features, including

two CCAAT boxes, 2 homopurine/homopyrimidine tracts, 2 putative PEAS binding

sites, and one potential AP2 response element.

To summarize, in A549 cells, 137 to 175 bp of upstream 5'-flanking and

untranslated region is sufficient to confer grn gene transcriptional activity. However,

structural elements that appear necessary for high levels of grn gene transcription

are contained within nucleotides -175 and -513. Sequences upstream of nucleotide

6S9 appear to exert negative effects on grn gene transcription.

ln Swei cells, a B-Iymphoblastoid celiline, the constructs pGRN-342, pGRN

492, pGRN-638, and pGRN-1662 showed similar transcriptional activity, with ail four

constructs expressing higher CAT activity than the promoterless CAT construct,

pBLCATS (Figure 5.12B) [It should be noted that the TK promoter containing

construct, pBLCAT2, did not give any significant CAT actlvity in Swei cells. This is

most Iikely because the thymidine kinase (TI<) basal promoter is not active in Swei

cells]. Nucleotides -363 to -1683 contain several structural features (Figures 5.4 and

5.9), including numerous putative response elements, direct and inverted repeats,

and polypurinel polypyrimidine tracts. Deletion of the 5'-flanking region of the grn

gene to nucleotlde -175 (pGRN-154) resulted in a loss of CAT activity, and ail

constructs deleted further (pGRN-116, pGRN-63, and pGRN-32) lacked any

significant CAT activity (Figure 5.12B). This result suggests that sequences
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downstream of nucleotide -175, which includes 3 of the 4 transcriptional start sites,

2 CCAAT boxes and one Sp1 and AP2 putative response element, are not sufficient

for grn gene transcriptional activity in Swei cells. This result further suggests that the

sequences required for minimal grn promoter activity in Swei cells are contained

between nucleotides -175 and -363. Located within this region are several structural

features, including a transcriptional initiation site, a CCAAT box, 2 PEA3 putative

binding sites, a potential AP2 response element, and 2 polypurine/polypyrimidine

tracts.

The pattern of transcriptional activity obtained with the grn-CAT constructs

shows some differences between Swei and A549 cells. For example, comparison

of the CAT activities obtained with pGRN492, pGRN-63B, and pGRN-1662 in A549

cells showed a decrease in transcriptional activity with increasing length of the 5'·

flanking region, while no apparent difference in transcriptional activity is observed

between these constructs in Swei cells. Also, the minimal sequence required for

basal promoter activity is different in A549 and Swei cells but in both celllines there

is a major increase in promoter activity between nucleotides ·175 and -363, which

suggests that key regulatory elements occur within this region. This would suggest

that the 5'-flanking region of the grn gene contains response elements recognised

by cell sfJecific transcription factors, and that the expression of the grn gene is

regulated in a cell specifie fashion.
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DISCUSSION

The discussion of the results is divided into two parts. The first part discusses

the organization of the protein coding region of the grn gene. The second section

discusses the structure of the 5'-flanking region and characterization of a functional

promoter of the human grn gene.

5.1 OrganlzaUon of the Proteln Codlng Region of the Human Granulln Gene.

ln proteins constructed as tandem repeats, exon boundaries and protein

domains are often congruent. Many examples could be cited, including the

epidermal growth factor precursor and relatad proteins (239,317,318), and adhesion

molecules of the selectin class (319,320,321). Thus the construction of the grn

repeat from two exons appears to go against a weil established trend. The unusual

exonic organization of the grn gene may a1low for the formation of hybrid grn

domains by a1ternate splicing. Single exon deletions of the Ba exons would generate

the hypothetical grn hybrids AC, CD and DE without causing frameshifts in the

nucleotide sequence. Other hybrids could be generated by the deletion of two or

more exons provided identical type junctions are brought together. Hence a1ternate

splicing of the grn gene may generate hybrid grn-Iike proteins with potentially new

biological properties. There is evidence for two grn transcripts in sorne cell Iines

differing by about 200 bp (see Chapter 4 and Figure 4.2) which may be due to

a1ternate splicing. Additionally Plowman et. al. reported a cDNA sequence predicting

a grn isoform missing amino acids 393 to 470 (243), creating a grn CID hybrid. The
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borders of this deletion map exactly to the exon-intron junction of the human grn

gene, and probably arises from the omission of an exon. It is suprislng, however,

that Iittle significant alternate splicing was observed in Northern blot analysis of grn

gene expression in various tissues and cell Iines (see Chapter 4).

The exonic organization of a gene is intimately linked to its evolutionary

history (322). A cluster analysis of the grn peptides from dlfferent species is shown

in Figure 5.13. The grn repeats from corresponding positions on the different

precursors (e.g. human grnA, rat grnA, mouse grnA, guinea pig grnA; human grnB,

rat grnB, mouse grnB, guinea pig grnB; etc) segregate together in the cluster

analysis. This suggests that the grn gene underwent a seven fold duplication prior

to the evolutionary radiation of the mammals. Interestingly, the human grn gene

contains predominantly type 0 introns (73%). Other genes with predominantly type

o introns include those of type III collagen, B-casein and the precursor of growth

hormone, all encoding proteins which have been suggested previously to have

evolved by exon duplication and/or exon recruitment (323,324,325).

The pattern observed in the grn gene may have arisen in several W'!YS. The

ancestral exon may have been of the Ba class which was then tandemly duplicated

followed by the insertion of introns (326) to create the a and B exons. The insertion

of introns is clearly demonstrated within the trypsin family of serine proteases.

Structural an,lIysis of genomic sequences of members of the serine protease famlly

reveals that unique introns have been inserted in the pro~ease domains of tPA, uPA,

chymotrypsin and elastase (327,328,329,330). It is suggested that new intron..

insertions tend to occur near the middle of pre-existing exons such thaï a gene
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Figure 5.13 Dendrogram of the cluster analysis of the grn repeats. H, R, M, GP, and

F indicate human, rat, mouse, guinea pig, and fish respectively. The mouse grn

sequences were obtained from (243). the guinea pig grn sequences from (6), and

the fish grn sequences from (8). The clust~r analysis was pertormed using the

program CLlJSTAL (PC/GENE, InteliiGenetics, Mountain View, CA).
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evolves towards a uniformity of exon size (326,331). Interestingly insertion of an

intron in a Ba-type exon of the grn gene will result in 6 and a type exons of

approximately equal size.

Alternatively, the a and 6 exons may have arisen as separate units shuffled

to form a primordial grn, and then duplicated as an [exon-intron-exon] unit, the 6a

exons arising from a deletion of an intervening intron (332) bringing together the type

1 junctions of an aS' and a 65' exon. Precise deletion of an entire intron has been

reported for the rat insulin gene, resulting in the existence of two genotypic alleles

(333,334). Similar observations have also been made for the mouse a-globin gene

(335).

A third possibility is that a single primordial exon duplicated and the two

copies then evolved to form the a and 6 exons encoding a grn-Iik€l protein.

Multiplication of this [exon-intron-exon] unit wOlJld generate a protein resembling the

present grn precursor.

Many proteins, including extracellular matrix proteins, cell surface receptors,

growth factor precursors, and enzymes of the blood-clotting and complement

cascades are mosaic in nature, containing many copies of commonly occurring

structural motifs. These motifs are defined by the conserved position of cysteine

residues within the module. Exarnples of such motifs include the EGF-Iike repeats

(42A3), the kringle structure (336), the short consensus repeat of many complement

1 proteins (337), and the recently discovered trefoil motif/P domain (338). It will be

interesting to determine whether grn related motifs occur in other proteins, and if so,

whether they result from exon shuffling of exon type a, 6, Ba, [a-intron-6] pairs, or
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as combinations of these exonic units. Determining the exon-intron structure of the

plant thiol proteases containing the grn consensus motif (38) may be a useful place

to start.

ln summary, the seven tandem repeats that make up the grn precursor mRNA

are constructed from two exons. The construction of a tandem repeat from two

regularly a1ternating exons is very unusual and has implications for the generation

of novel grns by a1ternate splicing. The elucidation of the human grn gene

organization provides the first sttlp towards characterizing the evolutionary

emergence of the grn gene. However, more phylogenetical studies of the gm gene

structure are required. Gm-Iike peptides have been isolated from lower vertebrates

(8) and insect (4). The cloning and characterization of their genes will permit the

comparison of the cysteine-rich repeats of these genes, which may further help in

understanding the evolutionary origins of the grn gene family. More importantly,

analysis of the evolutionary history of the gm gene may weil reveal possible ln vivo

functions for the gm gene products.

S.2 CharacterlzaUon of the S'·Flanking Region and a Promoter of the Human

Granulln Gene.

To initiate an understanding of the mechanisms underlying the cell specifie

. regulation of gm gene expression, the 5'-f1anking region of the human gm gene was

isolated and charact~rized. It should be emphasized that the purpose of this line of

research was not to study the gm gene promoter in depth, but rather, to characterize

the 5'-flanking region and to delineate a functional promoter of the human gm gene
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as weil as to outline regions of !nterest in the S'-flanking region for future studies.

This will provide valuable information as weil as the necessary tools for an extensive

study of the grn promoter and S'-flanking region.

The grn gene S'-flanking region contains several structural features common

to promoters of genes with "housekeeping" or growth related functions.

Housekeeping or cellular growth control gene promoters tend to have a high G+C

content, contain one or more GC box elements representing binding sites for the

cellular transcription factor Sp1, initiate transcription from many sites, and, most

notably, lack appropriately positioned TATA and CCAAT boxes (339). The grn gene

S'-flanking and untranslated region has a G+C content of S6.4% over SOO bp

upstream of the translation initiation site, contains several potential Sp1 binding sites,

and shows multiple transcription initiation sites. There are 4 putative CCAAT boxes,

but no typical TA:-A box situated wi~hin normal distances from the CCAAT boxes.

The lack of a TATA box but the presence of CCAAT boxes in the S'-flanking

region of the grn gene is different from other growth factor gene promoters. For

example, the EGF (44), TGF-B3 (340), HGF(341), and PDGF-A chain (273) gene

promoters ail contain a TATA box but do not have CCAAT boxes, while the

promoters of TGF-a (272), and TGF-B1 (271) lack both TATA and CCAAT boxes.

An interesting feature ofthe grn promoter is the absence of a canonical TATA

box, which is usually present in genes that show a cell-specific pattern of expression

(342). The absence of an appropriate TATA !:"ox is consistent with the observation

of multiple transcription initiaticn sites in the grn gene, since the TATA box functions

to ensure accurate initiation of transcription at a single site (270). Many g€'nes have
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been described that lack an appropriately positioned TATA box;only a l~w initiate

transcription from a single site (272,275) while many show multiple initiation sites

(271,343,344,345).

There are four CCAAT sequences in the 5'-flanking region of the grn gene,

one of which is conserved between the human and mouse genes. Interestingly, ail

four CCAAT boxes are clustered around 400 bp of 5'-f1anking and untranslated

region upstream of the ATG translation initiation codon. CCAAT boxes are usually

found, in eukaryotic genes, approximately 75 to 105 bp upstream of the transcription

initiation site (238). In the case of the human grn gene, three of the four CCAAT

boxes are located from 24 io 206 bp upstream of the transcri[Jiion start sites, while

a fourth CCAAT box is found downstream to the transcription initiation sitas. The role

of the CCAAT box in gene regulation is not completely understood. Several

transcription factors have been Identifled that bind to the CCAAT box, these Include

CBP (284), CTF/NF-1 (346), CP1/2 (347) and C1Y (348). Many of these factors are

tissue specifie, demonstrating that CCAAT sequence is not recognised by a single

ubiquitous factor. The CCAAT motif is involved in transcription activation in a

number of genes and in some instances is an important element in a variety of

regulatory conte;'1s. For example, a CCAAT box confers cell-type-specific regulation

of the heat shcck response on the Xenopus hsp70 gene (349) and mediates the

transcriptional activation of the collagen promoter by TGF-B (350). Thus it is possible

that the CCAAT boxes in the 5'·flanking region of the grn gene may act in concert

with other response elements prssent in the grn promoter to regulate the expression

of the grn gene.
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To determine if the 5'-flanking region of the grn gene can serve as a functional

promoter, chimeric plasmids were constructed containing varying lengths of the 5'

flanking region of the grn gene fused to the bacterial chloramphenicol

acetyltransferase (CAT) gene, and transfected into A549, A431, COS-7 and Swei

cells, ail of which express high levels of grn mRNA (see Chapter 4). The ability of

the 5'-flanking region of the grn gen'l to drive transcription of the CAT reporter

plasmid in these cells demonstrates that we have isolated a functional promoter of

the human grn gene. The human grn gene promoter can also function in cells from

other species. In addition, transfection of the grn-CAT constructs in epithelial- and

Iymphoid-derived cells results in a different pattern of transcriptional activity,

suggesting that the 5'-flanking region of the grn gene contains both positive and

negative response elements recognised by cell specifie transcription factors.

Analysis of the transcriptional activity of the various 5'-flanking deletion CAT

constructs suggests that while 175 nucleotides of upstream 5'-flanking and

untranslated sequence is sufficient to confer grn promoter activity in A549 cells, the

structural elements necessary for high levels of grn gene expression, in both A549

and Swei ceUs, are located between nucleotides -175 to -513. Interestingly, this

region is highly conserved between the human and mouse grn gene promoters.

Analysis of the 5'-flanking region of the human grn gene reveals several

sequence features that have been associated with functional activity in promoters of

other eukaryotic genes. Most of the putative response elements lie upstream of the

sequence required for minimal promoter activity of the grn gene, suggesting that

they are most probably involved in potentiating the basal levels of grn gene
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expression, regulating cell specific grn gene expression, or act as repressors of

ttanscription. The structural features present in the 5'-flanking region include

potential bindillg sites for the transcription factors AP-1 , AP-2, CRES, several cytokine

and growth factor responsive transcription factors, as weil as

polypurine/polypyrimidine tracts. It is not known if any of these elements are

functionally active, and thus the function of these elements in the context of grn gene

expression remain speculative at present.

AP-1 was initially described as a transcription factor required for optimal

activity of the human metallothionein liA (hMT-II.J promoter (357). It is composed of

several proteins products of the jun and fos proto-oncogenes, and recognises the

consensus sequence motif TGA(C/G)TCAG. The AP-1 response element is involved

in mediating a transcriptional response to phorbol ester tumor promoters such as 12

O-tetradecanoyl-phorbol 13-acetate (TPA) and in mediating the induction of various

genes in response to expression of transforming oncogene products (352,353). The

5'-flanking region of the human grn gene contains 25 sequences which show a 7 out

of 8 match to the AP-1 consensus sequence, suggesting•~he possibility of grn gene

regulation by fos and jun. This is interesting because the fos and jun proto

oncogene products have been associated with cellular processes involved in

development, differentiation and neuronal function (352). Additionally, experiments

on the possible induction of grn gene expression by phorbol ester tumor promoters

are merited.

The 5'-flanking ragion of the grn gene contains numerous potential AP-2

binding sites; 9 sites showing a 100% match and 112 sites which show 8 out of 9
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match (88%) to the consensus AP-2 element respectively. The AP-2 element is

involved in mediating cAMP and phorbol ester induction of gene transcription (2ao).

Another c/s-acting element identified in cAMP-regulated genes is the CRE. The

consensus CRE/ATF element was initially recognised as a response element that was

able to confer cAMP responsiveness to the phosphoenolpyruvate carboxykinase

gene (354) and has subsequently been shown to mediate cAMP induction of gene

transcription in a wide variety of eukaryotic genes (355). The grn gene promoter

contains 4 sequences which show a 7 out of 8 match to the CRE consensus

sequence. While the CRE binding protein (CRES) is widely distributed in a variety

of tissues and tissufl culture celilines (355), AP-2 is a cell specific factor (280). The

signlficance of putative AP-2 elements and CREs in the grn promoter is not known.

However, the presence of numerous putative c/s-acting cAMP-dependent response

elements in the 5'-flanking region of the grn gene suggests that cAMP may regulate

grn gene expression.

Another interesting feature of the 5'-flanking region of the grn gene is the

presence of consensus sequences implicated in cytokine and growth factor

regulation of gene expression. Four copies of the hexanucleotide CTGGGA are

found, in reverse complement, in the 5'-flanking region of the grn gene. This

hexanucleotide (IL6-RE) was originally identified as the sequence element involved

in the IL-6 induction of the rat a.-macroglobulin gene and subsequently found to be

weil conserved in the cytokine-responsive regions of other acute-phase genes (288).

ln addition, there are 7 potential NFL-IL6 binding sites. NFL-IL6 was characterized

as a nuclear factor recognising the IL-1 response element in the promoters of
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numerous cytokine and acute-phase genes and is involved in acute phase reactions,

inflammation and hematopoiesis (287). Aiso present in the S'-flanking region of the

grn gene are two sequences that match the consensus sequence of the TGF-B1

inhibitory element (lIE). The TIE sequence is conserved in the promoter regions of

other TGF-B1 inhibited genes (289). The inhibition of gene expression by TGF-B1 is

mediated by binding of a fos-containing protein to this element (289). The contextual

interactions between transforming growth factor-B and the extracellular matrix and

cells have been examined (85), implicating TGF-B as an important mediator of tissue

repair. The presence of putative cytokine/growth factor response elements in the grn

promoter suggests that grn gene transcription may be regulated by IL-1, IL·6 and

TGF-B and implies a role for the grn gene product(s) in inflammation and wound

repair. The isolation of the grns from inllammatory leukocytes (1), the widespread

distribution of grn mRNA in hematopoietic cells (see Chapter 4) and the known

growth modulating properties of the grn gene products on keratinocytes (2) and

fibroblasts (2,9) also implicate the grn gene products in inflammation and tissue

repair.

There are several purine/pyrimidine-rich domains within the S'-flanking region

of the grn gene, some of which are conserved between the human and mouse grn

promoters. Polypurine / polypyrimidine tracts are olten found in promoters of

eukaryotic genes and frequently show S1-nuclease hypersensitivity (309). These

regions have been shown to be functionally significant regulatory slements in the

promoters of several essential growlh control and housekeoping genas, such as cKi

ras, EGF-R, and c-myc (312,313,314,315). Polypurine/polypyrimidine regions may
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deviate from a normal double-helical conformation (B-DNA) to form an intramolecular

triple helix (H-DNA) (309). It is proposed that such conformations may potentiate

basal levels of expression by providing access to transcription factors, facilitate

protein-protein interactions, or inhibit stable chromatin assembly (309,356,357). The

role, if any, of these polypyrimidine/polypurine tracts in the regulation of the grn gene

remains to be determined.

Lastly, the 5' untranslated region (5'-UTR) of the human and mouse grn genes

show a high degree of sequence conservation (73%) with several regions completely

conserved between the two genes, suggesting that these conserved sequences may

play an important, although still undefined, role in transcriptional or translational

control of the grn gene. The ability of the 5'-UTR to regulate gene expression is

exemplified by the ability of a portion of the 5'-UTR of the TGF-B1 gene to inhibit, in

a cell specifie manner, translation of mRNA without atfecting mRNA stability (358).

ln summary, the 5'-flanking region of the human grn gene lacks a TATA box

but has several CCAAT boxes, contains several copies of GC box elements and

exhibits heterogeneity in transcription initiation site~; structural features shared by

genes encoding proteins with "housekeeping" or growth control functions in the cell.

The activity of the grn gene promoter is probably mediated by multiple factors as

suggested by the remarkable number of putative cis-acting elements in the 5'

flanking region of the grn gene. Whether these elements are functional and act as

general or tissue specifie basal and/or inducible enhancers of grn gene transcription

is not known. Further experiments including in vitro transfection studies, gel mobility

shitt, DNase footprinting assays, and mutagenesis studies are required to determine
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if these elements are involved in the expression and regulation of the grn gene. The

isolation and demonstration of promoter activity in the 5'-flanking region of the

human grn gene provides the basis of further investigation of the transcriptional

regulation of the grn gene.
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• SUMMARY AND CONCLUSIONS

Granulins (epithelins) are a novel family of cysteine-rich polypeptides \Vith

pleiotropic effects on cell growth in vitro. The objective of this PhD project was to

characterize the grn family of peptides at the gene level, with respect to cDNA and

genomic structures, gene expression and regulation. The findings of this research

can be summarised as follows:

•

1.

2.

3.

The human grn cDNA predicts a 593 amino acid precursor glycoprotein of M,

63,600 containing seven and one-half grn repeats arranged in tandem. The

rat grn precursor cDNA predicts a glycoprotein of 589 amino acids. The grn

repeats in the predicted rat grn precursor is structured in a similar fashion to,

and shows an overail identity of 75% with, the human grn precursor. The

high conservation of the grn precursor may imply a function for the intact

precursor as weil as the individual grn peptides.

The grn precursor, but not grnA, is a heparin binding protein. It is therefore

conceivable that the heparin sulfate proteoglycan-binding sites in the

extracellular matrix of cells may be involved in the sequestration of the

secreted grn precursor and in this manner regulate its biological activity.

Processing of the grn precursor appears to be tissue and cell type

dependent. Secretion of the grn gene products appears to be both
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4.

5.

6.

constitutive and regulated, with constitutive secretion of intact or partially

processed precursor in some cells, and storage of more extensively cleaved

peptides in vesicular organelles in other cell types.

The grn gene is widely expressed in a variety of fetal and adult tissues

derived from ail three embryonic germ layers, and in cell Iinec of diverse

lineages in vitro, including epithelial cells, Iymphoid and myeloid cells, and

fibroblasts. In situ, grn gene expression is restricted predominantly to

hematopoietic and some epithelial cells. The Iimited expression of the grn

gene in epithelial and hemic cells implies cell specifie functions for the grn

gene products as weil as cell specifie regulation of the grn gene expression

in vivo.

The grn gene exists as a single copy in the human genome and is located on

chromosome 17. The protein-coding region of the grn gene comprises 12

exons covering about 4 kb with each repeat encoded by two non-equivalent

exons. The construction of a tandem repeat from two regularly alternating

exons has implications for the generation of novel grns by alternate splicing,

and in understanding the evolutionary origins of the 12 cysteine grn repeat.

The 5'-flanking region of the human grn gene lacks a TATA box but has

several CCMT boxes, contains several copies of GC box elements and

exhibits heterogeneity in transcription initiation sites; structural features shared
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7.

by genes encoding prcteins with "housekeeping" or growth control functions

in the cell.

The 5'-flanking region of the human grn gene contains a remarkable number

of putative response elements suggesting that transcription of the grn gene

is probably mediated by multiple factors.
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