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Abstract.
Hepatocyte growth factor/scatter factor (HGF/SF) is a growth factor which has 

a variety of effects on many target cells. Its effects have been reported to be 

mitogenic, motogenic and morphogenic. HGF/SF and its receptor MET, were 

studied in the developing and adult mouse kidney and in the developing human 

fetus. From investigating the early development of the mouse metanephros, 

HGF/SF was found to be expressed by renal mesenchymal cells while MET 

was expressed by both the ureteric bud and the mesenchyme. Conditionally- 

immortal cell lines derived from renal mesenchyme expressed either MET or 

both the ligand and receptor. Nephron formation and branching 

morphogenesis were disrupted when metanephric rudiments were grown in 

serum-free organ culture with neutralising anti-HGF/SF antibodies. Hence 

HGF/SF may have an autocrine and/or paracrine role in nephrogenesis.

By studying the metanephros in more detail, I found that the vascular stalk of 

the glomerulus expressed the MET protein. Therefore I studied the role of 

HGF/SF and MET in individual mesangial cells derived from the adult kidney. 

Both HGF/SF and MET mRNA and protein were expressed by these 

mesangial cells and HGF/SF phosphorylated the MET receptor and caused the 

cells to aojj/iW an elongated shape. Hence, HGF/SF may have an autocrine 

role in mesangial cells.



From screening a number of human fetal organs taken from the first trimester 

of pregnancy, HGF/SF and MET were detected in organ systems which 

originate from mesenchymal-epithelial conversions and include the kidney, 

liver, lung and gut. HGF/SF and MET were also expressed in the chorionic 

villi of the placenta. Taken together these data imply that HGF/SF and MET 

may not only be important in mouse nephrogenesis but also in early human 

development.



Acknowledgements.
Firstly, I would like to express my thanks and appreciation to Dr Adrian Woolf 

for giving me the opportunity to carry out the work in the first place and for 

supporting me throughout. Dr Woolfs enthusiasm for science and medicine 

knows no bounds and he is a constant source of ideas, advice and help. I 

would like to give credit to Dr Woolf who derived the metanephric clonal cell 

lines and mesangial cell lines which provided me with the basis of my work. I 

would like to express how grateful I am to Dr Patricia Hardman for her expert 

training in microdissection of embryonic kidneys, and for all her hard work on 

double staining and handling of the confocal microscope.

I would like to thank Professor Peter Thorogood for giving me permission to 

use tissues from the human embryo bank and thanks must also go to Rachel 

Moore and Jo Chan for collecting the tissues. My appreciation and thanks 

goes to all the people who have taught me various techniques over the last 

three years especially to Dr Debbie Henderson. Dr Paul Hunt helped with 

computing, and Dr Paul Winyard advised me on immunohistochemical 

techniques.

I would like to acknowledge and give thanks to our collaborators Dr Ermanno 

Gherardi and his group. Dr Gherardi and his group from Cambridge have 

been helpful to me and provided me with HGF/SF antibodies. Special thanks



goes to Dr Elisabetta Andemarcher who performed the in situ hybridisation. I 

would like to express my gratitude to Dr Stan White from Sheffield University 

for taking the time to isolate glomeruli fi’om adult mice.

I would like to say thank you to all my colleagues and all the team leaders in 

the Developmental Biology and Neural Development Units at the Institute of 

Child Health for making it a very happy and pleasant place to work and I have 

enjoyed and learnt very much from my time spent with them. On a more 

personal note, I would like to say a big thank you to my family for supporting 

and encouraging me throughout my Ph D and for making sure I fed and 

watered myself when I was writing up this Thesis.



Abbreviations.
ABC avidin-biotin peroxidase complex

ATP adenosine triphosphate

BMP bone morphogenetic protein

bp base pair

BSA bovine serum albumin

cAMP cyclic adenosine monophosphate

cDNA complementary DNA

CRE cAMP response element

dATP deoxyadenosine triphosphate

DAB diaminobenzadine tetrahydrochlorodihydrate

dCTP deoxycytidine triphosphate

DBPC diethyl pyrocarbonate

dGTP deoxyguanosine triphosphate

DNA deoxyribonucleic acid

DNAse deoxyribonuclease

dNTP ’ s deoxyiibonucleotriphosphates

dXTP deoxythymidine triphosphate

DTT dithiothreitol

EDTA ethylene-diamine tetra-acetic acid

EGF epidermal growth factor

ERE estrogen response element



aFGF acidic fibroblast growth factor

bFGF basic fibroblast growth factor

FITC fluoroscein isothiocyanate

HEPES N-2-hydroxyethylpiperazine-N’ -2-ethanesulphonic acid

HGF/SF hepatocyte growth factor/scatter factor

HLP hepatocyte growth factor-like protein

HOX homeobox

IGF insulin-like growth factor

IGFbp insulin-like growth factor binding protein

IL interleukin

kb kilobase

kDa kilodaltons

LIF leukaemia inhibitory factor

mag. X magnification times

mRNA messenger ribonucleic acid

MSP macrophage stimulating protein

NGF nerve growth factor

PAX pairedbox

PCR polymerase chain reaction

PDGF platelet-derived growth factor

RNA ribonucleic acid

RNAse ribonuclease

RT reverse transcription



RT-PCR reverse transcriptase polymerase chain reaction

SDS sodium lauryl sulphate

SSC sodium chloride/sodium citrate buffer

TAE tris acetate EDTA electrophoresis buffer

TBE tris borate EDTA electrophoresis buffer

TE tiis-EDTA

TEMED N,N,N’ ,N’tetramethyl ethyl enediamine

TESPA 3 -aminopropyltriethoxy sil ane

TRITC texas red isothiocyanate

TGF a  and P transforming growth factor alpha and beta

TIE TGFp inhibitory element

UTP uridine triphosphate

TNFa tumour necrosis factor alpha

UV ultra violet

VEGF vascular endothelial growth factor

X-gal 5-bromo-4-chloro-3 -indolyl-p -D-galactosidase

All units are SI (Système International)



Contents.
Title page 1

Dedication 2

Abstract 3

Acknowledgements 5

Abbreviations 7

Contents 10

List of Figures 18

List of Tables 20

Chapter I. Introduction
1.1 Anatomy of nephrogenesis 21

1.2 The pronephros 22

1.3 The mesonephros 23

1.4 The metanephros 24

1.4.1 The glomerulus 31

1.4.2 Mesangial cells 31

1.4.3 Proximal tubules 35

1.4.4 The loop of Henle 35

1.5 Fetal function of the mammalian kidney 36

2. Basic mechanisms of nephrogenesis 37

2.1 Cell proliferation 37

2.2 Cell death 38

2.3 Induction 38

2.4 Morphogenesis 39

2.5 Migration 39

2.6 Differentiation 40

3. Studying nephrogenesis in vitro and in vivo 41

10



3.1 Descriptive studies 41

3.2 Functional studies 41

3.2.1 Whole organ culture 41

3.2.2 Induction of renal mesenchyme 42

3.2.3 Nephrogenic cell lines 45

3.2.4 Transgenic studies 46

3.2.5 Overexpression 47

3.2.6 Gene ablation 47

4. Growth factors and kidney development 51

4.1 Growth factors which enhance nephrogenesis 52

4.1.1 Epidermal growth factor and Transforming growth factor a 52

4.1.2 Fibroblast growth factors 52

4.1.3 Insulin like growth factors 53

4.1.4 Platelet derived growth factor 54

4.1.5 Vascular endothelial derived growth factor 54

4.1.6 GDNF and RET 55

4.1.7 ROS 55

4.1.9 Nerve growth factors 56

4.2 Growth factors which inhibit nephrogenesis 57

4.2.1 Transforming growth factor p 57

4.2.2 Leukaemia inhibition factor 58

4.2.3 Tumour necrosis factor a 58

5. Survival factors 58

6. Transcription factors 60

7. Ceil adhesion molecules and extracellular matrix 62

8. Hepatocyte growth factor/scatter factor and its receptor

tyrosine kinase MET 65

8.1 Discovery and isolation of HGF/SF 65

8.2 Structure of HGF/SF 65

11



8.3 Regulation of HGF/SF expression and activity 69

8.3.1 Regulatory elements 69

8.3.2 Secretion 70

8.3.3 Proteolytic activation 70

8.4 Structure of MET 71

8.5 HGF/SF is a mitogen in vitro 73

8.6 HGF/SF is a motogen in vitro 74

8.7 HGF/SF and branching morphogenesis in vitro 75

8.8 HGF/SF and the cytoskeleton 78

8.9 HGF/SF and angiogenesis 79

8.10 HGF/SF and neoplasias 80

9. HGF/SF and MET expression during development 81

9.1 Human 81

9.2 Mouse 83

9.3 Rat 84

9.4 Chicken 85

9.5 Xenopus 85

10. HGF/SF and regeneration of organs in vivo 86

11. HGF/SF and MET transgenic mice 88

12. Other members of the HGF/SF and MET receptor tyrosine

kinase families 90

12.1 Hepatocyte growth factor-like protein 90

12.2 Hepatocyte growth factor-like protein receptor 92

12



Chapter H. Experimental Strategy
1. HGF/SF and MET in the early development of the mouse

metanephros 96

1.1 Expression of HGF/SF and MET 96

1.2 Metanephric cell lines 96

1.3 Metanephric organ culture 97

2. HGF/SF and MET in glomerular mesangial cells 97

2.1 Mesangial shape change 99

2.2 Expression of HGF/SF 99

3. Expression of HGF/SF and MET in human organs 100

3.1 Expression of HGF/SF and MET 100

Chapter III. Materials
1. General reagents 102

2. Sources of human fetuses 102

3. Tissue culture equipment 103

4. Sources of mouse tissues and cells 103

5. Enzymes 104

6. Photography, autoradiography and blotting 104

7. Radioisotopes 104

8. Gel electrophoresis 104

9. Bacterial strains 104

10. Molecular size markers and cloning vectors 105

11. Oligonucleotides 105

12. Western blotting equipment 106

13. Immunohistochemistry and in situ hybridisation equipment 107

14. Antibodies 107

15. cDNA probes 108

13



1. Expression studies 109

1.1 DNA protocols 109

1.1.1 Subcloning DNA fragments into pGEM-T vector 109

1.1.2 Recovery of the PCR product from the agarose gel 109

1.1.3 Ligation reaction 110

1.1.4 Transformation of foreign DNA into bacterial cells 111

1.1.5 Large scale isolation of plasmid DNA 112

1.1.6 Small scale isolation of plasmid DNA 114

1.2 RNA protocols 116

1.2.1 Preparation of solutions, glassware and plasticware 116

1.2.2 Extraction of total RNA from mouse and human tissues 117

1.2.3 Extraction of total RNA from cells grown in monolayer 118

1.2.4 Reverse transcription and the polymerase chain reaction 119

1.2.5 Reverse transcription (RT) 119

1.2.6 Polymerase chain reaction (PCR) 120

1.2.7 Analysis of the PCR products 122

1.2.8 Double stranded sequencing 122

1.2.9 Denaturing polyacrylamide gel electrophoresis 124

1.3 In situ hybridisation of mouse metanephroi 125

1.3.1 Preparation of slides 126

1.3.2 Preparation of template DNA 126

1.3.3 Riboprobe synthesis 127

1.3.4 Removal of unincorporated nucleotides 128

1.3.5 Alkaline digestion of the riboprobe 129

1.3.6 Fixation, embedding and sectioning 130

1.3.7 Pretreatments of sections 131

1.3.8 Hybridisation 132

1.3.9 Post hybridisation washes 133

14



1.4 Autoradiography 134

1.4.1 Developing 135

1.4.2 Photography of slides 135

1.5 Protein analysis 136

1.5.1 Immunoprécipitation 136

1.5.2 Westem blotting 137

1.5.3 Immunological detection 141

1.5.4 Western blotting for HGF/SF 142

1.6 Histological analysis 143

1.6.1 Fixation, embedding and sectioning of tissues 143

1.6.2 Hematoxylin and eosin (H&E) staining 144

1.6.3 Immunohistochemistry 144

1.6.4 Preparation of slides 146

1.6.5 Fixation, embedding and sectioning of tissues 146

1.6.6 Immunohistochemistry using avidin-biotin peroxidase (ABC) 146

1.6.7 Immunocytochemistry of cells and frozen sections 148

1.6.8 Transgenic metanephric cells 148

1.6.9 Mesangial cells 149

1.7 Analysis of slides 150

2. Functional studies 151

2.1 Derivation of conditionally-immortal cell lines 151

2.2 Derivation of renal mesenchymal lines 151

2.3 Derivation of mesangial cell lines 152

2.4 Bioassay or “scatter assay” 154

2.5 Organ culture 156

2.6 X-gal assay 159

15



Chapter V. Results
1. Roles of HGF/SF and MET in the early development of the

mouse metanephros 160

1.1 HGF/SF and MET expression in early nephrogenesis 160

1.2 mRNA expression as assessed by RT-PCR 160

1.3 mRNA localisation by in situ hybridisation 161

1.4 Immunohistochemistry for HGF/SF and MET 161

1.5 Metanephric mesenchymal cell lines 162

1.6 Gross effects of anti-HGF/SF antibody in metanephric

organ culture 164

1.7 Confocal microscopy of metanephric organ culture 166

2. Summary 167

Chapter VI. Results
1. HGF/SF and MET in renal mesangial cells 189

1.1 Isolation of conditionally-immortal mesangial cells 189

1.2 Mesangial cells express MET 190

1.3 HGF/SF changes mesangial cell shape 191

1.4 Cultured renal mesangial cells express HGF/SF 192

2. Summary 193

Chapter VII. Results
1. The expression of HGF/SF and MET in human embryonic

and fetal organs 215

1.1 mRNA expression as assessed by RT-PCR 215

1.2 HGF/SF and MET protein expression 216

1.3 Metanephros 217

1.4 Liver 217

16



1.5 Placenta 218

1.6 Other sites of MET protein expression 219

2. Summary 220

Chapter Vm . Discussion
8.1 Involvement of HGF/SF and the MET receptor in the

early development of the metanephros 232

8.1.1 Expression of MET in E ll mesenchyme 235

8.1.2 Effects of anti-HGF/SF in metanephric organ culture 237

8.1.3 Putative roles of HGF/SF in kidney development 239

8.2 Met transduces a morphogenetic signal in renal glomerular

flhromuscular mesangial cells 244

8.2.1 Fibromuscular mesangial cells express MET 244

8.2.2 MET transduces a morphogenetic signal in mesangial cells 246

8.2.3 Mesangial cells express HGF/SF 247

8.2.4 Possible roles of the mesangial HGF/SF-MET axis in health

and disease 249

8.3 Expression of HGF/SF and MET in human tissues 253

8.3.1 Expression of HGF/SF and MET in human fetal tissues 254

8.3.2 HGF/SF and MET in human development 256

9. Summary 259

10. Further work 26i

References 265

Published articles

17



List of Figures

1. Early development of the metanephros 26

2. Cell lineages in nephrogenesis 30

3. Diagram of a longitudinal section through a glomerulus 33

4. Diagram of a cross section of a glomerular capillary and its

relationship to the mesangium 34

5. Primary structure of the murine HGF/SF precursor 67

6. RT-PCR of HGF/SF and MET during nephrogenesis

and in renal mesenchymal cell lines 168

7. In situ hybridisation for metanephric HGF/SF and MET 170

8. Immunohistochemistry for metanephric HGF/SF and MET 172

9. Derivation of metanephric cell lines 174

10. Proliferation of conditionally-immortal renal mesenchymal

cell lines 176

11. Phenotype of two metanephric mesenchymal cell lines 178

12. Syndecan staining of the metanephric cell lines 179

13. Western blotting for HGF/SF 180

14. Effects of growth factors on proliferation of renal mesenchyme 

cell lines 182

15. Blockade of HGF/SF in metanephric organ culture 184

16. Tissue effects of anti-HGF/SF antibody 186

17. SV40 T Ag immunostaining in conditionally-immortal

mesangial cells 194

18. Characterisation of mesangial cell lines 195

19. Mesangial lines are conditionally-immortal 197

20. Expression of HGF/SF and MET mRNA by mesangial cells 199

21. MET protein in the glomerulus 201

22. MET and HGF/SF protein are present in mesangial cells 202

18



23. Mesangial MET phosphorylation by recombinant HGF/SF 203

24. Exogenous HGF/SF induces mesangial shape changes 205

25. Effects of HGF/SF on mesangial F-actin 207

26. Ultrastructural effects of HGF/SF 209

27. HGF/SF reduces mesangial fîbronectin 211

28. Anti-HGF/SF antibody and Suramin alters the shape of

mesangial cells 213

29. RT-PCR of HGF/SF and MET in a 10 week human embryo 221

30. MET immunohistochemistry in a 9 week gestation human

metanephros 224

31. Western blots for HGF/SF and MET in 10 week human

fetal liver 226

32. HGF/SF and MET protein expression by human trophoblast 228

33. MET immunohistochemistry in human fetal lung, intestine

and spinal nerve root 230

34. A schematic diagram of HGF/SF and MET expression in

the developing metanephros 234

35. Schematic diagram representing a mesangial cell in a normal

state and diseased state 252

19



List of Tables
1. Events in human and mouse kidney development 28

2. Transgenic mice generated with kidney malformations 49

3. Effects of anti-HGF/SF antibodies on apoptosis in El 1

metanephros cultured for 48 hours 188

4. HGF/SF and MET mRNA expression as assessed by

RT-PCR 223

20



Chapter I. Introduction

1.1 Anatomy of Nephrogenesis.
The mammalian kidneys are essential for life of the post-natal organism. They 

are responsible for filtering nitrogen-containing waste out of the blood stream, 

they regulate the amount of water passed out of the body and maintain the 

correct balance of electrolytes in the body. For example, if potassium ions and 

protons are allowed to accumulate they are harmful to the physiology and 

metabolism of the cell. In addition, sodium determines the extracellular fluid 

volume because it is the main cation within this compartment and the 

excretion of this ion is also determined by the kidney. For adult kidneys to be 

able to function correctly they must have first undergone a complex program 

of development called nephrogenesis.

The mature mammalian kidney is derived from 2 major embryonic cell types. 

These are the nephrogenic mesenchyme and ureteric bud epithelium, both of 

which are found at the inception of the metanephros. The former forms the 

nephrons while the bud cells form the collecting ducts. One molecule which is 

implicated in both morphogenetic events is hepatocyte growth factor/scatter 

factor (HGF/SF). This molecule is the subject of this Thesis.

There are three sets of kidneys in the mammalian embryo, the pro-, meso-, and 

metanephros and all are of mesodermal origin (Kaufman, 1991, Larsen, 1993).
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Human and mouse kidney development involves similar morphogenetic events 

but the timings differ. It is in the mouse in which the process of nephrogenesis 

has been most studied.

1.2 The Pronephros.
The first signs of a urinary excretory system are at day 22 after fertilization in 

humans and embryonic day 9 in mice. The pronephric duct develops from the 

intermediate mesoderm which lies lateral to the notocord (Gilbert, 1991). As 

this duct elongates caudally it is referred to as the mesonephric, or Wolffian 

duct. The mechanism involved in duct elongation in amniotes has not as yet 

been reported although much work on this subject has been done in other 

animals; such as axolotl, Xenopus, and chick. Apparently, cues for 

pronephric duct migration come from the overlying epidermis in the axolotl 

(Drawbridge et ah, 1995). The duct elongates by both active migration and 

recruitment of cells from the intermediate mesoderm in Xenopus (Cornish et 

ah, 1993). Polysialic acid, a component of neural cell adhesion molecule is 

required for chick duct elongation ( Bellairs et ah, 1995).

The anterior of the pronephric duct induces the adjacent intermediate 

mesoderm to form simple tubules which fuse with the duct (Shostak, 1991; 

Kaufinan 1992). This process of mesenchymal-epithelial conversion is 

reiterated in the meso- and metanephros. From experiments carried out on 

chick embryos it was found that the inductive cue for this conversion was not
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exclusive to the pronephric duct, because neural tissue could induce the 

intermediate mesoderm to differentiate into nephron tubules (Gruenwald, 

1943). This suggests that both the duct and the neural tissue could share an 

inducing factor but this has yet to be identified. In humans and mice 

pronephric tubules are transient structures which probably have no excretory 

fimction.

1.3 The Mesonephros.
By day 25 after fertilization in humans (Gilbert, 1991), the pronephros 

degenerates in an anterior-posterior direction but the mesonephric duct induces 

mesonephric tubules to form in the adjacent mesoderm. The ends of the 

tubules open into the mesonephric duct, as it proceeds down to the cloaca, 

which will eventually form the bladder. In humans there are about 40 

mesonephric tubules at day 25 but they regress in a cranio-caudal fashion 

leaving only about 20 pairs by day 40 (Kaufinan, 1992, Larsen 1993).

The intermediate end of each mesonephric tubule becomes invaginated in a 

cup-shaped epithelial membrane which is comparable to the Bowman capsule 

in the metanephros. This structure encases a knot of capillaries and is known 

as the glomerulus. These structures are probably ftmctional (Moore, 1988). In 

contrast to humans, well differentiated glomeruli are absent in murine 

mesonephroi. It is possible that these murine mesonephric tubules could 

fimction by secreting substances like potassium and protons.
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Recent evidence suggests that mesonephroi could be involved in the paracrine 

stimulation of other organs such as the forelimb; factors involved are IGF I 

and FGF8 (Geduspan et a l, 1992; 1993; Crossley et a l, 1996). The 

mesonephric region has also been implicated in haemopoiesis (Medvinsky et 

al, 1993). In humans and mice the mesonephros involutes in mid-late 

gestation but in males the duct is retained as the vas deferens (Moore, 1988).

1.4 The Metanephros.
The development of the metanephros can be divided into two parts; i) 

development of the ureteric bud, and ii) differentiation of the nephrons. 

Grobsteins’ metanephric organ culture work (Grobstein, 1953b, 1955, 1956), 

discussed later in the Thesis, provides the generally accepted view that the 

ureter, renal pelvis, calyces and collecting tubules differentiate from the 

ureteric bud, but the nephrons differentiate from the metanephric mesenchyme. 

However, from a recent study by Qiao et al, (1995) it appears that retrovirally- 

tagged mesenchyme or bud can contribute to a minor extent to the collecting 

system and nephrons respectively. This suggests that renal cell lineages may 

be more plastic than previously considered.

The development of the permanent kidney (metanephros) begins at day 28 

after fertilization in the human. It begins with the branching of the ureteric 

bud from the mesonephric duct. By day 32 after fertilization in humans, the 

swollen tip (ampulla) of the ureteric bud penetrates the metanephric
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mesenchyme, the intermediate mesoderm which has condensed around the 

bud. In humans the first glomeruli have formed by 8-9 weeks after gestation 

and nephrogenesis continues until the 34th week.

In mice, the ureteric bud enters the metanephric mesenchyme by embryonic 

day 11.5 (El 1.5) and initiates metanephrogenesis (Fig. 1). The first glomeruli 

have formed by E l4 and nephrogenesis continues for two weeks post-natally. 

Table 1 summarizes the timings at which nephrogenic events take place 

between humans and mice and figure 1 shows the major events in early mouse 

nephrogenesis.
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Figure 1. Early development of the metanephros. Stereomicroscopic images 

of the mouse metanephros (A-D) and cross-sectional diagrams of the 

metanephros (E-H) on embryonic day 11 (A and E), embryonic day 12 (B and 

F), embryonic day 13 (C and G), and embryonic day 14 (Dand H). Note that 

the most primitive structures are located in the periphery of the embryonic day 

14 metanephric rudiment. Arrowheads in B indicate the first branch tips of the 

ureteric bud. u, ureteric bud; m, mesenchyme; me, mesenchymal condensate; c 

and s, comma and S-shaped bodies, respectively; g, glomerulus; and w, 

Wolffian duct. Bar, 50pm in A-F. E-H are not drawn to scale. This figure is 

attributed to Woolf et al, (1995).
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Table 1: Nephrogenic events in human and mouse development.

Times when first 

detected

Appearance of Mouse Human

structures
Length of gestation 20 days 40 weeks

Pronephros 9 days 22 days

Mesonephros 10 days 24 days

Metanephros 11.5 days 32 days

Renal pelvis 12.5 days 33 days

Collecting tubules 13 days 44 days

and nephrons
Glomeruh 14 days 8 weeks

Nephrogenesis ceases 14 days after birth 34weeks

28



The initial ureteric bud ampulla will give rise to the renal pelvis and collecting 

ducts, the stalk of the ureteric bud becomes the ureter. This process of 

branching morphogenesis results in a complex tree-like structure. As the 

mesenchyme induces the ureteric bud to form these structures, the ureteric bud 

induces the mesenchyme to form the nephrons. At each branch tip, loose 

mesenchymal cells form condensates which form an epithelium with a lumen, 

the vesicle. This elongates to form a comma shape which folds back on itself 

to become an S-shaped body. This epithelial tubule continues to elongate and 

differentiate to give rise to the proximal convoluted tubule, the descending and 

ascending limbs of the loop of Henle, and the distal convoluted tubule. The 

distal end fuses with the collecting ducts to form a continuous functional unit. 

Figure 2 represents a simple diagram of the structures formed once the ureteric 

bud and mesenchyme have interacted.
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Cell Lineages In the Kidney

Interstitial cells

Mesenchymec ♦^  inductionI *
Metanephros

Epithella

Ureteric bud
Ureter and collecting ducts

Figure 2. Cell lineages in nephrogenesis. Mutual inductions between the 

ureteric bud (white) and the renal mesenchyme (orange) causes serial 

branching of the bud and the differentiation of mesenchyme into polarised 

epithelia and interstitial fibroblasts. Adapted from Hardman et al, (1994).

30



1.4.1 The glomerulus.
The proximal end of the S-shaped tubule invaginates into a cup shape and 

forms the Bowman capsule, which encases a tuft of capillaries to form the 

glomerulus. The glomerulus consists of four main cell types when matured: 

the visceral epithelia (podocytes), parietal epithelia (Bowman’s capsule), 

mesangial cells and endothelium (Fig. 3). The renal capillaries are thought to 

arise from direct ingrowths of vessel branches originally derived from the 

dorsal aorta (Larsen, 1993).

The glomerular basement membrane envelopes the capillaries itI_order to 

separate the blood from the glomerular filtrate. The podocyte foot processes 

support the basement membrane and capillaries. Between the foot processes 

are slit pores which facilitate the filtration process. The glomerulus is 

responsible for the production of an ultrafiltrate of plasma. Ultrafiltration 

occurs due to the hydrostatic pressure in the capillaries. Molecules of a 

relative molecular mass less than 6 8 , 0 0 0  pass through the glomerular basement 

membrane to form the glomerular filtrate (Hebert and Kriz, 1993).

1.4.2 Mesangial cells
Fibromuscular mesangial cells are embedded in their own extracellular matrix 

and form the central core of the glomerulus. These cells can change their cell 

morphology in response to growth factors and hormones. Like smooth muscle 

cells, mesangial cells express smooth muscle cell proteins (Alpers et al.
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1992), and exhibit contractile properties, (Kreisberg et a l, 1985). Their role is 

to physically support glomerular capillary loops (Fig. 4) and modulate plasma 

ultrafiltration (Kriz et ah, 1990; Arendshorst and Navar, 1993). Another role 

for mesangial cells is suggested by their ability to degrade and clear immune 

complexes from the glomerulus. Finally mesangial cell proliferation and 

matrix production have been implicated in a number of glomerular diseases 

(Johnson a/., 1992).
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Figure 3. Schematic of a longitudinal section through a glomerulus.

AA, afferent arteriole; EA, efferent arteriole; C, capillary; P, podocytes; DT, 

distal tubule; FT, proximal tubule. The black irregular shaped structures are 

mesangial cells. Adapted from Schrier and Gottschalk (1993).
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Figure 4. Schematic of a cross section of a glomerular capillary and its 

relationship to the mesangium. C, capillary; E, endothelial cell; P, podocyte; 

M, mesangial cell. Adapted from Schrier and Gottschalk (1993).
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1.4.3 Proximal tubules.
The proximal tubule continues directly after the glomerulus and constitutes the 

middle part of the embryonic S-shaped body. It consists of an initial 

convoluted portion, the pars convoluta, (a continuation of the parietal 

epithelium of Bowman capsule), and a straight portion, the pars recta. The 

epithelial cells have well developed brush-borders of microvilli which 

increases the surface area for reabsorption. The main role of the proximal

convoluted tubule is to reabsorb ions (Na^, HCO3 , Cl’, K^, Ca^, P0 4 ’̂) water

and organic solutes such as glucose and amino acids. Approximately 2/3 of 

the ultrafiltrate is reabsorbed in the proximal tubule.

1.4.4 The loop of Henle.
The loop of Henle is composed of the straight portion of the proximal tubule 

(pars recta), the thin limb segments, and the straight portion of the distal tubule 

(thick ascending limb). The limbs of the loop of Henle generate an osmolar 

gradient which permits the reabsorption of water by the collecting ducts. The 

maturation of the loops occur post-natally.

Collecting ducts contain three ftmctionally distinct cell types. Principle cells 

reabsorb Na^ and secrete by means of basolateral Na/K-ATPase, amiloride

sensitive Na^ channels and Ba^^-sensitive channels in the apical membrane. 

The a  intercalated cells secrete protons and the p cells reabsorb protons and
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secrete HCO 3 . These cell types demonstrate plasticity of their phenotypes in 

vitro (Fejes-Toth et a l, 1992) and therefore might have a common progenitor 

in the ureteric bud branches.

1.5 Fetal function of the mammalian kidney.

The placenta eliminates the metabolic waste from the fetal blood. The role of 

the fetal kidney is to regulate the production of the amniotic fluid. Too small a 

volume of amniotic fluid results in a condition called oligohydramnios which 

causes lung hypoplasia and limb distortion as well as dry, wrinkly skin. 

Collectively these abnormalities are called Potter’s sequence (Larsen, 1993).
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2. Basic Mechanislms of Nephrogenesis.

A balance of key cellular events are crucial to the formation of a kidney. 

These are: cell proliferation, programmed cell death (apoptosis), induction, 

motility, differentiation and morphogenesis. If the balance is disturbed, so is 

the normal development of the kidney. Such aberrations form the basis of 

disease such as kidney malformations, cystic diseases and tumours (Bard and 

Woolf, 1992).

2.1 Cell Proliferation.
Stem cells are cells which replicate themselves and which generate another 

type of daughter cell which differentiates. They are located in the 

undifferentiated renal mesenchyme (Burrow and Wilson, 1993). Stem cells 

and their immediate progeny are called precursors. These cells secrete a 

number of growth factors which could act in a paracrine or autocrine fashion 

to stimulate their growth as discussed later. This Thesis shows that one such 

factor is HGF/SF. Although stem cells probably do not exist in the normal 

mature kidney, it is possible for dedifferentiation and regeneration to occur in 

tubular epithelia (Kawaida et ah, 1994). Thus, the study of nephrogenesis is 

of relevance to adult renal disease.
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2.2 Cell Death.

Approximately 50% of embryonic kidney cells die during nephrogenesis 

(Coles et al, 1993). This programmed cell death occurs by apoptosis (Koseki 

et a l, 1992; Coles et a l, 1993). Apoptosis is characterized by nuclear 

condensation and DNA fragmentation into 180-200 base pairs by a calcium- 

dependeut endonuclease. Such cells are phagocytosed by neighbouring 

nephrogenic cells or macrophages (Camp and Martin, 1996). Genetic 

experiments involving the generation of BCL 2 null mutant mice, suggest that 

apoptosis plays an important role in determining the final number of nephrons 

(Veis et al, 1993; Sorenson et al, 1995). It has been suggested that clonal 

cells derived from the metanephrogenic mesenchyme expressing BCL 2 are 

destined to undergo differentiation, whereas those cells which do not express 

BCL 2 die by apoptosis (Winyard et a/.,1996a,b). Work presented in this 

Thesis suggests that HGF/SF maybe a factor which enhances cell survival.

2.3 Induction.

When the differentiation fate of a group of embryonic cells is altered an 

inductive event is said to have occurred. Induction plays a major part in 

organogenesis, for instance when renal mesenchyme is induced to convert to 

nephrons. Two types of induction exists: i) permissive, and ii) instructive 

(Bard, 1990a). The induced metanephric mesenchyme already contains the 

programme which allows it to differentiate into nephrons, but contact with the
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ureteric bud is needed to start the process of nephrogenesis (Shostak, 1991). 

This inductive process is called permissive. In contrast when a lung bud is 

cultured with stomach mesoderm, gastric epithelial glands develop, while 

hepatic cords develop when lung buds are cultured with liver mesoderm 

(Shostak, 1991). Thus the lung buds can not only form bronchial epithelia but 

they can be induced to form diverse epithelia by the action of heterologous 

mesenchymes. This type of induction is called instructive.

2.4 Morphogenesis.
Morphogenesis is the acquisition of shape. In order for morphogenesis to 

occur the cells must be able to communicate with each other and their 

surrounding environment, be able to move and change their cell shape. There 

are intrinsic and extrinsic factors which influence morphogenesis, a) cell-cell 

contact, b) cell-matrix contact, c) cell cytoskeleton, d) traction, and e) 

diffusion of soluble factors (Bard, 1990a). These processes are important in 

epithelial-mesenchymal interactions, especially in i) branching morphogenesis 

which occurs in the developing kidneys, salivary glands, pancreas, teeth, 

mammary glands, liver and lungs and ii) the formation of nephrons from 

undifferentiated mesenchyme (Gilbert, 1991; Hardman et al., 1994)

2.5 Migration.
In nephrogenesis this process is important during caudal migration of the 

pronephric and mesonephric ducts (Cornish et ah, 1993; Drawbridge et
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a/., 1995; Bellairs et al., 1995). Within the metanephros itself, migration does 

not appear to play a central role in development.

2.6 Differentiation.

When cells within the developing kidney acquire a specialised phenotype they 

are said to have undergone differentiation, a classic example is the 

mesenchyme to epithelial transition in which renal mesenchyme differentiates 

into nephrons. It is thought that the metanephric mesenchyme contains 

multipotent stem cells that can give rise to epithelia of the glomerulus, 

proximal and distal tubules (Herzlinger., 1992).
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3. Studying Nephrogenesis in vitro and in vivo.

3.1 Descriptive Studies.

There are two basic ways with which to studying nephrogenesis, the first is by 

a descriptive approach, and the second is by a functional approach. 

Descriptive studies document the anatomy of the kidney and correlate 

morphology with the sequential expression of genes in terms of mRNA and 

protein. These results can suggest that specific patterns of genes are 

associated with the events in nephrogenesis, but functional studies are required 

to prove that a particular molecule has a developmental role. The results of 

experiments of these kinds has prompted the establishment of a kidney 

development database (Internet address

httm://www. ana. ed. ac.uk/anatomy/kidbase). This allows descriptive 

information on kidney development to date to be obtained easily. At the time 

of writing, over 2 0 0  genes are known to be expressed during nephrogenesis 

and there are many potential functional overlaps which could lead to 

redundant pathways.

3.2 Functional Studies.

3.2.1 Whole Organ Culture.

The metanephros has the capacity to develop in vitro. Organ culture has been 

used over the past 40 years to investigate the development of the kidney.
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Intact mouse metanephric rudiments are isolated by dissection, placed on 

membranes and can be cultured for up to 7 days during which time nephrons, 

avascular glomeruli and tubules are formed (Grobstein.,1955; Avner et ah, 

1985; Saxene^a/., 1987; Hardman., 1990).

By using this technique it is possible to culture kidneys in the presence of 

growth factors, blocking antibodies to growth factors or cell adhesion 

molecules and antisense oligonucleotides to perturb expression transcription 

factors and examine their effects on nephrogenesis. These types of studies 

suggest that 5 classes of molecules are important for nephrogenesis: i) growth 

factors, ii) transcription factors, iii) survival factors iv) cell-cell adhesion 

molecules, and v) cell-matrix adhesion molecules.

Cell lineage in organ culture has been examined using the retroviral mediated 

gene transfer technique, which allows cell fates of the metanephrogenic 

mesenchyme and ureteric bud to be followed in vitro (Herzlinger et ah, 1992; 

Qiao et ah, 1995).

3.2.2 Induction of renal mesenchyme.

The isolated ureteric bud epithelium and metanephric mesenchyme can be 

studied in isolation in order to try and identify the underlying mechanisms of 

the induction process. In the 1950’s, Clifford Grobstein performed 

experiments whereby he enzymatically separated the uninduced mesenchyme
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from the ureteric bud and recombined them on a glass-clot interface with 

another source of inductive stimulus on the other side of the filter. He 

concluded that: a) the mesenchyme and ureteric bud cannot survive in 

isolation, b) the mesenchyme and epithelial ureteric bud need to interact with 

each other to undergo growth, differentiation and morphogenesis, c) tubule 

production can be induced in metanephrogenic mesenchyme by salivary 

mesenchyme and by dorsal embryonic spinal cord (Grobstein, 1955 and 1956).

At the time Grobstein was performing the reconstitution experiments, the 

inducing factor in the spinal cord was unknown. It seems that the signal works 

over a short range through secreted growth factors, cell-cell, or cell-matrix 

interactions (Lehtonen, 1975). The work carried out in this Thesis suggests 

that HGF/SF is also involved in nephron formation from renal mesenchyme.

WNT genes are candidates for an induction molecule. The WNT gene family 

has been shown to be involved in developmental regulation. They encode 

secretory glycoproteins which binds matrix and acts via autocrine and 

paracrine routes (Nusse and Varmus, 1992). WNT 1 mRNA is expressed in 

the embryonic spinal cord at the time the spinal cord is known to induce 

nephron formation. WNT 1- transfected fibroblasts can induce nephrogenesis 

in isolated mesenchyme (Herzlinger et al, 1994). Although WNT 1 is 

expressed by the ureteric bud, other members of the WNT gene family are also 

expressed in the kidney, including WNT 4. Athough null mutant mice for
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WNT 4 have developmentally retarded kidneys (Stark et al 1994), WNT 4 is 

expressed during the mesenchymal-epithelial conversion and is not likely to be 

an inductive factor secreted by the ureteric bud in vivo.

Grobstein performed transfilter experiments with isolated metanephric 

mesenchyme on one side of the filter and spinal cord on the other and found 

that nephrons formed (Grobstein, 1953). Sariola and co-workers found that 

neurons had penetrated the filter pores and made contact with the metanephric 

mesenchyme on the other side. Upon destruction of the neural tissue within 

the spinal cord, induction was abolished (Sariola et ah, 1989). When 

antibodies against ganglioside D3, (a molecule common to neural tissue) were 

added to metanephroi in organ culture, ureteric bud branching was inhibited 

(Sariola et ah, 1988b). Since neurons are associated with the ureteric bud and 

neural tissue is a potent inducer of nephrogenesis in vitro, this supports the 

theory that neurons are involved in induction in vivo.

Perantoni et al, (1991a) reported that pituitary extract, epidermal growth factor 

(EGF) and type IV collagen promote tubulogenesis in isolated rat 

metanephrogenic mesenchyme. Recently Perantoni and collègues report that 

basic fibroblast growth factor (FGF2) can promote uninduced 

metanephrogenic mesenchyme to form condensates, the first morphogenetic 

step in the mesenchymal-epithelial conversion (Perantoni et a/., 1995). Finally, 

Davies and Garrod found that lithium ions can induce the early stages of
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kidney tubule differentiation in isolated renal mesenchyme (Davies and 

Garrod, 1995). The physiological significance of this observation is not 

known.

The ureteric bud has proved even more challenging to culture in isolation 

although Perantoni and coworkers found that isolated rat ureteric buds branch 

when suspended in collagen type I gels (Perantoni et a l, 1991b). However, 

branching is very slow compared to in vivo.

3.2.3 Nephrogenic Cell Lines.
Since the kidney consists of several cell lineages, the generation of 

nephrogenic cell lines allows the study of purified populations of cells(Burrow 

et a l, 1993; Karp et a l, 1994; Woolf et a l, 1995). Each cell type exhibits a 

specific phenotype in vitro which is characterised by their morphology, 

membrane constituents, intracellular proteins, synthesis and release of specific 

products such as growth factors, and extracellular matrix proteins. Cell 

phenotypes can be influenced by culture conditions; so it is essential to define 

the culture conditions which will allow the cell to behave as normal, and have 

the same phenotype in vitro as in vivo.

Cultunng cell lines is useful in testing effects of selected substances on cell 

proliferation, adhesion, migration, differentiation, and contraction. 

Biochemical pathways can also be investigated such as intercellular signalling
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through receptors. Culture conditions can be changed to mimic diseased states 

and so the molecular and cellular processes which are involved can be 

analysed. I have used cell lines from renal mesenchyme to study the 

expression of HGF/SF (Chapter IV).

3.2.4 Transgenic Studies.

Transgenic animals provide a means by which to study the consequences of 

overexpression of specific genes, and the consequences of gene ablation in 

vivo. Transgenes can be introduced into the host cells by i) microinjecting 

recombinant DNA into the pronuclei of fertilized eggs, ii) retrovirally infecting 

preimplantation embryos, iii) reconstitution of early embryos with genetically 

engineered embryonal stem (ES) cells (Schuchardt et ah, 1994; Bladt et ah, 

1995; Schmidt et ah, 1995; Uehara et ah, 1995; Dudley et ah, 1995). ES cells 

are isolated from the inner cell mass of explanted embryos and they can then 

be grown and genetically manipulated in tissue culture.

Genes can be targeted by homologous recombination which means that the 

gene of interest is replaced by a homologous but non-fimctional fragment of 

DNA. Other genes can be inserted on either side of the homologous fragment 

such as a neomycin resistance gene and a herpes simplex virus thymidine 

kinase gene which can help in positive and negative selection. Engineered ES 

cells are injected back into the blastocyst where they can differentiate into a 

variety of lineages including the the germ line, and homozygous null mutants

46



can then be generated by breeding of the founder generation of mice (Merlino, 

1991).

3.2.5 Overexpression.

Overexpression in vivo of molecules involved in nephrogenesis can enhance 

our understanding of the roles these molecules play in normal development 

and disease. One such molecule is the transcription factor PAX 2; in normal 

development it is expressed in the induced mesenchyme, in the ureter 

epithelium, and in early epithelial structures derived from the mesenchyme. 

Transgenic mice overexpressing PAX 2 during embryogenesis have tubular 

microcysts, glomerular defects such as loss of podocyte foot processes and 

they present at birth with proteinuria. Similar events occur in congenital 

nephrotic syndrome (Dressier et ah, 1993).

3.2.6 Gene ablation.

Null-mutant mice generated show inappropriate kidney development as shown 

in Table 2; these animals also exhibit impaired development in other organs 

due to the same gene(s) being expressed during their development (Schuchardt 

et a/., 1994; Chan et ah, 1995; Maas et ah, 1994; Morham et ah, 1995; Veis et 

ah, 1993; Dudley et ah, 1995; Luo et ah, 1995; Shawlot et ah, 1995; Torres et 

ah, 1995; Keller et ah, 1994; Leveen et ah, 1994; Soriano et ah, 1994; 

Threadgill et ah, 1995; Kreidberg et ah, 1991; Stark et ah, 1994; Zwacka et
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ah, 1994; Noakes et a l, 1995; Stein et ah, 1994; Davis et ah, 1995; 

Mendelsohn g /a/., 1994).
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Table 2 1 Homozygous null mutant mice generated which possess 
developmental kidney malformations.

GENE PHENOTYPE

C-RET Renal agenesis or dysplasia and 
defects in the enteric nervous 
system (Schuchardt et ah, 1994).

LD Renal agenesis and limb defects 
(Chan et ah, 1995; Maas et ah, 
1994).

C0X2 Renal hypoplasia as well as 
susceptibility to peritonitis 
(Morham et ah, 1995).

BCL2 Renal hypoplasia, polycystic 
kidneys, splenic involution and 
hypopigmented hair (Veis et ah,
1993).

BMP? Renal dysplasia as well as eye and 
skeletal patterning defects 
(Dudley et ah, 1995; Luo et 
a/., 1995).

LIMl Renal agenesis, absent gonads and 
head structures (Shawlot et ah, 1995).

PAX2 Renal agenesis and eye defects. 
(Heterozygotes have renal hypolasia) 
(Torres et ah, 1995; Keller et ah, 
1994).

PDGFB Absent mesangial cells and heart 
defects (Leveen., 1994).
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PDGFR p Absence of mesangial cells and 
widespread cardiovascular defects 
(Soriano., 1994).

EGFR Cystic dilation of the collecting 
ducts. Defects in hair follicles, skin, 
tongue, gastrointestinal tract and 
brain (Threadgill et a/. 1995).

WTl

WNT4 

MPV 17

laniimri/laminin p2 

HOXA-ll/HOXD-11**

Renal agenesis as well as 
abnormalities in the respiratory 
system, the heart and the gonads 
(Kreidberge^ a/., 1991).

Renal dysplasia (Stark et al, 1994).

Glomerulosclerosis and nephrotic 
syndrome at birth (Zwacka et al,
1994).

Nephrotic syndrome soon after 
birth (Noakes et a/., 1995).

Renal dysplasia or hypolasia 
as well as absence of radius 
and ulna (Davis a/., 1995).

RAR ay/ap2 Renal agenesis, or hypoplasia. 
Abnormalities in the respiratory 
tract, heart, thymus and associated 
glands, diaphragm, genito-urinary 
system and the lower digestive 
tract were also present 
(Mendelsohn et a l, 1994)

**Double null mutants
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4. Growth factors and kidney development.
A number of polypeptide growth factors and their cell surface receptors have 

been implicated in nephrogenesis. Growth factors produced by the 

metanephros can act in either paracrine, autocrine, or juxtacrine fashions. 

When a factor is secreted by one cell and it acts on its neighbour, this is 

classed as being a paracrine factor. When a cell secretes a factor which in turn 

acts on itself, it is an autocrine factor. This Thesis produces evidence that 

renal mesenchyme expresses HGF/SF which acts in both these ways. When a 

cell expresses a growth factor which is inserted into its own plasma membrane 

and also interacts with receptors on adjacent cells, it is a juxtacrine factor; an 

example of this is TGF-a (Massague, 1990). Although growth factors are 

important in nephrogenesis they are also implicated in adult kidney disease 

and tubular regeneration after toxic or ischemic injury (Hammerman, 1989; 

Nagaike et aL, 1991; Miyazawa et ah, 1994).

Many of the nephrogenic growth factors act by binding to membrane- 

associated receptor tyrosine kinases which dimeiize, autophosphorylate and 

transduce growth signals into the cell. Some of these growth factors are 

multiftmctional because upon binding their receptors they can trigger various 

signalling cascades within the cell which will influence nuclear events and in 

turn the behaviour of the cell (Cross and Dexter, 1991). Signal transduction is 

mediated by the interaction between specific phosphotyrosines and
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cytoplasmic effectors containing Src homology domains (SH2) (Pawson and 

Schlessinger, 1993).

4.1 Growth factors which enhance nephrogenesis.

4.1.1 Epidermal growth factor and Transforming growth 
factor (X.

EGF and its embryonic homologue IGF a  are thought to bind the same 

receptor (EGFR). Rogers and coworkers, showed that El 3 rat metanephroi 

produced TGFa and nephrogenesis could be perturbed by using blocking 

antibodies against TGFa (Rogers et al, 1992). EGF is a potent inhibitor of 

cell death within the developing kidney, both in vitro and in vivo (Coles et al,

1993). The EGFR knockout mice have different renal phenotypes which are 

dependant on the specific genetic background of the animal (Threadgill et al,

1995). It is clear from these mice that the EGF receptor is not required for the 

induction of the metanephric mesenchyme, but one strain develops cystic 

collecting ducts.

4.1.2 Fibroblast growth factors (FGFs).
FGF2 transcripts are expressed by the ureteric bud (Orr-Urtreger et al, 1993). 

FGF receptors have been reported to be expressed in the developing kidney; 

two of which are FGFR 1, (or fig), and FGFR 2, (whose gene encodes two 

splice variants and are known as keratinocyte growth factor receptor (KGFR) 

and bek). The KGFR variant was found to be expressed
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in the epithelia of the collecting ducts and FGFR 1 was found to be expressed 

in cortical mesenchyme, and Bowman capsule/renal tubule complexes (Peters 

et ah, 1992). Perantonis’work has suggested that FGF2 is an inducing 

molecule, involved at the inception of metanephric development (Perantoni et 

ah, 1995). Null mutant mice for FGFR 3 show abnormalities of the axial and 

apendicular skeleton, no other morphological abnormalities were reported 

(Denggr a/., 1996).

4.1.3 Insulin like growth factors.

IGF I and IGF II mRNA’s are expressed by embryonic day 13 rat metanephroi. 

From metanephric organ cultures carried out by Rogers and colleagues, it was 

found that immunoreactive IGF I and IGF II were detected in the culture 

medium. Upon exposure to antisera to these factors, nephrogenesis was 

impaired (Rogers et ah, 1991). Antisense oligonucleotides to IGF I in 

metanephric culture resulted in hypoplasia, rudimentary ureteric bud 

branching, and reduced synthesis of proteoglycans (Zheng et ah, 1994). 

Knockout mice which lack IGF I and IGF II are small and have 

proportionately small kidneys ( DeChiara et ah, 1990; Powell-Braxton et ah,

1993).
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4.1.4 Platelet derived growth factor (PDGF).
In the early stages of glomerular development the PDGF B chain is expressed 

by the renal vesicle and its receptor PDGFRp is expressed by undifferentiated 

mesenchyme and interstitial cells. Some of the latter might be mesangial cell 

precursors. During mesangial differentiation, cells continue to express the 

PDGFRp and also express PDGF B chain (Alpers et a l ,1992). PDGF B and 

PDGFRp null- mutant mice lack mesangial cells (Leveen et a l, 1994; Soriano, 

1994).

4.1.5 Vascular endothelial derived growth factor (VEGF).
Vascular endothelial growth factor is a disulphide-linked dimeric glycoprotein 

which is thought to promote angiogenesis and vasculogenesis during 

embryogenesis (Carmeliet et a l, 1996). The receptors for VEGF belong to the 

receptor tyrosine kinase family; they are flkl in the mouse and its homologue 

in the human is KDR and fltl (Dumont et a l, 1995). VEGF can be detected 

throughout nephrogenesis and the undifferentiated metanephric mesenchymal 

cells of the E ll  mouse express growth factor receptors specific for the 

endothelial cell lineage (Loughna et al., 1996). Mice which lack VEGF or its 

receptors have widespread defects in embryonic blood vessel formation and 

die before the metanephros is formed (Shalaby et a l ., 1995; Carmeliet et a l, 

1996; Ferrara et a l, 1996).
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4.1.6 GDNFandRET.

RET is expressed in the tips of the branching ureteric bud but it was not 

detected in the metanephric mesenchyme (Pachnis et al, 1993). A targeted 

mutation was introduced into the murine RET locus by homologous 

recombination. These null mutant mice exhibit severe renal dysplasia and 

agenesis. This phenotype suggests that the RET receptor transduces the 

inductive signal required for the branching of the ureteric bud. Failure of this 

inductive signal to be received by the ureteric bud means that the ureteric bud 

does not grow and branch and in turn induce the mesenchyme-epithelium 

transition (Schuchardt et al 1994).

Glial-cell line derived neurotrophic factor, (GDNF) is a potent survival factor 

and neuronal differentiation factor and was found to be expressed in 

uninduced metanephric mesenchyme of mouse embryos (Hellmich et al,

1996). Recently, the ligand for RET was identified as being GDNF (Trupp et 

al, 1996; Durbec et a l, 1996).

4.1.7 ROS.

ROS is the mammalian homolgue of the Drosophila sevenless gene. The 

sevenless protein is involved in Drosophila eye development (Easier and 

Hafen, 1988). In the developing kidney, ROS is expressed in the tips of the 

branching ureteric bud (Sonnenberg et al, 1991; Tessarolla et a l, 1992). As
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nephrons form the level of ROS transcript falls, no transcripts were detected in 

the mature kidney. From ROS antisense experiments carried out in 

metanephric organ culture, Kanwar and coworkers found that normal 

nephrogenesis was perturbed as well as there being a reduction in extracellular 

matrix glycoproteins (Kanwar et ah, 1995). ROS-knockouts have recently 

been reported, males that are homozygous for the ROS mutation are infertile. 

No other abnormalities were found to be present in these animals 

(Sonnenberg-Riethmacher et ah, 1996). The ligand remains unknown.

4.1.9 Nerve growth factors (NGFs).

A role for these factors in nephrogenesis has been suggested due to nerve 

growth factor receptor expression throughout nephrogenesis (Durbeej et 

ah, 1993; Sariola et ah, 1991). The high-affinity NGF receptor (TRK B), was 

found in cortical mesenchyme, whereas TRK C, another high-affinity receptor 

was expressed in the collecting ducts. TRK A is also a high-affinity NGF 

receptor The low-affinity NGF receptor (p75), is expressed by uninduced 

metanephric mesenchyme and later in glomerular podocytes. Inhibition of the 

low-affinity NGF receptor expressed by developing metanephroi by antisense 

oligonucleotides in organ culture, perturbed nephrogenesis (Sariola et ah, 

1991). However, null mutant mice for p75 NGF receptor have kidneys which 

have undergone normal nephrogenesis (Lee et ah, 1992). It is possible that 

these mice could compensate for the loss of p75 NGFR.
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Finally, neurotrophin 3 was found to be a survival and differentiation factor 

for neuronal precursors in the uninduced metanephric mesenchyme but it was 

not found to induce nephron formation (Karavanov et al, 1995).

4.2 Growth factors which inhibit nephrogenesis.

4.2.1 Transforming growth factor p  (TGF P).

The biological actions of the TGFp family are diverse. They can inhibit or 

stimulate proliferation, stimulate extracellular matrix formation and promote 

or inhibit cell migration. TGFpl mRNA is expressed by metanephric 

mesenchyme and low levels of TGFp2 transcripts are detected in the 

epilthelial tubules derived from the metanephric mesenchyme. No TGFp 3 

expression was observed (Schmidt et ah, 1991). When TGFpl was added to 

E l3 rat metanephroi in organ culture tubule forination was inhibited (Rogers et 

ah, 1993). Blocking TGFpl activity by using anti-TGFpl antibodies 

accelerated the formation of tubules. Activin, another member of the TGFp 

family is also found to be expressed in the developing kidney along with its 

receptors. Activin treated metanephroi have retarded branching of the ureteric 

bud which are abnormally short (Ritvos et al, 1995). TGF p i knockout mice 

have been generated and are reported to have normal kidneys (Letterio et a l,

1994).
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4.2.2 Leukaemia inhibition factor.
Leukaemia inhibition factor, (LIF), is a cytokine which inhibits the 

differentiation of embryonic stem (ES) cells and also reversibly blocks 

nephrogenesis. It seems that LIE blocks nephrogensis at two stages, the first 

stage is soon after mesenchymal condensation has taken place, the second 

stage is after the development of epithelialised aggregates (Bard and Ross, 

1991). It has yet to be shown if LIF is produced by the metanephros.

4.2.3 Tumour necrosis factor.
Tumour necrosis factor a, (TNFa), could play a role in kidney development. 

It has been implicated in the processes of programmed cell death and tissue 

remodeling in the developing chick. Apoptotic cells were detected in the 

developing chick mesonephros as well as other developing organ systems 

(Wride et a l 1994). TNFa has been detected in the early metanephros and 

inhibits nephron formation. From organ culture experiments, it was found that

j exogenous TNFa inhibits metanephric growth and differentiation (personal
j
communication. Dr’s C.Cale and AS Woolf, ICH, London).

5. Survival factors.

Uninduced metanephric mesenchyme is programmed to undergo cell death 

unless it is rescued by the induction process, which allows it to convert to 

epithelia and differentiate (Koseki et ah, 1992). EGF prevents DNA
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degradation in vitro and is thought to be a suppressor of apoptosis in 

metanephric mesenchyme. Coles et al, found that EGF is a potent inhibitor of 

cell death in the developing kidney in vivo (Coles et ah, 1993).

The proto-oncogene BCL 2 inhibits cell death. The BCL 2 protein is located 

on the inner mitochondrial membrane and plays a part in the antioxidant 

pathway which prevents cell damage after peroxides and superoxides have 

been generated (Veis et ah, 1993). During nephrogenesis BCL 2 is highly 

expressed in mesenchymal aggregates, implicating the molecule in the survival 

of nephron precursors (Winyard et ah, 1996b).

Gene targeting by homologous recombination resulted in homozygous mice 

with polycystic kidneys, showed fulminant lymphoid apoptosis, and 

hypopigmentation of hair (Veis et ah, 1993). Metanephroi from E l2

heterozygous and homozygous null mutant BCL 2 mice were placed in organ 

culture for three days. Metanephroi from the homozygous mice were much 

smaller and increased apoptosis was detected in the metanephric mesenchyme 

(Sorenson 1995).
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6. Transcription factors.
These molecules are also implicated in nephrogenesis but a detailed discussion 

is beyond the scope of this Thesis.

A member of the HOX family, LIMl, encodes for a protein that contains a 

DNA binding homeodomain, and is expressed in the intermediate mesoderm of 

mice at E8.5. LIMl null mutant mice lack kidneys as well as gonads and head 

structures (Shawlot et al,, 1995). Double mutant mice for HOXA 11 and 

HOXD 11 have renal hypolasia or dysplasia and absent radius and ulna, single 

mutants have normal kidneys (Davis et a l, 1995).

The PAX 2 gene is expressed in the ureteric bud and its derivatives, in 

metanephric mesenchyme after induction and is expressed in early epithelial 

derivatives of the mesenchyme, such as comma and S-shaped bodies, and is 

down-regulated during maturation of renal epithelium (Dressier et a l, 1990; 

Ryan et a l, 1995). It has been shown by antisense oligonucleotides that PAX 

2 is required for renal mesenchyme-epithelium conversion (Rothenpieler et 

al, 1993). Homozygote PAX 2 null mutant mice have renal agenesis while 

heterozygous mice display renal hypoplasia (Torres et a l, 1995; Keller et al,

1994).

Another important transcription factor is encoded by the Wilm’s tumour gene 

(WTl). Four isoforms have DNA-binding zinc-ftnger domains which
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intercalate with DNA.. During development WTl is expressed in renal 

mesenchyme, the renal vesicle and the glomerular podocytes (Pritchard-Jones 

et ah, 1990). Null mutant mice for WTl have renal agenesis (Kreidberg et 

al, 1993).

In humans, spontaneous WTl mutations abolish DNA binding and are 

associated with kidney tumour and nephrotic syndrome (Coppes et ah, 1993; 

Pelletier et ah, 1991). It has been suggested that WTl regulates metanephric 

mesenchyme proliferation by down-regulating the production of insulin-like 

growth factor type II (IGF-II), and platelet derived growth factor A-chain 

(PDGF-A) (Drummond et ah, 1992; Wang et ah, 1992).

C-MYC is expressed in uninduced mesenchyme and in very early epithelial 

structures. Its expression is downregulated as the kidney matures. C-MYC 

could be related to cellular proliferation during nephrogenesis (Mugrauer and 

Ekblom, 1991). N-MYC is upregulated during the mesenchymal-epithelial 

conversion and its expression is confined to the mesenchymal condensates, 

comma and S-shaped bodies. N-MYC is not expressed by ureter derived 

structures or endothelium. Its expression is a marker of induction and 

formation of the early epithelial structures of nephrogenesis (Mugrauer and 

Ekblom, 1991). Homozygous null-mutant mice for N-MYC have mesonephroi 

which are hypoplastic with increased apoptotic cells. The embryos die 

prenatally at embryonic day 11.5 (Stanton et a/., 1992). L-MYC is restricted to
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the ureter of the mature kidney and it is not expressed by proliferating or 

embryonic cells. (Mugrauer and Ekblom, 1991).

7. Cell adhesion molecules, and extracellular matrix.
Cell adhesion is very important to the three-dimensional structure of a 

developing organism. In order for a structure to form, the cells must be able to 

come together, (in response to signals), in a coordinated and coherent fashion 

and adhere to one another. Specific molecules mediate the attachment 

between two cells, (cell-cell adhesion molecule), and they also mediate the 

attachment between the cell and the extracellular matrix via integiins, (cell- 

matrix adhesion molecule). Basement membranes are specialized extracellular 

matrices which form the substratum of sheets of epithelial cells.

Uninduced metanephrogenic mesenchyme expresses collagen I, HI and 

fibronectin (Ekblom et al., 1981a; Ekblom et at., 1981b). The cell surface 

neural adhesion molecule, (NCAM) is expressed by the uninduced 

mesenchyme. After induction, NCAM (Klein et at., 1988a; Lackie et 

a/., 1990) expression decreases as the nephron matures. The proteoglycan 

syndecan, acts as a receptor for interstitial matrix molecules and it is a marker 

for early induction of the mesenchyme-epithelial transition (Vainio et al,

1989).

Following induction, the mesenchymal cells begin their transition to polarised 

epithelia. They lose the interstitial collagens and fibronectin and begin to
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express uvomorulin and collagen type IV, and laminin A chain (Vestweber et 

al., 1985; Ekblom et al., 1981a, 1981b). Laminin is a large multidomain 

cruciform glycoprotein found in basement membranes. It consists of three 

different polypeptide chains. A, B1 and B2. Uninduced metanephric 

mesenchyme expresses the B1 and B2 chains whilst laminin A is expressed at 

the onset of epithelial polarization.

When antibodies to fragments, (notably E3, and E8), of the laminin A chain 

were added to metanephric organ culture, tubule formation was perturbed 

because the mesenchymal cells were unable to convert to polarized epithelial 

cells (Klein et al, 1988b). The cell-surface receptor for the E8 fragment of 

laminin is the integrin oepi, antibodies against the 06 subunit perturbs tubule 

formation (Sorokin a/., 1990). The E3 fragment of laminin binds the

dystroglycan complex and antibodies that interfere with the binding of laminin 

to the dystroglycan complex inhibit the conversion of mesenchyme to epithelia 

(Durbeej et al, 1995). Another basement membrane glycoprotein known as 

nidogen, (nidogen and entactin are identical and some refer to it as 

nidogen/entactin), is produced by mesenchymal cells and binds to domain m  

on the laminin B2 chain. This laminin B2/nidogen binding is critical for the 

production of epithelial basement membranes of epithelial structures formed 

during early nephrogenesis (Ekblom et al, 1994).
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Mesenchymal cells that do not become epithelial continue to express 

interstitial collagens and fibronectin but also express a mesenchymal matrix 

molecule known as tenascin (Aufderheide et a l, 1987). Uninduced 

mesenchyme does not express tenascin, it only appears upon induction. 

Proteoglycans, such as heparin and chondroitin sulphate proteoglycans are 

important in the formation of basement membranes (Lelongt et al, 1988; 

Davies et al, 1995b). Proteoglycans can bind and store certain growth factors 

thus modulating their activity. Heparan sulphate can bind fibroblast growth 

factors, in doing so it prevents their degradation and facilitates the interaction 

of the growth factor with its cell surface receptor (Kiefer et al, 1990). The 

cell surface proteoglycan syndecan can bind basic FGF (Elenius et al, 1992), 

and TGFp can bind to betaglycan whereas the extracellular matrix molecule 

decorin binds and neutralises the activity of this growth factor (Ruoslahti and 

Yamaguchi, 1991).
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8. Hepatocyte growth factor/scatter factor 

(HGF/SF) and its receptor tyrosine kinase 

MET.

8.1 Discovery and isolation of HGF/SF.

HGF was identified as the main mitogenic component for hepatocytes in 

serum and platelets from rats and from humans with fulminant hepatic failure, 

(Nakamura et al., 1984; 1986; 1987; Gohda et ah, 1988). SF was originally 

described as a factor released by human embryo fibroblasts and which could 

scatter Madin Darby Canine Kidney cell monolayer colonies. These are 

epithelial cells derived from renal collecting ducts (Stoker and Perryman, 1985). 

Gherardi et al in 1989 showed that the partial N-terminal sequences of HGF 

and SF were identical. Three independent laboratories subsequently 

demonstrated that HGF and SF were identical ligands which possess the same 

biological activities, thus the molecule is now called HGF/SF (Furlong et ah, 

1991; Naldini et ah, 1991; Weidner et ah, 1991).

8.2 Structure of HGF/SF.

The uncleaved protein is approximately 92kD, although sizes of the proteins 

may vary due to the degree of glycosylation (Rosen et ah, 1989; Hofinann et 

ah, 1992; Gherardi et ah, 1989; Nakamura et ah, 1987; Miyazawa et ah, 1989;
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Nakamura et al., 1989, Weidner et al., 1991). The nucleotide sequences of 

both chains for human HGF/SF are encoded by a single open reading frame 

which gives rise to a 728 amino acid pre-pro precursor (Nakmura et al., 1989). 

The a  chain of HGF/SF contains four kringles which are characterized by 

triple disulphide loop structures and mediate protein-protein and protein-cell 

interactions (Fig. 5) (Nakamura et ah, 1989). HGF/SF is synthsized as a pre- 

pro precursor: to generate the mature protein the signal peptide and the 

prosequence are removed then the a  and p chains are cleaved by a trypsin-like 

protease at an Arg-Val site (Tashiro et ah, 1990; Nakamura et ah, 1989)

The HGF/SF amino acid sequence exhibits 38% sequence homology to 

plasminogen and the p chain has 37% amino acid homology to the serine 

protease domain of plasminogen but it lacks serine protease activity because 

the His and Ser residues of the catalytic site of the p chain are replaced by Gin 

and Tyr (Miyazawa et a/., 1989; Nakamura et a/., 1989; Tashiro et ah, 1990). 

It is thought that an intact p chain is required for HGF/SF biological activities 

and that this p chain is essential for stabilizing HGF/SF-MET binding (Lee et 

ah, 1995). The protein is cleaved after secretion to a ~ 60 kDa a  and 30 kDa 

p subunit which are linked by disulphide bonds. The cleavage step is 

important for the biological activity of HGF/SF (Hartmann et ah, 1992; Lokker 

et ah,1992). Figure 5 displays the primary structure of the murine HGF/SF 

precursor.
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Fig. 5 shows the primary structure of the murine HGF/SF precursor. The

structure is based on the conservation of critical cysteine residues in HGF/SF 

and plasminogen. The a  chain is shown in blue and the p chain is shown in 

red. The cysteine residues are shown in black. The serine protease residues of 

the catalytic site are shown in yellow. The 30 residue long signal peptide 

sequence which is cleaved off to produce the mature form of HGF/SF is 

shown in green. This figure was reprinted from Gherardi et al, (1993) with 

permission of the author.
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A naturally occurring truncated form of HGF/SF which results from alternative 

mRNA splicing has been isolated from human fibroblasts (Chan et al., 1991). 

This truncated form has a molecular mass of 28 kDa and it consists of the NH2  

terminal region and the first two kringles, hence its name HGF/NK2. 

HGF/NK2 can bind the MET receptor with high affinity but inhibits HGF/SF 

mitogenic activity but not motogenic activity (Hartmann et at., 1992). It is 

possible that this variant competes for the binding of full length HGF/SF to its 

receptor MET and acts as a natural inhibitor. It is also possible that the whole 

intact HGF/SF molecule is required to activate signals that lead to the 

mitogenic activity of HGF/SF.

8.3 Regulation of HGF/SF expression and activity.

8.3.1 Regulatory elements.

Regulatory elements have been found in the promoter region of the HGF/SF 

gene. These include interleukin-6 response elements (IL-6 RE), TGFp 

inhibitory element, a cAMP response element, estrogen elements, as

well as negative and positive regulatory elements (Liu et ah, 1994). Human 

embryonic lung fibroblasts (MRC-5) and human gingival fibroblasts can be 

stimulated by inflammatory cytokines interleukin-1 (IL-1 ) and tumour necrosis 

factor-a (TNF-a) to secrete immunoreactive HGF/SF, as measured by ELISA. 

With increasing doses of these cytokines, human HGF/SF mRNA is increased
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in MRC-5 cells (Tamura et a/., 1993) suggesting a direct effect on transcription 

or a a enhancement of mRNA stability.

8.3.2 Secretion.

Rosen and co workers, isolated and partially purified a soluble protein of 14kD 

from ras-3T3 D-4 mouse fibroblast cell conditioned media. This factor 

stimulates fibroblasts to synthesise and secrete immunoreactive HGF/SF as 

well as increasing the HGF/SF mRNA level (Rosen et al, 1994). There are 

factors which inhibit HGF/SF secretion; one of these factors is TGFp. Gohda 

and CO workers, showed that as little as 10 pg/ml TGFp reduced levels of 

immunoreactive HGF/SF secreted by human embryonic lung fibroblasts, 

MRC-5 cells (Gohda et a l, 1992). From work carried out on the promoter 

region of the rat HGF/SF gene the TGFpl inhibitory element is thought to 

mediate the inhibtion of the HGF/SF gene expression by TGFpl (Okajima et 

al, 1993).

8.3.3 Proteolytic Activation.

Proteases which cleave the HGF/SF precursor include urokinase-type 

plasminogen activator (uPA) (Naldini et a l, 1995), and two homologous 

proteases, blood-coagulation factor XHa and hepatocyte growth factor 

activator which have been implicated in the activation of pro-HGF/SF during 

tissue injury (Shimomura et a l, 1995).
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8.4 Structure of MET.

The C-MET protooncogene product is the receptor for HGF/SF. The human 

MET gene was isolated as an activated oncogene in an #-methyl-N'- 

nitronitrosoguanidine treated human osteogenic sarcoma cell line by its ability 

to transform NIK 3T3 mouse fibroblasts (Cooper et al., 1984). MET is 

encoded by a major transcript of approximately 8.5kb. Studies revealed that 

the MET receptor is a 190kD glycoprotein consisting of a 50kD extracellular a  

subunit which is disulphide-linked to a 140kD P transmembrane tyrosine 

kinase subunit (Park et al., 1987). All the biological actions of HGF/SF are 

mediated through this receptor (Bottaro et ah, 1991; Weidner et al., 1993).

Experiments performed by Weidner and colleagues proved that the biological 

effects of HGF/SF (described belOw), are mediated through the receptor 

tyrosine kinase MET (Weidner et al., 1993). A hybrid receptor consisting of 

the extracellular domain of the NGF receptor, TRK (they do not specify which 

one) and the cDNA encoding cytoplasmic domain of the MET receptor was 

transfected into MDCK cells. The known biological effects of HGF/SF could 

be triggered by adding NGF implying that the cytoplasmic domain of the MET 

receptor is required for signalling.

Interestingly, 2 classes of HGF/SF binding exist on epithelial cells as assessed 

by ligand displacement experiments. One has a high affinity/low capacity
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while the other has a low affinity/high capacity of binding (Naldini et ah, 

1991). It is thought that the latter type of binding is constituted by heparan 

sulfate proteoglycans in the extracellular matrix and cell surfaces. It is known 

that HGF/SF binds heparin (Nakamura et al, 1987) and it is possible that the 

low affinity sites could act as a store of HGF/SF. The high affinity/low 

capacity binding site was identified as the MET receptor from chemical cross- 

linking of the a  and p chains of HGF/SF to the p subunit of the MET receptor. 

HGF/SF could stimulate tyrosine phosphorylation of the MET p subunit in 

gastric epithelial cells (Naldini et ah, 1991).

Other groups have designed chimeric receptors by varying the extracellular 

domain and retaining the MET cytoplasmic domain. They have all found that 

the cytoplasmic domain is required for signal transduction in order to elicit 

motility and morphogenesis (Komada and Kitamura, 1993).

The binding of HGF/SF to MET triggers autophosphorylation on tyrosine 

residues in the catalytic domain increasing kinase activity, and forms 

complexes with cytoplasmic effectors containing SRC homology region 2 

domains (SH2) (Ferracini et ah, 1991; Bardelli et ah, 1992). Ponzetto and 

coworkers report that a multifunctional docking (binding) site in MET 

mediates signal transduction (Ponzetto et ah, 1994). It consists of two 

YV(H/N)V motifs which make it capable of activating many SH2 containing
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cytoplasmic signal transducers such as phosphatidylinositol 3-kinase, 

phospholipase Cy, pp60‘̂ ®’̂‘̂ , and GRB-2-Sos complex. Graziani et al, have 

shown that MET activates a RAS nucleotide exchanger (Graziani et ah, 1993). 

RAS being a guanine nucleotide binding protein which is found in two forms 

at the plasma membrane: i) an inactive form bound to GDP, ii) as an active 

form bound to GTP. Upon addition of HGF/SF to an epithelial cell line, 

A549, there was a substantial increase in GTP bound RAS (Graziani et al.,

1993).

It is possible that the GRB-2-Sos complex is involved in the RAS nucleotide 

exchanger. Ponzetto and coworkers have shown that GRB-2 preferentially 

binds tyrosine 1356 found in the MET receptor and mutations within this 

tyrosine result in prevention of coimmunoprecipitation of GRB-2 with the 

receptor, (Ponzetto et al., 1994). Interestingly, homologous sequences to this 

YV(H/N)V motif are found in MET related receptors SEA and RON.

8.5 HGF/SF is a mitogen in vitro.

Since HGF/SF has many target cells, the factor has been implicated in 

embryogenesis, organogenesis, wound healing, organ regeneration, and 

neoplasias. HGF/SF is a potent mitogen for hepatocytes (Nakamura et al, 

1984; 1986; Kan et a l, 1991), renal proximal tubule cells, melanocytes, 

kératinocytes, mammary and bronchial epithelial cells, endothelial cells,
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erythroid hemopoietic progenitors, and chondrocytes (Kan et ah, 1991; Rubin 

et al., 1991; Ishibashi et ah, 1992; Harris et at., 1993; Galimi et al., 1994; 

Takebayashi et al., 1995).

8.6 HGF/SF is a motogen in vitro.

HGF/SF dissociates sheets of epithelia into individual cells which resemble 

mesenchymal cells in that they are spindle shaped and are highly motile 

(Stoker and Perryman, 1985). This scattering activity forms the basis of a 

bioassay for HGF/SF used in this Thesis. Perhaps motogenesis is the two- 

dimensional equivalent of three-dimensional HGF/SF-induced epithelial 

branching described below. Further work by Stoker’s group showed that 

scattering HGF/SF activity was produced by a range of fibroblasts with many 

different epithelial cells as targets (Stoker et al, 1987). Highly purified 

HGF/SF has the same effects on MDCK cells as fibroblast-conditioned media 

(Gherardi a/., 1989).

When HGF/SF-expressing MDCK cells were generated by transfection of 

HGF/SF cDNA, the factor acted in an autocrine manner by stimulating the the 

cells to convert from an epithelial to a fibroblastic morphology with increased 

motility (Uehara and Kitamura, 1992). Some epithelial cells produce HGF/SF 

such as ndk, a strain of human epidermal kératinocytes which are unable to 

undergo terminal differentiation. Adams and coworkers have shown that
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these cells produce HGF/SF which acts in an autocrine manner, hence the ndk 

cells grow as single cells rather than compact colonies. When Suramin, a 

polyanionic detergent, which interferes with growth factors and their 

receptors, was applied to the cells the cells grew in cohesive colonies (Adams 

e ta l, 1991).

Interestingly, Takebayashi and colleagues found that HGF/SF scatters rabbit 

ar}r\co[ar chondrocytes in vitro, (Takebayashi et al, 1995). Rosen and 

CO workers found that smooth muscle cells produced scatter factor and that it 

stimulated epithelial and vascular endothelial cell migration, (Rosen et al, 

1989; Rosen et al, 1990). Thus the effects on motility are not confined to 

epithelia.

8.7 HGF/SF and branching morphogenesis in vitro.

When MDCK epithelial cells are grown in a collagen type I matrix they form 

cysts. In the presence of fibroblast-conditioned medium or HGF/SF itself 

these cysts undergo branching morphogenesis. This in vitro event resembles 

the branching which occurs in kidney, lung, salivary gland and other types of 

organogenesis. No other known growth factor was able to reproduce these 

results under the same conditions with MDCK cells (Montesano et al, 1991a; 

Montesano a/., 1991b).
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Collagen I, laminin, nidogen/entactin and fibronectin permitted HGF/SF- 

induced MDCK branching in the presence of HGF/SF. Other matrix 

molecules inhibited HGF/SF-induced MDCK branching morphogenesis 

including collagen type IV, heparan sulfate proteoglycan and vitronectin. 

Additionally, TGFp inhibits HGF/SF-induced branching morphogenesis of 

MDCK cells in collagen I (Santos and Nigam, 1993). The mechanism for this 

action is not known.

In other in vitro systems, molecules other than HGF/SF are implicated in 

branching, for instance EGF and TGFa cause the mIMCD-3 cell line (murine 

inner medullary collecting duct cells) to form branching tubules in collagen I 

(Barros et al, 1995). The fact that HGF/SF, EGF and TGFa all cause 

branching in different renal collecting duct cell lines (MDCK and mIMCD-3) 

suggests that in vivo collecting duct branching might be controlled by more 

than one factor.

Extracellular matrix-intergrin interactions affect HGF/SF-induced branching 

and also survival of MDCK cells in vitro, ( Saelman et a l, 1995; Frisch and 

Francis, 1994). Pertubation of the a 2 pi integrin-collagen I interaction results 

in increased MDCK cell death, small rudimentary cyst formation, and upon 

stimulation with HGF/SF the small cysts grow larger but do not branch 

(Saelman et al .,1995).
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From work carried out on HGF-induced branching of human mammary 

epithelial cells, it was found that blocking antibodies to a 2 pi integrin results in 

disruption of any three-dimensional structures formed in a collagen gel. On 

the other hand blocking antibodies to as Pi integrin facilitated mammary 

branching morphogenesis in collagen gels due to unstable cell-collagen 

interactions (Berdichevsky et al, 1994). Cells must be able to detach 

themselves from one another and become more motile before they are 

recruited in the process of branching morphogenesis. These results imply that 

a 2 Pi integrin is permissive for mammary morphogenesis. Whereas agpi 

integrin actions inhibit branching morphogenesis.

Growth factors such as HGF/SF could modulate the interactions of the ECM 

and the integrins so that branching morphogenesis can take place during 

organogenesis. Pepper and colleagues, reported that branching morphogenesis 

and tubule formation could be enhanced by extracellular proteolysis, and that 

HGF/SF increased both urokinase-like plasminogen activator (u-PA) and its 

receptor in MDCK cells (Pepper et a l, 1992). Tsarfaty et al, (1992) reported 

that MET was expressed on cells bordering the luminal surface of duct-like 

structures in a human mammary cell line T47D. TAC-2 cells are clonal 

derivatives of normal murine mammary gland epithelial cells (NMuMG) and 

can be induced by HGF/SF to form branching tubules when grown on collagen 

type I (Soriano et a l, 1995).
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8.8 HGF/SF and the cytoskeleton.

The cytoskeleton is the internal scaffolding of the cell which gives the cell its 

shape and enables the cell to migrate and change its shape. The cytoskeleton 

is comprised of three filamentous networks; microtubules which consist of 

tubulin heterodimers, microfilaments which are made up of polymerized actin 

and the intermediate filaments expressed by different cell types vary in their 

composition, for instance epithelial cells contain cytokeratins and 

mesenchymal cells contain vimentin (Bacallao, 1995).

Membrane ruffles and lamellipodia are found at the leading edges of motile 

cells and are believed to play an important part in cell migration (Ridley,

1994). HGF/SF is a potent motility factor for epithelial cells (Stoker et al., 

1987) and in stimulating cell movement, HGF/SF seems to be able to alter cell 

shape by reorganizing the three structural elements of the cytoskeleton. In 

response to HGF/SF treatment, epithelial cells form circular ruffles which lead 

to macropinocytosis (Dowrick et a/., 1993) followed by a decrease in F-actin 

stress fibres (Dowrick et ah, 1991a). Stress fibres are thought to be involved 

in the attachment of cells to their substratum than for motility. These stress 

fibres end in focal contacts which in turn bind to the plasma membrane and 

connect with the extracellular matrix (Dowrick et al., 1991b). The 

reorganization of microtubules in HGF/SF-treated epithelial cells is important
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in the maintenance of cell processes and in cell polarity ( Prescott et ah, 1992; 

Dugina a/., 1995).

From work carried out on HGF/SF-treated MDCK cells, it was reported that 

RAS, and the related GTP-binding protein RAC, mediate HGF/SF -induced 

spreading of these cells, while activated RHO, which enhances stress fibres 

inhibits HGF/SF-induced spreading and scattering ( Ridley a/., 1995). It has 

been shown that when HGF/SF binds the MET receptor it activates the RAS 

nucleotide exchanger which results in an increase of GTP bound RAS 

(Graziani et ah, 1993). The GRB-2-Sos complex is also involved in the RAS 

nucleotide exchanger (Ponzetto et a l, 1994; Ridley et a l, 1994). The 

activation and inactivation of the small GTP-binding proteins could lead to the 

effects of motility such as membrane ruffling and kmübppdm,

8.9 HGF/SF and angiogenesis.

Angiogenesis, is the sprouting of new capillary blood vessels fi*om pre-existing 

vessels. For angiogenesis to be able to take place, a stimulus such as a growth 

factor must induce endothelial cells to proliferate, migrate towards the 

stimulus and differentiate into tubular structures. This process is important 

during development, wound healing, and in the pathogenesis of solid tumours, 

(Grant et a l, 1993). HGF/SF stimulates the migration of endothelial cells in 

vitro and in vivo (Rosen et al, 1990; Bussolino et al, 1992). HGF/SF has
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been implicated in the AIDS-related Kaposi Sarcoma, where angiogenesis is 

crucial for its development, (Naidu et ah, 1994).

8.10 HGF/SF and neoplasias.

HGF/SF has been implicated as a mediator of neoplastic progression because 

i) it can stimulate the movement and invasiveness of carcinoma cells (Rong et 

ah, 1992; Bellusci et ah, 1994 ); ii) it is a potent angiogenic factor (Grant et 

ah, 1993); iii) and its receptor is the product of the proto-oncogene MET 

which can be mutated or overexpressed in certain tumours (Bottaro et ah, 

1991). From experimental studies in which NIH 3T3 cells were engineered to 

co-express human MET and human HGF/SF, it was found that they became 

highly tumorigenic due to an autocrine mechanism (Rong et ah, 1992). These 

tumours form lumens and they co^express epithelial and mesenchymal 

cytoskeletal markers (Tsarfaty et ah, 1994). This experiment implicates 

HGF/SF in the mesenchymal-epithelial transition.

Bellusci and coworkers (1994) demonstrated that rat bladder carcinoma cells 

respond to exogenous HGF/SF and they express the MET receptor. They 

transfected these cells with HGF/SF cDNA and found that they exhibited an 

epithelial to mesenchymal transition. These HGF/SF producing cells were 

able to induce tumours in nude mice. HGF/SF is acting in an autocrine 

manner in these transfected cells, which suggests an involvement in bladder
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cancer. HGF/SF not only enhances cancer progression but it may also play a 

role in its inhibition as shown by Shiota and colleagues (Shiota et al., 1992).

9. HGF/SF and MET expression during development.

9.1 Human.

There are few studies of HGF/SF in human fetal development. From a study 

carried out by Wang et al, (1994) it was observed that epithelial tissues as well 

as mesenchymal tissues expressed HGF/SF. Northern blot analysis detected 

the 6 kb HGF/SF and 7.5 kb MET mRNA and in situ hybridisation localised 

HGF/SF transcripts in human fetuses between 10 and 17 weeks gestation in 

enterocytes of small intestine, squamous epithelia of skin, tongue and 

oesophagus expressed HGF/SF mRNA. In the lung, bronchial epithelium and 

stromal cells expressed HGF/SF. In the kidney the developing epithelial 

tubules and glomerular tuft expressed HGF/SF. In the liver, a definite cellular 

localisation of HGF/SF was unable to be made. (Wang et ah, 1994). In human 

adult tissues MET mRNA and protein were detected in similar tissues as those 

studied by Wang and co workers (Di Renzo et al, 1991) which suggests that 

HGF/SF and MET may be required for maintenance of these tissues in 

adulthood but also increased expression of MET may play a role in the 

progression of neoplasias.
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Placenta is a rich source of HGF/SF strongly expressed in

syncytiotrophoblasts in the chorionic villi. This corresponds to the 

immunohistochemical distribution of the HGF/SF protein in human placenta 

(Wolf et a/., 1991). The HGF/SF receptor MET is expressed by the adjacent 

layer of cytotrophoblasts. Recently, Khan et al reported that HGF/SF levels 

are higher in human umbilical vein sera than in sera of healthy adults and 

adolescents, suggesting that HGF/SF may be involved with fetal development 

such as organ differentiation as opposed to just fetal growth (Khan et al, 

1996). Homozygous null mutant mice for HGF/SF have placental and liver 

defects. Labyrinthine trophoblast cells are severely reduced in numbers, and 

disruption of the normal liver architecture was observed with extensive loss of 

hepatic parenchyma, (Schmidt et al, 1995; Uehara et al, 1995). These 

embryos die in utero between El 3 and E l6.5.

HGF/SF and MET are also expressed in the human central nervous system 

(CNS). Microglial cells in the human brain are non-neuronal cells which are 

likened to macrophages of the CNS. They express MET but HGF/SF 

expression was not investigated (Di Renzo et al, 1993). HGF/SF and MET 

have been detected in the developing and adult mammalian brain, and this 

observation suggests the potential for a paracrine and autocrine relationship 

between HGF/SF and its receptor MET in the CNS (Zameger et a l, 1990; 

Jung et al, 1994). Galimi et al reported that the MET receptor is expressed by
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haemopoietic progenitor cells in human bone marrow and peripheral blood, 

(Galimi e ta l, 1994).

9.2 Mouse.

Sonnenberg and colleagues were the first to provide evidence of widespread 

mesenchymal HGF/SF and epithelial MET expression during mammalian 

organogenesis (Sonnenberg et a l, 1993). HGF/SF mRNA was located in 

mesenchyme surrounding epithelial cells in the developing kidney, whereas 

MET mRNA was localized to the primitive epithelia such as S-shaped bodies 

and ureteric bud branches. A similar mesenchymal (HGF/SF) and epithelial 

(MET) expression pattern was found in other branching organs such as the 

lung, pancreas, gut, salivary gland and mammary gland. This strongly 

suggested that the factor and the receptor played a part in epithelial 

morphogenesis which results from epithelial-mesenchymal interactions.

HGF/SF and MET mRNA’s were expressed in the embryonic mouse liver as 

assessed by Northern analysis (Chan et al, 1988) but definite cellular 

localisations within the liver could not be made by in situ hybridisation 

(Sonnenberg et a l, 1993). MET mRNA was also demonstrated in 

extraembryonic tissues icluding the yolk sac and amnion (Chan et a l, 1988). 

The HGF/SF axis was also expressed in the nervous system. Transient MET 

expression was detected in the spinal cord motomeurons, both HGF/SF and
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MET were expressed in the brain neurons (Sonnenberg et ah, 1993; Jung et 

ah, 1994). It is interesting to see that myogenic precursor cells express MET 

because the null mutant mouse does not develop skeletal muscles of the limb, 

diaphragm, and tongue (Bladt et ah, 1995).

At present there is no published data on HGF/SF and MET expression in 

preimplantation mouse embryogenesis. However, it is interesting that when 

mouse embryonic carcinoma cells are induced to differentiate by retinoic acid 

or DMSO the neuronal or muscle cells thus formed express MET (Yang and 

Park, 1993).

9.3 Rat.

There is no study in the rat that is comparable to Sonnenberg’s mouse study 

(1993) which examined HGF/SF and MET mRNA systematically during 

organogenesis. DeFrances and colleagues detected the HGF/SF protein in the 

cytoplasm of epithelial cells of embryonic rat tissues (DeFrances et ah, 1992) 

whereas Sonnenberg and co workers, (1993) detected HGF/SF mRNA in 

mouse mesenchymal cells but not epithelial cells. Amano and coworkers 

found that HGF/SF mRNA and protein were localized to the secretory 

granules of granular convoluted tubules in adult rat salivary glands (Amano et 

ah, 1994). Again, the implication that HGF/SF is made by epithelia appears to 

contrast with Sonnenberg’s data (1993). In the developing rat HGF/SF and
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MET mRNA are expressed in the microglia and neurons (Jung et ah, 1994; 

Yamagata a/., 1995).

9.4 Chicken.

HGF/SF mRNA is expressed by the organizer region, Hensen’s node 

implicating HGF/SF in the early stages of neural induction (Streit et ah, 1995). 

Stem and colleagues have shown that when HGF/SF is applied locally to early 

chick embryos supernumerary axial stmctures form which resembles primitive 

streak and neural tissue (Stem et ah, 1990). Myokai and coworkers located 

HGF/SF transcripts in the limb bud, initially in limb mesoderm, and later in 

development they became restricted to the mesoderm beneath the apical 

ectodermal ridge (Myokai et ah, 1995). HGF/SF mRNA was also expressed 

in the mesenchymal cells of the maxillary process and mandibular arch, in the 

brain and in the developing excretory system. MET was not found to be 

expressed in the limb bud. MET was reported to be weakly expressed in the 

neuroepithelium and the diencephalon at later stages of chick development. 

Thus these chick studies suggest a role for HGF/SF in neural induction and 

early organogenesis.

9.5 Xenopus.

Xenopus HGF/SF cDNA has 70% sequence homology to rat and human 

HGF/SF. HGF/SF mRNA can be first detected from late gastmla stage with
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increasing levels to the neurula stage and then the levels decline with the onset 

of the tail bud stage (Nakamura et al., 1995). HGF/SF mRNA was expressed 

at a high level in mesenchymal cells of ventral mesoderm, low levels of 

mRNA were detected in head mesoderm and somite (Nakamura et al, 1995). 

Neither HGF/SF protein nor MET expression was investigated in this study. 

This data implicates HGF/SF during very early embryo development including 

gastrulation and neurulation.

10. HGF/SF and regeneration of organs in vivo.

Since its detection in rat platelets, sera of partially hepatectomized rats and in 

the plasma of a human patient with fulminant hepatic failure (Nakamura et 

a/., 1984; 1986; Gohda et a l, 1988) there was a suggestion that HGF/SF may 

act as an hepatotrophic factor which is involved in liver regeneration after 

injury such as surgical removal of part of the liver and the administration of 

hepatotoxins. HGF/SF mRNA increased dramatically in the liver following 

the administration of carbon tetrachloride (CCb) (Tashiro et a l, 1990). Other 

workers demonstrated that non-parenchymal (Kuppfer and endothelial) liver 

cells synthesize and secrete HGF/SF which act on parenchymal liver cells to 

stimulate their growth for tissue repair, (Kinoshita et a l, 1989; Noji et al,

1990). HGF/SF thus acts in a paracrine fashion in liver regeneration.
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As well as being involved in liver regeneration, HGF/SF may also act to repair 

other organs such as the lung and kidney. Following unilateral nephrectomy 

or CCI4 treatment in the rat there was a marked increase in HGF/SF mRNA 

and mitogenic activity in the remaining kidney or damaged organs which 

appeared to be undergoing compensatory renal regeneration. Down-regulation 

of the MET receptor was noted after unilateral nephrectomy, which suggests 

that the HGF/SF receptor is internalized upon binding of HGF/SF and induces 

DNA synthesis in the renal epithelial cells (Nagaike et ah, 1991). There was 

also a marked increase in HGF/SF mRNA in the kidney and HGF/SF 

mitogenic activity in rats with acute renal injuries, such as ischemia or 

mercury chloride (HgCb) treatment (Igawa et ah, 1993). In both cases it 

appears that cells in the interstitium such as endothelia and macrophages 

express HGF/SF which acts on MET-expressing tubular epithelial cells.

Upon injury of the liver or kidney a serine protease, the HGF/SF activator, 

converts HGF/SF into its active heterodimeric form so that it can function in 

the regeneration of these organs (Miyazawa et ah, 1994). Finally the 

treatment of mice with an antitumour drug (cisplatin) causes acute renal 

failure. Intravenously injected recombinant HGF/SF stimulates DNA synthesis 

of renal tubular cells (Igawa et ah, 1993; Kawaida et ah, 1994).

A factor named “injurin” has been found to induce HGF/SF production in 

organs and cells in vivo and in vitro (Matsumoto et ah, 1992). When the sera
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of rats with liver injury are injected into normal uninjured rats, there is a 

marked increase in HGF/SF mRNA expression in the uninjured rats lungs. 

When the same sera is added to MRC-5 human lung fibroblasts in culture 

again an increase in HGF/SF secretion was observed which implies that 

injured organs secrete injurin which might in turn regulate the production of 

HGF/SF in distant organs in response to injury.

Recently it has been reported that basic FGF (bFGF) increases secretion of 

HGF/SF from human embryo lung fibroblasts and a fibroblast-like cell line 

from human lung tissue and upregulates interstitial collagenase. This suggests 

that there is scope for interaction between the two growth factors in the 

process of regeneration or wound healing, where new cells would be 

stimulated to proliferate and migrate to the site of injury, and an increase in 

interstitial collagenase would degrade the matrix hence facilitating cell 

migration (Roletto et ah, 1996).

11. HGF/SF and MET Transgenic Mice .

Homozygous null mutant mice for HGF/SF have placental and liver defects. 

Labyrinthine trophoblast cells are severely reduced in numbers, and disruption 

of the normal liver architecture was observed with extensive loss of hepatic 

parenchyma resulting in smaller livers (Schmidt et ah, 1995; Uehara et ah,

1995). These embryos die in utero between embryonic day 13 and 16.5.
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Since the liver is the site of haematopoiesis early on in development this 

process is affected in the HGF/SF knockout mouse and it is probably due to 

the loss of the livers normal cellular structure.

The labyrinthine trophoblast layer is very important as it provides the embryo 

with nutrients and oxygen from the mother; the fact that the trophoblast cells 

were reduced in number and the labyrinth layer was disordered could account 

for the death of these homozygous mutants in utero. It was found that the 

allantois releases bioactive HGF/SF and exogenous HGF/SF stimulates the 

growth of trophoblasts in culture. In both the liver and the placenta HGF/SF 

seems to be a an important factor involved in mesenchymal-epithelial 

interactions.

Limb muscles develop from cells which arise and migrate from the somites. 

The cells are induced to migrate once they have received a signal from the 

mesenchyme of the limb bud. Bladt et al, have shown that limb bud 

mesenchyme in the normal embryonic mouse expresses HGF/SF and Myokai 

and coworkers have shown similar results in the embryonic chick (Bladt et 

ûf/.,1995; Myokai et al., 1995). Homozygous null mutant mice for MET do 

not have skeletal muscles of the limb, diaphragm and the tip of the tongue. 

They also have abnormalities of the liver and placenta which are similar to 

those of the HGF/SF homozygous null mutant mouse (Schmidt et al, 1995; 

Uehara et al, 1995; Bladt et a l, 1995). This data suggests that HGF/SF could
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be the signalling molecule which induces myogenic precursors to migrate to 

the limb, and that these muscle cell precursors must express the MET receptor 

in order to migrate and colonize the correct structures.

Recently, a transgenic mouse which overexpresses HGF/SF has been created 

and reported in preliminary form (Merlino et a l, 1996). These transgenic 

mice have developmental abnormalities of the mammary gland, the olfactory 

bulb, and central nervous system. They die postnatally from gastrointestinal 

disease and renal failure. Whether these are direct abnormalities resulting 

from overexpression of HGF/SF or secondary effects it was not made clear 

(Merlino et a l, 1996). It will be interesting to see the exact histology of these 

organs.

12. Other members of the HGF/SF and MET 
receptor tyrosine kinase families.

12.1. Hepatocyte growth factor-like protein

Hepatocyte growth factor-like protein, HLP, is a member of the HGF/SF 

family. Human, mouse, and recently identified Xenopus HLP is structurally 

similar to HGF/SF in that it contains four kringle domains, a serine protease

like domain, and the amino acid sequence is 50% homologous to HGF/SF 

(Han et al, 1991; Friezner Degen et al, 1991; Aberger et al, 1996). Like
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HGF/SF, HLP has no proteolytic activity because of amino acid substitutions 

in the serine protease domain.

Human macrophage stimulating protein (MSP), was cloned and characterized 

by Yoshimura and collègues in 1993. They found that MSP contained four 

kringle domains and it had 45% sequence similarity to HGF/SF (Yoshimura et 

al., 1993). MSP, is a serum protein which renders macrophages responsive to 

the chemoattractant C5a and the noncomplement chemoattractant casein, 

hence its name macrophage stimulating protein (Skeel and Leonard, 1994). 

MSP on its own is an activator of mature macrophages.

Shimamoto et at, determined that HLP and MSP are very similar molecules 

based on the evidence that, they have a corresponding molecular weight of 

85kDa which has biological activity and can stimulate macrophages, and the 

amino acid composition of the 85kDa protein is highly homologous to that of 

human HLP (Shimamoto et al., 1993). In mouse, rat and humans HLP/MSP 

mRNA is expressed highly in the liver and at lower levels in the kidney and 

lung. In the rat, HLP/MSP could be detected late in fetal development with 

levels increasing as it reached adulthood (Friezner Degen et al., 1991: 

Yoshimura et al., 1993) It is thought that HLP/MSP is involved in 

inflammatory responses caused by infection due to its macrophage stimulating 

abilities. Kupffer cells are the macrophages of the liver and phagocytose 

bacteria from the blood and in doing so reduce infection. One study reports
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that impaired Kupffer cell phagocytosis in fulminant hepatic failure is due to a 

reduction in the production of HLP/MSP ( Harrison et al., 1994). By restoring 

the correct amount of HLP/MSP, Kupffer cell phagocytosis improves which 

means clearing the infection and regenerating the injured tissue.

HGF/SF was found to be a neural inducer in the chick embryo (Stem et al, 

1990; Streit et al, 1995). This prompted Aberger and colleagues to look at 

HGF related proteins and their involvement in amphibian nervous system 

development (Aberger et al, 1996). They isolated and characterized a protein 

from Xenopus laevis which was homologous to HLP/MSP and named it 

Xenopus hepatocyte growth factor-like protein. It could be detected at the start 

of gastrulation and it could be localized to the neural plate. Overexpression 

induces a spina bifida like phenotype accompanied by neural tissue expansion. 

Since the factor was expressed at the right time and place during the formation 

of the nervous system within the Xenopus embryo, it is possible that it plays a 

vital role in this process.

12.2. Hepatocyte growth factor-like protein receptor.

Ronsin and coworkers isolated a protein tyrosine kinase which had stmctural 

similarity to MET protooncogene product. The intracellular tyrosine kinase 

domains of MET and RON have 63% sequence identity; the extracellular 

domains are stmcturally similar but to a lesser extent. The proteolytic
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cleavage site is comparable in both proteins (Ronsin et al., 1993). From cross- 

linking experiments it was found that RON is the receptor for HLP/MSP and 

HLP/MSP can stimulate the receptor to phosphorylate and in doing so causes 

MDCK cells transfected with RON cDNA to move (Wang et ah, 1994).

The murine homologue of RON is termed stem cell derived tyrosine kinase 

(STK), and is expressed by hematopoietic stem cells of the bone marrow 

(Iwama et ah, 1994). Expression of the RON receptor in mice is not as widely 

distributed as the MET receptor and RON expression is detected at late stages 

of development. RON expression seems to be restricted to certain areas; these 

areas being the central and peripheral nervous system, digestive tract epithelia 

and the developing bones (Quantin et ah, 1995). It seems that HLP/MSP and 

RON may have different functions to HGF/SF and MET whereas HGF/SF and 

MET can be detected very early on in mouse development in a wide range of 

cells and tissues, HLP/MSP and RON are detected later and in fewer tissues 

which implies that their function may not be directly related to developmental 

processes.

Recently, there has been a report which has identified four members of the 

human MET-related family of receptors (Maestrini et ah, 1996). By screening 

human cDNA libraries, Maestrini and colleagues identified a cDNA located on 

the X chromosome which encodes a transmembrane protein which they have 

called SEX. Its extracellular domains have a high homology to those of the
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tyrosine kinase receptors, MET, RON, and SEA. An additional three cDNA 

sequences were identified which are closely related to SEX. These were 

termed SEP, OCT, and NOV. SEX, SEP, OCT, and NOV, are highly 

expressed in neural tissue, however, SEP seems to be predominantly expressed 

in the kidney. These related receptors show no tyrosine kinase activity, which 

implies that they act through as yet unidentified signalling pathways.
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Chapter II. Experimental strategy.
The aim of this Thesis was to analyse the expression and potential role of 

HGF/SF and its receptor tyrosine kinase MET in kidney morphogenesis. The 

study was broken down into three parts, 1) HGF/SF and MET in Mcui.

metanephros, 2) HGF/SF and MET signal in mouse renal glomerular 

mesangial cells, 3) the expression of HGF/SF and MET in human 

organogenesis. The use of RT-PCR and western blots was used to detect 

expression in homogenates of whole tissues, whereas in situ hybridisation and 

immunohistochemistry allowed the cellular localisation of HGF/SF and MET. 

The derivation of cell lines from Ell mouse metanephric mesenchyme and 

ncuviW Meuse. glomeruli allowed in-depth analyses of specific kidney cells.

Cell lines can be generated in the permissive condition (y-EFN and 33 °C) but 

upon switching to 39°C and withdrawing y-IFN, Simian Virus 40 T Ag 

transcription ceases the protein is inactivated and the cells no longer 

proliferate. Many groups have used this technique to derive cell lines from 

particular organs, such as skin fibroblasts, thymic epithelial cells, small 

intestine and colonic epithelial cells, heart derived muscle cells (Jat et al, 

1991; Whitehead ûf/., 1993; Jahn et al, 1996).
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1). HGF/SF and MET in the early development of the 

mouse metanephros.

Sonnenberg and colleagues reported the expression of HGF/SF and MET in 

the developing mouse kidney starting from E l4 (Sonnenberg et ah, 1993). My 

own studies addressed the expression of HGF/SF and MET in metanephroi 

from E ll  which is the time of inception of mouse nephrogenesis.

1.1) Expression of HGF/SF and MET. RT-PCR detected HGF/SF and MET 

transcripts in the developing mouse kidney. This then raised the question of 

which cell types in the metanephros express HGF/SF and MET. This was 

answered by performing in situ hybridisation and immunohistochemistry on 

El 1 and E l4 mouse metanephroi.

1.2) Metanephric cell lines. To study in detail which cells express HGF/SF 

and MET in the developing kidney, conditionally-immortal cell lines were 

derived from metanephric mesenchyme of H-2K^-tsA58 mice which are 

transgenic for a temperature sensitive Simian Virus 40 T Antigen. The cells 

derived from this mouse could be grown at 33 °C with y-interferon (permissive 

condition) or at 37-39®C without y-interferon (non-permissive condition). The 

characterisation of these cells were carried out with extensive 

immunocytochemistry, and two representative clones were selected for further 

study. One cell line had more mesenchymal characteristics while the other
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had characteristics of a mesenchymal cell which had begun to convert to 

epithelia. The cell lines were screened for the expression of HGF/SF and 

MET by using RT-PCR. The conditioned media of these cells was analysed 

for bioactive HGF/SF by performing a scatter assay using MDCK cells. A 

western blot was performed on the conditioned media to detect the HGF/SF 

protein.

1.3) Metanephric organ culture. Having documented the expression of 

metanephric HGF/SF and MET I used metanephric organ culture to study the 

possible role of HGF/SF by using blocking antibodies on the developing 

kidney.

2). HGF/SF and MET in glomerular mesangial cells.

Fibromuscular mesangial cells support glomerular endothelia, and have been 

implicated in a variety of chronic renal diseases and control the rate of 

glomerular ultrafiltration. This process could be due to the fact that mesangial 

cells can contract and change their shape in response to bioactive substances 

like angiotensin (Kriz et ah, 1990). Since these mesangial cells have the 

potential to change their cell shape in vitro it was thought that if the cells 

express MET then HGF/SF may have an effect on them since it is a potent 

motogen and morphogen.
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Conditionally-immortal mesangial cell lines were derived from the kidneys of 

H-2K^-tsA58 transgenic mice. The cells derived from this mouse could be 

grown at 33 °C with y-interferon (permissive condition) or at 37-39°C without 

y-interferon (non-permissive condition). Proliferation assays were performed 

under the permissive and non-permissive conditions to confirm that the cells 

were immortal. The characterisation of these cells were carried out with 

extensive fluorescent immunocytochemistry.

Immunocytochemistry was performed on E l 6  mouse kidneys to clarify which 

cells in the glomerulus express the MET protein, fluorescent staining was used 

here as the analysis was done using the confocal microscope. Mesangial cells 

within the glomerulus stained for MET so the next step was to stain the 

mesangial cell lines for both HGF/SF and MET. This was carried out using 

FTTC and TRITC-conjugated secondary antibodies and the slides were 

analysed under the confocal microscope.

Biochemical evidence was required to show that HGF/SF could phosphorylate 

the MET receptor expressed by mesangial cells. This was performed by 

stimulating the mesangial cell lines with recombinant HGF/SF and incubating 

them for a short time at 37°C, immunoprecipitating MET with a mouse anti- 

MET antibody then running a Western blot and probing the blot with a mouse 

anti-phosphotyrosine antibody to detect phosphorylated MET.
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2.1) Mesangial shape change. Normally, mesangial cells are multipolar and 

contain F-actin sress fibres. To see whether HGF/SF has any effect on shape 

change, the mesangial cell lines were cultured in the presence of recombinant 

HGF/SF. The effect of HGF/SF on fibronectin was visualised by 

immunofluorescent staining and mesangial F-actin was observed by FITC- 

phalloidin staining.

2.2) Expression of HGF/SF. RT-PCR was carried out to detect HGF/SF 

transcripts in the mesangial cell lines. Immunocytochemistry was carried out 

on the mesangial cell lines to look for HGF/SF protein. A double-labelling 

method and the use of confocal microscopy allowed visualisation of both 

HGF/SF and MET within the same cell.

In order to determine whether the mesangial cells secreted bioactive HGF/SF 

a scatter assay was carried out using the conditioned media of confluent 

mesangial cells cultured in non-permissive conditions. Controls were also 

carried out alongside these experiments and these were conditioned media 

from D4-ras NIH3T3 cells (a cell line which is known to secrete high levels of 

bioactive HGF/SF) and abolishing HGF/SF bioactivity by using a HGF/SF 

neutralising antibody. If mesangial cells secrete bioactive HGF/SF it could 

contribute to the basal cell shape. To determine this, blocking antibodies to 

HGF/SF were added to mesangial cells grown under the non-permissive 

conditions. Unspecific pre-immune IgG was used as a control.
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3). Expression of HGF/SF and MET in human organs.

Soimenberg and colleagues looked at expression of HGF/SF and MET in the 

developing mouse in detail (Sonnenberg et ah, 1993) but a detailed study of 

the expression of the ligand and its receptor in early human development had 

not been made. Wang and coworkers used Northern blots to detect HGF/SF 

and MET mRNA transcripts and in situ hybridisation to localise HGF/SF 

transcripts in human fetal tissues between 10 and 17 weeks of gestation (Wang 

et ah, 1994). At these times most organs are already highly differentiated. 

Human fetal tissues were provided by the Medical Research Council-funded 

Human Embryo Bank maintained at the Institute of Child Health. Organs 

which were at different stages of their developmental program were available 

from early human embryos so it was of interest to investigate HGF/SF and 

MET expression at these stages. Furthermore, I exploited the sensitivity of 

RT-PCR to study the expression of HGF/SF and MET in the small amounts of 

tissue in organs dissected from early gestations. Protein expression of 

HGF/SF and MET in human fetal tissues was also analysed.

3.1) Expression of HGF/SF and MET. RT-PCR was carried out to detect 

HGF/SF and MET transcripts in human fetal tissues between 6-13 weeks of 

gestation. hnmunohistochemistry was performed using the horseradish 

peroxidase/ABC system in order to localise HGF/SF and MET protein in 

human fetal tissues. Although many tissues were positive for MET
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immunohistochemistry, I was unable to detect specific signals for either 

HGF/SF protein or MET protein in human fetal liver between 6  and 13 weeks 

using immunocytochemistry. Immunoprécipitation and Western blots for 

HGF/SF and MET were performed on 10 week human fetal liver to detect 

protein. Immunoprécipitation was carried out as opposed to loading total 

protein to get rid of extraneous proteins which sometimes interfere with the 

analysis.
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Chapter III. Materials.

1. General reagents. All reagents apart from those listed below were analar 

grade supplied by BDH Ltd. Trizma base, BSA, ethidium bromide, TESPA, 

Mayers hematoxylin, triethanolamine, acetic anhydride, Coomasie blue, 

sephadex G-50, 2-mercaptoethanol, dithiothreitol, N-lauroylsarcosine, 

bromophenol blue, orange G, sodium orthovanadate, phenylmethylsulphonyl 

fluoride, aprotinin ampicillin, guanidine thiocyanate, paraformaldehyde, 

phenol, X-gal, IPTG, DEPC, TEMED, Ponceau S concentrate (Sigma 

Chemicals Co). Suramin was a gift of Bayer UK.

dATP, dCTP, dGTP, dXTP, Wizard PCR DNA purification system for rapid 

purification of DNA fi-agments (Promega Corp). Tii reagent (Molecular 

Research Center, Inc). Histoclear (National Diagnostics). L-Broth agar, L- 

broth (Difco Laboratories). PBS (Gibco BRL). Protein A-agarose (Santa Cruz 

Biotechnology). Enhanced Chemi-Luminescence reagent (Amersham). 

Citifiuor (City University, London), Sequenase Version 2.0 T7 DNA 

polymerase kit, (Amersham).

2. Sources of human fetuses. Human tissues were provided by the Medical 

Research Council-funded Human Embryo Bank maintained at the Institute of 

Child Health, fi*om embryonic and fetal collections made under local research 

ethical committee permission. Twelve normal human fetuses were collected
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from chemically-induced and surgical terminations performed at 5-13 weeks 

after fertilisation as described (Duke et a l, 1995). The stage of gestation was 

determined by standard criteria from examination of external morphology 

(Larsen, 1993).

Embryos for histology studies were fixed in ice-cold 4% paraformaldehyde in 

PBS (pH 7.0) overnight, embedded in paraffin wax and sectioned at 5 pm. 

Other embryos were dissected in ice-cold LI 5 media (GIBCO, BRL) and 

organs were snap-frozen for biochemical analysis.

3. Tissue culture equipment. All cell and organ culture media and 

supplements were supplied by GIBCO BRL. All tissue culture plastics were 

supplied by Philip Harris and Nunc Inc. Millicell filters (Milhpore Corp). 

Recombinant murine y-interferon, insulin-like growth factor (Genentech). 

Recombinant HGF/SF was a gift from Dr Gherardi, ICRF, Cambridge.

4. Sources of mouse tissues and cells. Non-transgenic mouse embryos 

from CBA/Ca x C57B1/10 strains were used for dissection of metanephroi for 

organ culture. Transgenic mice were obtained by mating homozygous male H- 

2K^-tsA58 transgenics with nontransgenic females CBA/Ca x C57B1/10 from 

a colony in the Ludwig Institute, UCLMS, London, UK. D4-ras NIH3T3 cells 

were obtained from Dr. Teheri, Royal Marsden, Sutton. MDCK cells were 

obtained from Dr. E. Gherardi, ICRF, Cambridge.
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5. Enzymes. Restriction endonucleases (Gibco BRL, Promega Corp). T3, T7 

RNA polymerases, RNAse inhibitor (Pharmacia). DNAse I, Amp Grade 

(Gibco BRL). T4  DNA ligase (Promega Corp). RNAse A, proteinase K, 

(Boehringer Mannheim). Taq DNA polymerase (Promega Corp, Bioline Ltd).

6. Photography, autoradiography and blotting. Polaroid type 667 film 

(Polaroid, UK). X-ray film: Kodak X-OMAT AR. Cassettes and intensifying 

screens (Genetic Research Instrumentation). 3MM chromatography paper 

(Whatman Ltd). Hybond-C Extra (Amersham International). LM-1 emulsion 

(Amersham International). Contrast FF high contrast developer, Phenisol 

(Ilford).

7. Radioisotopes. [a^^S] UTP lOOOCi/mMol, [a^^S] dATP 5juCi (Amersham 

International).

8. Gel electrophoresis. Agarose and low melting point agarose (Gibco 

BRL). Protogel (37.5:1 polyacrylamide to bisacrylamide stabilized solution), 

Sequagel kits (National Diagnostics).

9. Bacterial strains. XL-1 blue competent cells {E.coU) (Stratagene).
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10. M olecular size m arkers and cloning vectors. Rainbow markers 

(Amersham International). Ikb ladder (Gibco BRL). pGEM-T vector systems 

(Promega Corp). pBluescript KS - +(Stratagene).

11. Oligonucleotides. Oligonucleotides used for RT-PCR were as

follows:

Mouse cDNAs.

Sense primer corresponding to nucleotides 159-179 of mouse MET cDNA, 5’- 

GAA TGT CGT CCT AC A CGG CC-3’.

Antisense primer corresponding to nucleotides 8 6 6 - 8 8 6  of mouse MET 

cDNA, 5’-CAG GGG CAT TTC CAT GTA GG-3’ (Chan et a l, 1987).

Sense primer corresponding to nucleotides 338-358 of rat HGF/SF cDNA, 5’- 

TT GGC CAT GAA TTT GAC CTC-3’.

Antisense primer corresponding to nucleotides 876-896 of rat HGF/SF cDNA, 

5’-AC ATC AGT CTC ATT CAC AGC-3’ (Tashiro et a l, 1990).

Sense primer corresponding to nucleotides 24-45 of mouse p-actin cDNA, 5’- 

GTG GGC CGC TCT AGG CAC CAA3’ (Clontech).

Antisense primer corresponding to nucleotides 540-564 of mouse p-actin 

cDNA, 5’CTC TTT GAT GTC ACG CAC GAT TTC3’ (Clontech).

Human cDNAs.

Sense primer corresponding to nucleotides 1230-1254 of human MET cDNA,
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5’- GCG CGC CGT GAT GAA TAT CGA-3’.

Antisense primer corresponding to nucleotides 1536-1560 of human MET 

cDNA, 5 -GCA GCC CAA GCC ATT CAA TGG GAT-3’ (Park et a l, 1987). 

Sense primer corresponding to nucleotides 458-482 of human HGF/SF cDNA, 

5 -TCC ATG ATA CCA CAC GAA CAC AGC-3’.

Antisense primer corresponding to nucleotides 828-852 of human HGF/SF 

cDNA, 5’- TGC ACA GTA CTC CCA GCG GGT GTG-3’ (Miyazawa et al, 

1989).

Sense primer corresponding to nucleotides 577-610 of human p-actin genomic 

DNA, 5 -ATC TGG CAC CAC ACC TTC TAC AAT GAG CTG CG-3’. 

Antisense primer corresponding to nucleotides 1383-1415 of human p-actin 

genomic DNA, 5’-CGT CAT ACT CCT GCT TGC TGA TCC ACA TCT GC- 

3’ (Clontech).

Synthesis occurred from the 3’end to the 5’ end. The most 3’ base is attached 

to a solid support and successive bases added. The HGF/SF and MET 

oligonucleotides were synthesised on a model 380B DNA synthesiser (Applied 

Biosystems Inc) at the Institute of Child Health, London. The p-actin primers 

were from obtained from Clontech..

12. W estern blotting equipment. Mini-Protean n  apparatus. Trans-blot 

SD semi-dry transfer cell (BIO-RAD).

106



13. Immunohistochemistry and in situ hybridisation equipment.

Glass staining troughs and racks, storage containers, slides, coverslips, 

(BDH).

14. Antibodies. Mouse anti-desmin (Sigma). Anti-endothelial cell antigen 

(Serotec). Mouse anti-fibronectin (Sigma). Fab2  fragments of nonimmune 

rabbit IgG, ABC kit (Dako). FITC conjugated phalloidin (Molecular 

Bioprobes). FITC conjugated secondary antibody (Dako). IgG fraction of 

rabbit preimmune serum, horseradish peroxidase conjugated anti rabbit 

antibody (Dako). Sheep anti-human HGF/SF and preimmune serum was a gift 

from Dr Ermanno Gherardi, ICRF, Cambridge. Neutralizing goat anti-human 

HGF/SF (R&D systems, Inc). Rabbit anti-mouse and anti-human MET and 

MET control peptides (Santa Cruz Biotechnology). Mouse anti-myosin 

(Sigma). Mouse anti-pancytokeratin (Sigma). Mouse anti-phosphotyrosine 

and secondary horse radish peroxidase conjugated antibody (Upstate 

Biotechnology). Mouse anti-smooth muscle actin (Sigma). Rat monoclonal 

anti mouse syndecan (281-2) was a gift from Dr Bemfield, Harvard Medical 

School, Boston. TRITC conjugated secondary antibody (Dako). Rat 

monoclonal anti mouse uvomorulin (DECMA-1) was a gift from Dr Kemler, 

Max-Plank-Institut, Freiberg. Mouse monoclonal anti vimentin (Boehringer 

Mannheim).
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15. cDNA probes. Mouse met cDNA was obtained from Dr Cooper, Institute 

for Cancer Research, London. Mouse HGF/SF cDNA was obtained from Dr 

Sharpe and Mrs Lane, ICRF, Cambridge.
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Chapter IV. Methods.

1. Expression Studies.

1.1 DNA Protocols.

1.1.1 Subcloning DNA fragments into pGEM-T vector.

In order to sequence the PCR product, it must be cut out of the agarose gel, 

“cleaned up” to remove contaminating primers and nucleotides and subcloned 

into a vector which is cloned in bacteria.

1.1.2 Recovery of the PCR product from the agarose gel.

The PCR products were run out on a low melting point agarose gel containing 

ethidium bromide for visualisation under UV light as for standard gel 

electrophoresis. The PCR product was promptly excised whilst the gel was 

under UV so as to minimize exposure of the DNA to the UV light. The 

agarose slice was transferred to a 1.5 ml microfuge tube and heated to 70 °C 

until the agarose completely melted. The rest of the procedure was carried out 

using the Wizard PCR preps DNA purification system.

To the melted agarose 1 ml Magic PCR preps resin was added and vortexed 

for 20 seconds. For each PCR product one Wizard Minicolumn was used. A 

3 ml Luer-lock disposable syringe was attached to the Minicolumn and the 

resin/DNA mix was pipetted into the syringe barrel. The slurry was gently
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pushed into the Minicolumn with the aid of the syringe plunger. The syringe 

was detached from the Minicolumn so that the plunger could be removed, then 

the syringe was reattached to the Minicolumn where 2 ml of 80% isopropanol 

was pipetted and pushed through gently. The syringe was dettached from the 

Minicolumn and discarded, the Minicolumn was then transferred to a 1.5 ml 

microfuge tube and centrifuged for 2 0  seconds at 1 2 , 0 0 0  x g to  dry the resin.

Once again the Minicolumn was transferred to a clean microfuge tube where 

50 jL il sterile water was applied to the Minicolumn and left to stand for 1 

minute. The microfuge tube and Minicolumn were centrifuged for 2 0  seconds 

at 12,000 X g  to elute the bound DNA fragment. The Minicolumn was 

discarded and the purified DNA concentration was determined 

spectrophotometrically and subsequently stored at -20 °C.

1.1.3 Ligation reaction.

In most cases the molar ratio of insert to vector used was 3:1 to create an 

excess of insert compared to vector and therefore to maximise the chances of 

ligation of the insert into the vector. However, the amount of insert DNA 

required for the pGEM-T vector was calculated as:

[ng of vector x kb size of insertl X [molar ratio of insert 1 = ng of 
[kb size of vector] [ vector] insert
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Typically 25 ng of insert DNA and 50 ng of vector were used in ligation 

volumes of 10 pi. A 10 pi ligation typically contained vector DNA, insert 

DNA 1  pi ligase buffer (lOx: 300 mM Tris HCl, pH 7.5, 100 mM MgCls, 1 0 0  

mM DTT, 10 mM ATP), 1 pi T4  DNA ligase, and water to 10 pi. The reaction 

was incubated at 15°C overnight. Vector and insert alone, both ligated and 

unligated were also carried out as controls. The reaction was then heated to 

72 °C for 10 minutes to denature the enzyme and then allowed to cool to room 

temperature.

The ligation reactions were then used to transform E. coli XL-1 Blue (the 

procedure for transformation is outlined below) and plated out on the relevant 

selective plates. The plasmid DNA was isolated from single colonies and 

examined on a mini-gel to check that ligation of the insert into the vector had 

taken place.

1.1.4 Transformation of foreign DNA into bacterial cells.

Plasmids can be introduced into host bacterial cells by heat shocking. The 

recombinant E. coli are usually identified on the basis of acquired resistance to 

an antibiotic selective marker. This type of selection is usually sufficiently 

informative for simple transformation of plasmids into bacterial cells. Vectors 

have been designed which have their polylinker sequence within a functional 

gene with selection being a function of the activity of the gene. Recombinant
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colonies can be identified using X-gal selection, a chromogenic substrate of P- 

galactosidase which does not turn blue if the p-galactosidase gene is disrupted. 

If DNA has not been incorporated into the vector then it will produce 

functional p-galactosidase which results in blue colouration of the colony 

when grown on X-gal containing media. Recombinant clones containing 

inserts have a disrupted p-galactosidase gene which is not functional and gives 

rise to white colonies.

Generally 5 jul of ligation reaction (or 100 ng DNA) was added to 200 pi of 

competent XL-1 Blue cells on ice. The mixture was gently swirled and left on 

ice for 30 minutes. Tthe cells were then heat-shocked for 45 seconds at 42°C 

and immediately put back on ice for 2 minutes. The cells were then incubated 

with 900 pi of L-broth for 1 hour to allow cell recovery from the heat shock. 

200 pi aliquots of the cells were plated onto ampicillin, X-gal selective plates 

and incubated overnight at 37°C.

1.1.5 Large scale isolation of plasmid DNA.

Single bacterial colonies were picked from a selective plate with the aid of a 

sterile plastic loop and placed into 10 ml of L-broth containging the 

appropriate antibiotic and grown overnight at 37°C with shaking. This culture 

was then used to inoculate 11 of L-broth (1% tryptone, 1% yeast extract, 0.5%
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NaCl) with selective antibiotic and incubated as before. Cells were harvested 

by spinning at 6,000 x g for 5 minutes.

Cell pellets were resuspended in 20 ml solution I (solution I: 20 mM glucose, 

10 mM Tris HCl pH 8.0, 25 mM EDTA pH 8.0) which osmotically shocks the 

cells, and left at room temperature for 15 minutes. Sixty ml of freshly made 

solution n  (0.2 M NaOH, 1% SDS) was added to the cell suspension, which 

further lyses the cells. The suspension was carefully mixed by inversion, so as 

not to shear the E. coli chromosomal DNA, then allowed to stand on ice for 20 

minutes.

Forty five ml of solution m  (solution IE; 3 M potassium acetate, glacial acetic 

acid) was added to precipitate the denatured chromosomal DNA along with 

much of the cellular protein. After standing on ice for 30 minutes the 

precipitate was spun down by centrifugation at 12,000 x g. The pellet was 

discarded and the plasmid DNA was recovered by precipitaion of the 

supernatant with 1/6 volume of isopropanol at -20 °C overnight or -70 °C for 

1-2 hours. DNA was collected by spinning at 12,000 x g for 30 minutes at 

4°C and resuspended in 6  ml TE buffer.

The crude plasmid DNA was then purified using buoyant density CsCl 

centrifugation according to the method of Maniatis et al, (1982). 1.1 g/ml

CsCl was used in this procedure along with ethidium bromide so that the DNA 

bands were visible to the eye The tubes were spun for a minimum of 20 hours
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at 50,000 rpm. The plasmid bands were taken off the CsCl gradient and 

extracted a minimum of four times with water saturated butan-l-ol to remove 

ethidium bromide from the solution. The purified plasmid DNA was then 

precipitated with 2 volumes isopropanol and 1/10 volume 3 M sodium acetate, 

pH 5.2. The purified DNA was dissolved in TE buffer and analysed 

spectrophotometrically to determine the DNA concentration. Using this 

procedure total yields varied from 500 pg to 5 mg, depending on the plasmid 

vector used.

1.1.6 Small scale isolation of plasmid DNA.

Desired single bacterial colonies were picked from a selective plate placed into 

10 ml L-broth which contained 50 pg/ml ampicillin and grown overnight at 

37°C with shaking. Cells were harvested by centrifuging them at 6000 x g  for 

10 minutes. Cell pellets were resuspended in 200 pi of ice-cold solution I 

which osmotically shocks the cells (solution I: 50 mM glucose, 25 mM Tris 

HCl pH 8.0, 10 mM EDTA pH 8.0), and vortexed vigorously. Four hundred 

pi of freshly made solution II was added to the cell suspension which further 

lyses the cells, (solution U: 0.2 M NaOH, 1% SDS). The suspension was 

carefully mixed by inversion so as not to shear the E. coli chromosomal DNA, 

then placed back on ice.
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Three hundred jul of ice-cold solution m  (5 M potassium acetate, glacial acetic 

acid) was added to precipitate the denatured chromosomal DNA along with 

much of the cellular protein. The suspension was vortexed gently in an 

inverted position for 1 0  seconds to disperse solution m  through the bacterial 

cell lysate. The samples were then placed on ice for 10 minutes allowing 

separation of plasmid DNA from bacterial chromosomal DNA. The bacterial 

DNA and protein was pelleted at 12,000 rpm in a bench top microfiige at 4°C. 

Six hundred jul of supernatant, containing plasmid DNA was removed and 

extracted with an equal volume of 50:50 phenol/chloroform. An equal volume 

of isopropanol was added to the aqueous layer to precipitate the plasmid DNA.

The tubes were then placed on ice for approximately 10 minutes before 

spinning at 12,000 rpm as above. The nucleic acid pellets were washed with 

70% ethanol to remove salt before air drying. The nucleic acids prepared in 

this way contain high proportions of RNA. Each pellet was resuspended in 

50 pi sterile water containing DNAase free RNAase ( 2 0  pg/ml) and analysed 

spectrophotometrically to determine the DNA concentration. The samples 

were then stored at -20 °C.
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1.2 RNA Protocols.

1.2.1 Preparation of solutions, glassware and plasticware.

Gloves were worn at all times and efforts were made to assure that the 

working area was dust-free. All solutions for RNA work were made, where 

possible, from solids which were kept separate from the general chemicals in 

the laboratory. Where handling was essential, chemicals were weighed out 

using baked spatulas. The solutions were then treated with 0.1 % 

diethylpyrocarbonate (DEPC) at 37°C overnight and autoclaved. DEPC is a 

potent inhibitor of ribonuclease (RNAse) and is broken down to ethanol and 

CO2  by autoclaving, (Fedorcsak and Ehrenberg, 1966). The only aqueous 

solutions which were not DEPC-treated were those containing Tris or amines 

and those which could not be autoclaved. These solutions were made up in 

bottles which had been DEPC treated, autoclaved and baked.

Organic solvents where possible were filtered. If this was not possible, for 

example with phenol, then aliquots were kept which were only used for this 

purpose. All glassware, spatulas, and homogenisers were baked overnight at 

200 °C before use. Non-sterile plasticware was immersed in a 0 . 1  % solution 

of DEPC in water overnight at room temperature. The DEPC solution was 

then poured off, the plasticware was autoclaved and baked dry at 80 °C. 

Sterile plasticware was assumed to be RNAse-free.
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1.2.2 Extraction of total RNA from mouse and human tissues.

Total RNA was extracted from mouse and human tissues using TRI 

REAGENT (Molecular Research Center, Inc), which is based on the 

guanadinium thiocyanate/phenol methodology of RNA extraction of 

Chomczynski and Sacchi, 1987. Using this procedure it was possible to 

extract total RNA from tissue in under 2 hours. TRI REAGENT promotes 

formation of RNA complexes with guanadinium and water molecules and 

inhibits hydrophilic interactions of DNA and proteins. As a consequence, 

DNA and proteins are excluded from the aqueous phase, leaving the RNA 

which can then be purified. The RNA is of high quality and contains the 

whole range of cellular RNA molecules.

Tissue samples used were either freshly dissected or removed from liquid 

nitrogen, without defrosting; wid were placed on ice in a baked corex tube 

containing 1 ml TRI REAGENT/100 mg tissue. The tissue was homogenised 

to a slurry using a baked glass-teflon homogeniser and left at room 

temperature for 5 minutes to permit the complete dissociation of nucleoprotein 

complexes.

Next, 0.2 ml chloroform/l ml TRI REAGENT was added to to the homogenate 

and they were shaken vigorously for 15 seconds before being left to stand at 

room temperature for 2-15 minutes. The samples were centrifuged at 12,000 x 

g at 4°C for 15 minutes. The homogenate separates out into two phases; an
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upper clear aqueous phase containing the RNA, and a lower red coloured 

phase containing the DNA and protein, separated by a thick interface of 

cellular debris and protein.

The upper aqueous phase was removed, taking care not to take any of the 

interface, and mixed with 0.5 ml of isopropanol. The samples were left to 

stand at room temperature for 10 minutes to precipitate the RNA. The samples 

were again centrifuged at 12,000 x g at 4 °C for 15 minutes. The RNA formed 

a white pellet at the bottom of the tube. The supernatant was discarded and 

the pellet washed in ice cold 75% ethanol before re-spinning at the same speed 

for five minutes. The pellet was air dried and resuspended in DEPC water, the 

amount depended on the size of the pellet. The RNA was measured 

spectrophotometrically at 260nm and stored at -70 ° C until use.

1.2.3 Extraction of total RNA from cells grown in monolayer.

Cells grown in monolayer had their media removed, the dishes were washed 

once with sterile PBS and the cells were lysed directly in the culture dish upon 

the addition of 1ml TRI REAGENT per 10 cm  ̂ area of a culture dish. To 

homogenise the cells, the cell lysate was passed several times through a 2  ml 

syringe with a small needle, after which the rest of the RNA extraction 

procedure was the same as that described above for tissues.

118



1.2.4 Reverse transcription and the polymerase chain reaction (RT- 

PCR).

Reverse transcription (RT) involves the production of complementary DNA 

copies of RNA molecules, so that they are in a form suitable for amplification 

by the polymerase chain reaction (PCR). PCR allows the selective 

amplification of target DNA sequences (Erlich et al., 1988). The process 

requires oligonucleotide primers, one for each DNA strand on either side of 

the region to be amplified. PCR relies on cycles of dénaturation of the double 

stranded DNA to give single strands, primer annealing to their complementary 

sequences and synthesis of new strands from the primers by DNA polymerase. 

Successive repetition of this process results in the specific amplification of the 

region bounded by the primers.

These two techniques combined allow the amplification and quantification of 

specific mRNA species. It is especially useful for the quantification of mRNA 

molecules at low copy number that cannot be detected by other techniques, 

such as northern analysis. The amplification of the mRNA for p-actin is 

performed as this is expressed in all tissues analysed, hence, providing a 

measure of integrity of tissue mRNA.

1.2.5 Reverse transcription (RT).

To begin with 300 ng-1 pg total RNA was treated with 1 pi deoxyribonuclease 

I reaction buffer, 1  pi DNAse I, (1 U/1 pi Amp Grade) made up to 1 0  pi with
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DEPC water and incubated for exactly 15 minutes at room temperature. This 

treatment removes contaminating DNA which would otherwise give false- 

positive results. The DNAse I was inactivated by adding 1 pi 20 mM EDTA 

to the reaction mixture and heating to 65 °C for 10 minutes. The RNA sample 

was now ready for reverse transcription prior to amplification.

To each DNAsed RNA sample 0.5 pi of the appropriate antisense primer (100 

ng/ pi) was added along with 2 pi DEPC water and heated to 65 °C for 10 

minutes. This removes any secondary structure in the RNA. The reaction mix 

was placed on ice and 4 pi RT mix (5X: 0.25 M Tris HCl pH 8.3, 0.375 M 

KCl, 15 mM MgCl] ) was added along with 5 pi dNTP’s, 0.5 pi Rnasin 

(RNAse inhibitor), 2 pi 100 mM DTT, and 1 pi Moloney Murine Leukaemia 

Virus (MoMuLY) reverse transcriptase. Control reactions did not receive any 

reverse transcriptase enzyme, or they did not receive any RNA. In place of 

RNA, DEPC water was substituted. The reaction mix was vortexed, 

centrifuged for a few seconds to get all the reagents in the bottom of the tube 

and incubated at 42 °C for 1 hour, after which the reaction was stopped by 

heating to 95 °C for 5 minutes. The tubes were immediately placed on ice.

1.2.6 Polymerase chain reaction (PCR).

The reaction mix used consisted of: the RT reaction, 1 pi of the appropriate 

sense primer (100 ng/ pi), 0.5 pi of the appropriate antisense primer, 5 pi PCR
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buffer (0.5 M KCl, 0.1 M Tris HCl pH 8.3, 15 mM MgCl2 ), 2.5 unit Taq 

polymerase in a total volume of 50 pl. The MgCl2  concentration was 

optimised by running the reactions with a range of concentrations from 0.5-10 

mM to give maximum yield and the minimum spurious hybridisation. To 

prevent evaporation, mineral oil was layered over each sample. Samples were 

heated to 94°C for 4 minutes before commencement of thermocycling.

Temperature profiles were calculated from the formula:

4(G+C) + 2(A+T) - 5 = annealing temperature.

The theoretical annealing temperature calculated was not always correct but 

acted as a guide-line and the temperature was either increased or decreased 

when the reaction with the MgCl2 . The sequences of the primers

used are shown in Chapter m, section 11. The temperature profile used for 

the mouse MET, HGF/SF and p-actin primers were dénaturation at 94 °C for 1 

minute, annealing at 60°C for 1 minute, and extension at 72°C for 1 minute. 

This was repeated 30 times. Before finishing, there was a 7 minute incubation 

at 72°C to allow the products to complete elongation.

The temperature profile used for human MET were dénaturation at 94°C for 1 

minute, annealing at 65°C for 1 minute, and extension at 72°C for 1 minute. 

Human HGF/SF and p-actin had the same dénaturation and extension 

temperatures but their annealing temperatures were 67 °C for 1 minute with a 

final elongation period of 10 minutes at 72 °C. This was repeated 30 times.
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Each time a RT-PCR reaction was performed p-actin was always included as a 

positive control and showed that the actual reactions were working.

1.2.7 Analysis of the PCR products.

Aliquots of 7 pi of each reaction were run on 1% or 1.5% agarose gels in TAB 

buffer (lOx TAE: 0.4M Tris-acetate, 0.01 M EDTA, pH 8.0). Ethidium 

bromide (20 mg/ml) was added to both the running buffer and the agarose 

solution at a concentration of 0.5 pg/ ml to allow visualisation of DNA in 

long-wave UV light. Horizontal midi-gel apparatus was used, these gels were 

run at up to 100 volts and required approximately 45 minutes rumting time, 

according to the size of the PCR products.

1.2.8 Double stranded sequencing.

This procedure is based on that described by Sanger et al, (1977) and was 

adapted b’PjfviTabor and Richardson, (1989). It was performed using the 

sequenase kit version 2.0, with a preliminary step to denature the double 

stranded DNA. The fragments of DNA to be sequenced had been subcloned 

into pGEM-T vector or Bluescript + (as described else where) and mini- 

prepped.

The DNA was denatured by adding 4 pi 1 M NaOH to 10 pi of DNA at room 

temperature. This was neutralised by the addition of 3 pi 5 M ammonium
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acetate. The DNA was precipitated padding 50 pi 100% ethanol at -70°C for 

15 minutes and spun down on a bench top centrifuge for 10 minutes. The 

pellet was washed with 70% ethanol, dried and resuspended in 7 pi water.

A single annealing and labelling reaction was performed on each set of A, T, 

C, and G reactions. The annealing reaction consisted of 1 pg denatured DNA, 

2 pi sequenase buffer (5x: 200 mM Tris HCl pH 7.5, 50 mM MgCl2 , 250 mM 

NaCl) and 2 ng primer in a total volume of 10 pi. The reactions were heated 

to 65 °C for 2 minutes and slowly cooled over a 30 minute period to 35 °C. 

They were then placed on ice.

For the labelling reaction 1 pi 0.1 M DTT, 2 pi Labeling Nucleotide Mix (0.75 

mM each of dGTP, dCTP, and dlTF) 5 nCi(a-”  S) dATP and 3.25 units 

Sequenase Version 2.0 T7 DNA polymerase was made to a total volume of 10 

pi with distilled water. The reaction was mixed and incubated at room 

temperature for 3 minutes.

Whilst the labelling reaction was incubating, the 4 dideoxy nucleotides 

(ddNTP) termination mixtures (80 pM dNTP’s with 8 pM of the required 

ddNTP) were pre-warmed to 37°C. After the labelling reaction, 3.5 pi was 

transferred to each of the termination tubes with a ddNTP. This was mixed 

and incubated at 37 °C for 3 minutes, when 4 pi of stop solution (95%
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formamide, 20 mM EDTA, 0.05% bromophenol blue, 0.05% xylene cyanol) 

was added. Samples were stored at -20 °C. Before loading onto a 

polyacrylamide gel, the samples were heated to 80°C for 5 minutes.

1.2.9 Denaturing polyacrylamide gel electrophoresis.

Gels were prepared using the Sequagel system. Two glass plates, the larger 

plate being the siliconised one, were thoroughly cleaned and then wiped with 

alcohol to remove dirt, grease and dust. The plates were taped securely 

together using 2mm spacers to separate them. A 70 ml gel mix (17 ml 

concentrate, 46 ml diluent, 7 ml buffer, 550 |l i 1 10% ammonium persulfate and 

55 pi TEMED) was poured into the space between the plates, using a 50 ml 

syringe, taking care not to trap bubbles. A shark’s tooth comb was used and 

the gel was allowed to polymerise for 1-2 hours before use. The gel tank was 

prepared by filling the two buffer reservoirs with Ix TEE (0.09 M tris borate, 

0.002 M EDTA pH 8.0).

The comb was carefully removed and the well area flushed out with the 

running buffer. The gel was pre-run in order to heat it up to about 50 °C prior 

to loading the samples. The samples were heated to 80 °C for 5 minutes, to 

denature before loading into the wells of the gel using a fine tipped pipette. 

Gels were run at 1500V until the bromophenol blue approached the end of the 

gel.
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Once the gel was run , the gel plates were carefully prized apart so that the gel 

was stuck to the non-siliconised plate and soaked in 5% acetic acid, 15% 

methanol for 30 minutes to remove the urea. The gel was then blotted onto a 

piece of Whatman 3 MM paper. The gel stuck to the Whatman paper and was 

carefully removed from the glass plate. The gel was then covered with cling

film and sandwiched between two further sheets of Whatman paper before 

drying under vacuum at 80°C for approximately two hours. Once the gel was 

dry, the cling-film layer was removed and the gel was autoradiographed 

overnight at room temperature.

1.3 In situ hybridisation of mouse metanephroi.

In situ hybridisation is a technique by which labelled probes are hybridised to 

tissue sections thereby revealing the cellular localisation of the related mRNA 

within the tissue. In situ hybridisation gives accurate information about 

location of message within the tissue. The negative control is in the form of 

sense probes to the mRNA. This methodology is based on Wilkinson et al, 

(1987).

As part of my collaboration with Dr Gherardi and his group at the ICRF, 

Cambridge, Dr Elisabetta Andermarcher performed the in situ hybridisations 

but I have been through the same protocol and know the procedures. Since the 

in situ study is relevant to the topic of this Thesis it is worth mentioning the
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methods used I was responsible for the generation of tissues sections and the 

final analysis.

1.3.1 Preparation of slides.

Racked slides were dipped sequentially in 0.1 M HCl/70 % ethanol, followed 

by distilled water and then 95 % ethanol. The slides were then dried in an 

oven at 150°C for 5 minutes and allowed to cool to room temperature. The 

slides were dipped in 2 % TESPA in acetone for 10 seconds and then washed 

twice with acetone, and then DEPC-treated water. The slides were dried at 

42°C overnight and then stored dust free in boxes at room temperature.

1.3.2 Preparation of template DNA.

cDNA’s of choice were subcloned into the polylinker of pBluescript KS- as 

described in a previous section. It was possible to synthesise both antisense 

and sense probes using T3 and T7 promoters. The plasmids were prepared 

using the large scale plasmid prep (as described in section 1.1.5) and the 

orientation of the subcloned insert determined by restriction mapping. They 

were then digested with a suitable restriction enzyme, to cut the plasmid at the 

opposite end of the polylinker to the promoter of interest, in the presence of 

RNAse A.
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To linearize both the HGF/SF and MET plasmids to make anti sense probes the 

restriction enzyme Spel was used To make sense probes HGF/SF plasmid 

was linearized with Apal and Kpnl was used to linearize the met plasmid. 

The digested plasmids were phenol/chloroform extracted to remove RNAse, 

precipitated, and resuspended in DEPC-treated water at a concentration of 1 

jLig/ jL il. The plasmid template was stored at -20 °C until use.

1.3.3 Riboprobe synthesis.

[a^^S]UTP was used in this in situ hybridisation procedure. Before probe 

synthesis, the [a^^S]UTP was removed from the -70 °C and thawed to room 

temperature. The ingredients for the riboprobe synthesis were 3 pi DEPC 

water, 2 pi T7 or T3 buffer (lOx T7 buffer: 0.4 M Tris HCl pH 8.0, 0.1 M 

MgClj, 40 mM spermidine, O.TM NaCl, 0:5 Mg/ml BSA; lOx T3 buffer: 0.4 

M tris HCl pH 8.0, 80 mM MgCl2 , 40 mM spermidine), 1 pi 0.2 M DTT, 2 pi 

5 mM GTP/ATP/CTP, 1 pg/ pi DNA template, 0.5 pi RNAse inhibitor, 10 pi 

[a^^S]UTP (1000-15OOCi/mmol), and 0.5 pi T7 or T3 RNA polymerase (10 U/ 

Pl).

The ingredients were always added in the order stated above and were not put 

on ice after the addition of template DNA as this would precipitate the DNA. 

The contents of the tube were mixed well and incubated at 37° C for 1.5 hours. 

Both antisense and sense probes were synthesised in each case. At the end of
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this incubation the labelled riboprobes were spun down on a bench microfuge. 

To the reaction mix 2.5 pi RNAse free DNAse 1 (20 U/ pi), 5 pi tRNA (10 

pg/ pi) and 10 pi water was added. The DNAse 1 was added to remove the 

DNA template, while the tRNA was added to act as a carrier for the riboprobe 

through the spin column. The mix was incubated at 37®C for 15 minutes. 2.5 

pi 0.5M EDTA and 1 pi 3 M NaAc pH 5.2 was added to the mix to stop the 

reaction. Then 159 pi TE (10 mM Tris pH 7.4, 0.1 mM EDTA pH 8.0) was 

added to make a total volume of 200 pi.

1.3.4 Removal of unincorporated nucleotides.

Towards the end of the 1.5 hour incubation, spin columns were made. These 

were prepared using Sephadex G-50 (suspended in column buffer, 10 mM Tris 

HCl pH 8.0, 1 mM EDTA, 0.1 %SDS) in the barrels of 1ml disposable 

syringes. A plug of polymer wool was wedged in the bottom of the syringe 

barrel and a slurry of G-50 was pipetted into the barrel. The columns were 

spun at 1000 rpm for 2 minutes. This was repeated until the G-50 almost 

filled the syringe. The columns were equilibrated with column buffer 

containing 10 mM DTT.

Fifty pi Orange G was added to the riboprobes, which were subsequently 

applied to the columns and spun at 1000 rpm for 2 minutes. One hundred and 

fifty pi of column buffer with 10 mM DTT was added to the top of the
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columns and respun at the same speed. Orange G acts as a marker for 

unincorporated nucleotides and thus should not pass through the spin column. 

If Orange G was found in the solution that passed through the spin column, it 

was passed through a second column.

The samples were extracted with an equal volume of phenol, taking care not to 

take any of the interface. This was followed by a chloroform extraction to 

remove any phenol. Following the chloroform extraction, 5 pi was removed 

from the aqueous phase, this was used for scintillation counting. The 

remainder of the aqueous phase was precipitated in 2 volumes of 99 % 

ethanol, 1/10 volume 3 M sodium acetate pH 5.0 overnight at -20 °C.

1.3.5 Alkaline digestion of the riboprobe.

The optimal length of probe is around 100 bases, presumably enabling easy 

tissue penetration. Thus, if large inserts are transcribed, the RNA can be 

reduced in size by limited alkaline hydrolysis. Following precipitation, the 

riboprobes were spun at 13,000 rpm in a bench top centrifuge at 4°C. The 

pellets were washed in ice-cold 70 % ethanol, respun and air dried. The 

pellets were reuspended in 100 pi hydrolysis buffer (80 mM NaHCOs, 120 

mM Na2C02 pH 10.2, 10 mM DTT), and incubated at 60 °C for t minutes 

according to the formula:
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Li - Lo = time (in minutes) for alkaline digestion. 
0.11 X Lo xLi

Li = initial length of probe, LO = final required length in kb (0.1 kb is the 

optimum), 0.11 = constant.

The reaction was stopped by adding 100 pi neutralization buffer (0.2 M NaAc 

pH 6.0, 1% glacial acetic acid, 10 mM DTT), 20 pi 3 M NaAc, and 550 pi 

100% ethanol. This was precipitated at -70 °C for 1 hour, then spun down at 

13,000 rpm in a bench top microfuge for 10 minutes. The pellet was washed 

with 70 % ethanol before drying. The pellet was resuspended at IxlO^c.p.m./ 

pi in 100 mM DTT, and stored at -70 °C.

1.3.6 Fixation, embedding and sectioning.

Metanephric rudiments were dissected out of mice of the appropriate age at 

room temperature in sterile PBS, washed twice with sterile ice-cold PBS and 

fixed in freshly made ice-cold 4 % paraformaldehyde (2 grams 

paraformaldehyde, 50 ml Ix PBS dissolved at 65 °C) overnight. The fixative 

was replaced with succesive changes of the following solutions, each for 30 

minutes with occasional agitation: saline (0.83% NaCl in water) at 4°C twice, 

50 % ethanol in saline at 4°C, 70 % ethanol at 4°C twice, 85 % ethanol at
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room temperature, 95 % ethanol at room temperature, 100 % absolute ethanol 

at room temperature, twice.

The last solution was replaced with Histoclear, twice, 30 minutes each. This 

was then replaced with a 1:1 Histoclear: wax mix at 60°C for 1 hour, followed 

by 3 changes of wax, each for 30 minutes at 60 °C. The samples were then 

transferred to a mould, where they were orientated and the wax allowed to set. 

6 jam sections were cut and placed on TESPA-coated glass slides containing a 

large drop of DEPC water, on a hot plate at 45 °C. The sections were floated 

until the creases disappeared, then the slides were dried at 37°C overnight and 

stored at 4°C for no longer than one month.

1.3.7 Pretreatments of sections.

The slides were dewaxed in Histoclear, twice, 10 minutes each. The 

Histoclear was replaced with 100 % ethanol, twice, for 2 minutes. The 

sections were rehydrated by passing the slides through a series of ethanols of 

95 %, 85 %, 70 %, 50 %, then 30 % for 1 minute each. The ethanol was 

removed by immersion in saline for 5 minutes then PBS, twice, 5 minutes 

each. Excess PBS was drained away, the slides were placed horizontally, and 

the sections were overlayed with 20 pg/ ml proteinase K in 50 mM Tris HCl 

pH 8.0, 5 mM EDTA pH 8.0, for 15 minutes at 37°C. After this incubation 

the excess proteinase K was removed and the slides were washed in PBS for 5
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minutes. The sections were briefly refixed in 4 % paraformaldehyde for 5 

minutes, then dipped in distilled water and placed in a glass trough containing 

250 ml 0.1 M triethanolamine with a stir bar. The tiiethanolamine coats the 

slide and prevents the riboprobe fi*om sticking to non-specific sites. While 

stirring 630 pi of acetic anhydride was added and left for 10 minutes under 

constant stirring. Acetic anhydride blocks amino residues and other positively 

charged groups and thus prevents non-specific binding of the probe.

The slides were washed in PBS and then saline for five minutes each. Finally 

the sections were dehydrated by quickly passing through a series of 30 %, 50 

%, 70 %, 85 %, 95 %, 100 %, 100 % ethanol, air dried under a dust fi-ee cover 

and used on the same day for hybridisation.

1.3.8 Hybridisation.

One volume of probe was mixed with 9 volumes of hybridisation buffer (50  

% deionized formamide, 0.3 M NaCl, 20 mM Tris HCl pH 8.0, 5 mM EDTA 

pH 8.0, 10% dextran sulphate, Ix Denhardf s solution (5g ficoll, type 400, 5g 

polyvinylpyrrolidone, 5g BSA, water to 500 ml), 0.5 mg /ml tRNA, and heated 

to 80 °C for 2 minutes and then quenched on ice. A 0.1 volume of 1 M DTT 

was added to the mix and spun briefly. The probe is heat denatured in order to 

remove any possible secondary structure which would inhibit hybridization.
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and the probe must always be kept in a reduced state by adding DTT as this 

helps to prevent high background.

Fifteen pi of the hybridisation mix containing the labelled riboprobe was 

pipetted over the sections. The 22 mm x 32 mm RNAse-free coverslip was 

then gently lowered onto the section, avoiding the trapping of air bubbles 

under the coverslip. Any air bubbles removed by gentle prodding. The 

slides were placed horizontally in a slide box, which included a tissue soaked 

with 5 ml 50% formamide in 5 x SSC. The box was sealed with tape in order 

to form a moist chamber and placed in an oven at 60 ° C overnight.

1.3.9 Posthybridisation washes.

The slides were removed from the slide box and put into a glass rack in 250 ml 

5 X SSC, 10 mM DTT at 55°C for 20 minutes so that the coverslips fall off. 

The slides were placed in 50 % formamide, 2 x SSC, 100 mM DTT and 

heated to 67 °C for 30 minutes in a ftmie hood. This is a high stringency 

wash. The slides were then washed in 250 ml NTE buffer (0.5 M NaCl, 10 

mM Tris HCl pH 7.6, 5 mM EDTA pH 8.0) at 37°C, twice, 10 minutes each 

and then treated with the same buffer containing 20 pg/ ml RNAse A at 37°C 

for 30 minutes. This gets rid of any unbound riboprobe. This was washed off 

with NTE buffer at 37°C for 15 minutes, then the high stringency wash was 

repeated with new solutions. The slides were washed in 250 ml 2 x SSC for
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15 minutes at 37 ° C, and in 0.1 x SSC for 15 minutes at 37°C. The sections 

were dehydrated by passing them through a series of 30 %, 60 %, 80 %, 95 %, 

100 %, 100 % ethanol for 2 minutes each and air drying under cover.

1.4 Autoradiography.

A red filter was used in the darkroom to prevent exposure of the emulsion, but 

to allow a degree of visibility. The emulsion was melted at 43 °C and diluted 

1:1 with 2 % glycerol. This was left for approximately 10 minutes until all the 

emulsion had melted then poured into the dipping chamber. Bubbles were 

removed from the top of the emulsion by dipping blank slides.

Slides were dipped into the chamber for 5 seconds, and allowed to drain 

vertically for 2 seconds. The back of each slide was wiped and placed 

vertically on a slide-table in order to obtain a very thin layer of emulsion 

which is required for a good resolution of the silver grains. The slides were 

left to dry in a light tight box for 2 hours, so as they were completely dry. The 

slides were placed in a rack and replaced in a light tight box which contained a 

sachet of activated silica gel (this keeps the atmosphere within the box dry). 

The box was then placed at 4°C for 2-6 weeks.
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1.4.1 Developing.

The slides were taken from 4°C and allowed to warm up to room temperature. 

Under safe-light conditions the slides were removed from the box, placed in 

glass racks and developed for 3 minutes in a developing solution called 

Phenisol (diluted one in five with deionised water), agitating gently. The 

developing reaction was stopped by dipping the slides into 0.5 % acetic acid 

for 1 minute. The slides were fixed in 30 % sodium thiosulphate for double 

the emulsion clearing time. The sodium thiosulphate strips away the emulsion 

leaving the silver grains. The room lights were switched on and the slides 

were left in fix for a further four minutes. The slides were rinsed for 30 

minutes in running tap water, and placed in hematoxylin for 1 minute for a 

light background stain, dehydrated through a series of alcohols, mounted in 

DPX using clean coverslips.

1.4.2 Photography of slides.

Sections were examined under dark field illumination using a Zeiss Axiophot 

microscope. Tissue localisation of silver grains could clearly be seen. 

Anti sense probed-slides were compared to those hybridised to the sense probe 

or no probe at all and photographs were taken of typical sections. Background 

hybridisation was generally approximately equal between slides for any 

particular experiment. Only those sections hybridised in the same 

experimental run were compared directly with one another for this reason.
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Tissue location of hybridisation was examined closely over the whole slide 

and was recorded accordingly.

1.5 Protein analysis.

1.5.1 Immunoprécipitation.

Immunoprécipitation is the process in which a specific antibody raised against 

a target protein is added to cell lysates and an antigen-antibody complex is 

formed Running crude cell lysates on SDS-polyacrylamide gels often do not 

give clean bands and it is difficult to detect the band of interest. Not only is 

immunoprécipitation a better way for detecting bands of interest but it is also a 

good way to detect receptor phosphorylation.

Mesangial cells (2 x 10&) were serum-starved for 12 hours and incubated with 

300 pM HGF/SF for 30 seconds to 15 minutes. This was carried out to detect 

any tyrosine phosphorylation of MET. Then the cells were lysed in 1 ml of 

ice-cold RIPA buffer (PBS with 1 % Nonidet P40, 0.5 % Na deoxycholate, 

0.1 % SDS, 1 mMphenylmethylsulfonylfluoride, 10 mg/1 aprotinin and 1 mM 

Na ortho vanadate), disrupted by aspiration through a 21 gauge needle and 

cooled on ice for 10 minutes. Debris was pelleted by centrifugation at 3000

rpm at 4^0 for 15 minutes and the lysate precleared with 1.0 jag normal rabbit 

IgG and 20 jal of protein A-agarose. Preclearing the lysate is important as it
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minimises background caused by non-specific binding of extraneous cellular 

proteins to the protein A.

This was followed by centrifugation at 2500 rpm at 4^0 for 5 minutes. The 

supernatant was mixed with 1.0 pg of anti-mouse MET rabbit antiserum 

raised against the carboxy-terminal 21 amino acids of mouse MET and 

incubated for one hour at 4^0, followed by addition of 20 pi of protein-A 

agarose and incubation overnight at 4®C. Immunoprecipitates were collected 

by centrifugation at 2500 rpm at 4®C for 5 minutes. Pellets were washed with 

RIPA buffer, resuspended in 40 pi electrophoresis buffer (1 ml glycerol, 0.5 

ml p-mercaptoethanol for reducing or none for non-reducing, 3 ml of 10 % 

SDS, 1.25 ml IM Tris HCl pH 6.7 and 1 mg bromophenol blue) and stored at 

-20 °C until use. Tissues were cut up into small pieces before being 

homogenised in 1ml RIPA buffer and immunoprecipitated in the same way as 

described above.

1.5.2 Western blotting.

The idea behind Western blotting is the same as that for Southern blotting 

except proteins are detected in Western blotting and DNA is detected in 

Southern blotting. The proteins are denatured or kept in their native form and 

separated on SDS-polyacrylamide gels. The proteins are then transferred from 

the gel onto a solid support (nitrocellulose filter), the filter is then probed with
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a monoclonal or polyclonal antibody and a secondary antibody conjugated to 

horse radish peroxidase or alkaline phosphatase is used to detect the protein of 

interest.

The glass plates with the spacers (1 mm) were assembled using the Mini- 

Protean n  apparatus. 6 %, 8 %, and 12.5 % gels were required for the 

proteins of interest. Six % gels resolve large proteins in the range of 60-220 

kDa, 8 % gels resolve proteins in the range of 40-100 kDa, and 12.5 % gels 

resolve proteins in the range of 14-66 kDa. Resolving gels were poured first 

into the gap between the glass plates until it reached 2 cm from the top of the 

smallest glass plate.

The gels consisted of deionised water. Protogel (37.5:1 acrylamide to 

bisacrylamide stabilized solution), 1.5 M Tris pH 8.8, 10 % SDS, 10 % fresh 

ammonium persulfate and TEMED. Depending on the percentage gel 

required, different amounts of protogel were used. Ammonium persulfate 

provides the fi’ee radicals that drive polymerization of acrylamide and 

bisacrylamide, and TEMED accelerates the polymerization of acrylamide and 

bisacrylamide by catalyzing the formation of free radicals from ammonium 

persulfate. After the resolving gel was poured it was overlayed with water 

saturated butan-l-ol so as to prevent oxygen diffusing into the gel and 

inhibiting polymerization.
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The gels were left at room temperature for 30-60 minutes to set. When the 

gels had set the overlay was poured off and and the top of the gel was washed 

several times with deionised water to remove any unpolymerized acrylamide. 

The water was drained completely ftom the gel by gently slipping a small 

piece of Whatman 3MM paper between the glass plates and tipping the gel 

apparatus on its side so as the paper absorbed the water.

The stacking gel was next poured on top of the resolving gel. This kind of gel 

is of high porosity and acts to stack the proteins in a very thin layer on the 

surface of the resolving gel thus increasing the resolution of the proteins. 

Stacking gels are usually 5 % and a 2 ml 5 % stacking gel consists of 1.4 ml 

deionised water, 0.33 ml Protogel, 0.25 ml 1.0 M Tris pH 6.8, 0.02 ml 10 % 

SDS, 0.02 ml 10 % ammonium persulfate, and 0.002 ml TEMED. This was 

poured on top of the resoving gel until it reached the top of the small glass 

plate, a clean comb the same size as the spacers was inserted into the stacking 

gel taking care not to trap bubbles. This was left to set for 30 minutes at room 

temperature.

Once the gels were ready for running they were transferred to the running 

tanks where the Laemmli discontinuous buffer system would be employed, 

(Laemmli, 1970). One tank held two gels, which meant two gels could be run 

at the same time. 350 ml of Tiis-glycine buffer (5x: 25 mM Tris, 250 mM 

glycine pH 8.3, 0.1 % SDS) was prepared, part of this buffer was poured
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between the gels till it reached the top making sure the wells were covered, 

and the rest of the buffer was poured into the running tank

The protein samples already prepared were thawed and those to be reduced 

were heated to 100°C for 5 minutes and those to be left unreduced were 

incubated at 37°C for 15-30 minutes. The proteins were kept on ice after their 

incubations until they were loaded onto the appropriate gels. Twenty jul of 

each protein was loaded into each well taking care not to suck up any agarose 

A beads. The gels were run at 50 volts until the bromophenol blue had just 

run off the bottom of the gel.

The glass plates were prised apart and the stacking gel removed from the 

resolving gel. The resolving gels were carefully lifted off the glass plates and 

placed in transfer buffer (48 mM Tris, 39 mM glycine, 0.037 % SDS, 20 % 

methanol) for 10 minutes. A piece of nitrocellulose/gel and 6 pieces of 

Whatman 3MM paper were cut to the exact size of the gel and floated on 

transfer buffer.

Proteins were transferred from the gels to the nitrocellulose membrane using a 

semi-dry electroblotter. This apparatus was set up in the following way; 3 

pieces of the 3MM paper were placed on the anode, the nitrocellulose 

membrane was placed on top of the 3MM paper and any air bubbles were 

rolled out with a 1 ml pipette. Next, a gel was carefully picked up and set on
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top of the nitrocellulose membrane and any air bubbles were squeezed out. 

On top of the gel another 3 pieces of the 3MM paper placed, any excess 

transfer buffer on the anode was dried off with a paper towel. This was how 

all the gels were arranged. The lid which contained the cathode was then 

fitted and 11 volts was passed through the system for 30 minutes.

The transfer apparatus was carefully disassembled, and a comer of the gel was 

lifted where the rainbow markers were run as this gives an indication of how 

the transfer went onto the nitrocellulose membrane. The gel was peeled away 

from the nitrocellulose and discarded, to get a better idea if the proteins 

transferred well, the filter was placed in a solution of Ponceau S, which lightly 

stains the proteins and they show up as pink bands. The filter is then washed 

in distilled water until the Ponceau S disappears, this stain does not interfere 

with the immunological detection methods which follow.

1.5.3 Immunological detection.

Membranes were incubated in blocking solution (5 % non-fat milk in TBS) at 

4 0 c  overnight. This blocks non-specific binding sites. They were then 

incubated with with the appropriate antibodies such as mouse 

phosphotyrosine, met, and HGF/SF or human MET and HGF/SF. Primary 

antibodies were diluted 1:1000 in blocking solution, applied to the membranes 

in containers and left at room temperature for 1 hour with agitation. The
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membranes were then washed twice for 7 minutes each in TBS, 0.05 % 

Tween-20.

The primary antibodies were detected with horseradish peroxidase-conjugated 

secondary antibodies diluted 1:2000. This was left on the membranes as 

before for 30 minutes, the membranes then had three 5 minute washes in the 

TBS, 0.05 % Tween-20 and a final wash in TBS for 5 minutes. The 

membranes were incubated in Enhanced Chemi-Luminescence reagent for 1 

minute. Excess reagent was drained and the membrane was wrapped in cling 

film and exposed to X-ray film from between 30 seconds-1 hour depending on 

how intense the signal was. Proteins were sized with Rainbow markers.

1.5.4. Western blotting for HGF/SF.

It must be noted here that this particular Western blot was performed in 

collaboration with Dr Ermanno Gherardi, Dr Catriona Moorby and Dr 

Elisabetta Andermarcher.

Conditioned media from transgenic cell lines was concentrated 20 times with 

ammonium sulphate (80% saturation), resuspended in 10 mM Tiis-Cl, pH 8.0, 

and electrophoresed in 8% polyacrylamide gels (Laemmli, 1970). Proteins 

were then transferred electrophoretically onto PDVF membranes in 10 mM 

CAPS, pH 12, essentially as described (Matsudaira, 1987). Membranes were
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blocked in 2% BSA for 2 hours before overnight incubation with the anti- 

HGF/SF antibody (Furlong et al., 1991) which was detected with horseradish 

peroxidase conjugated anti-rabbit antibody.

1.6 Histological analysis.

1.6.1 Fixation, embedding and sectioning of tissues.

Tissues were fixed in 4 % paraformaldehyde made up in PBS and left for 1 

hour to overnight depending on the size of the tissue. The tissues were then 

dehydrated through a series of alcohols, 30 % ethanol for 30 minutes, 50 % 

ethanol for 30 minutes, 70 % ethanol for 30 minutes, 85 % ethanol for 30 

minutes, 95 % ethanol for 30 minutes, 100 % absolute ethanol for 30 minutes, 

twice. This was all carried out at room temperature.

The last solution was replaced with Histoclear, twice, 30 minutes each. This 

was then replaced with a 1:1 Histoclear: wax mix at 60°C for 1 hour, followed 

by 3 changes of wax, each for 30 minutes at 60°C. The samples were then 

transferred to a mould, where they were orientated and the wax allowed to set. 

5-10 pm sections were cut and placed on clean glass slides, and stored at room 

temperature until use. Both human and mouse tissues were processed in the 

same way.
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Frozen sections were cut using a cryostat. Tissues could be cut fixed or 

unfixed. The tissues were embedded in a sucrose based embedding medium 

on a cryostat chuck and stored at -20 °C until the embedding medium froze 

over. The chuck is then positioned in the cryostat and sections between 5-10 

pm were cut at -20 °C. The sections were collected onto gelatin-coated slides, 

air dried and stored at 4°C.

1.6.2 Hematoxylin and eosin (H&E) staining.

Sections were dewaxed in Histoclear for 15 minutes, followed by immersion 

in 100 % ethanol, twice for 2 minutes. The slides were rehydrated through an 

alcohol series of 95 %, 85 %, 70 %, 50 %, 30 % for 1 minute each before 

rinsing in running tap water. The slides were dipped in 0.1 % Harris 

hematoxylin for 2 minutes, followed by rinsing in running tap water for 5 

minutes; this blues the sections. The slides were then dipped in 1 % aqueous 

eosin for 1 minute, followed by running tap water for 5 minutes. Dehydration 

through an ethanol series followed, and then the slides were passed through 

Histoclear 3 times to remove any remaining ethanol, allowed to dry then 

mounted.

1.6.3 Immunohistochemistry.

Immunocytochemistry was developed by Coons et al, (1955) and has become 

a routine histochemical techinque. It involves the identification of molecules
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in situ by means of a specific antigen-antibody reaction associated together 

with a means of visualisation.

Two types of antibody are commonly used; monoclonal antibodies and 

polyclonal antibodies. Antibodies are produced as part of the immune 

response to a foreign antigen. Polyclonal antibodies are the easier to produce, 

usually in rabbit, but also commonly in pigs, sheep and goats. The procedure 

involves injecting an adult animal with the antigen of interest over a period of 

several months. Antigen-specific B-lymphocytes are stimulated when antigen 

binds to cell surface receptors, resulting in the proliferation of the antigen- 

stimulated B-lymphocytes and the secretion of large amounts of antibody.

Each B-lymphocyte therefore gives rise to a clone of daughter cells. However, 

many different B-lymphocytes will be stimulated, to a variety of antigenic 

determinants, and these ultimately give rise to many different clones of B- 

lymphocytes. Many different antibody molecules are therefore secreted and 

the response is said to be “polyclonal”. Monoclonal antibodies are produced 

when an activated B-lymphocyte is fused with a myeloma B-lymphocyte, and 

the hybrid cells are cloned. These cells are immortalised and therefore in 

theory produce unlimited amounts of antigen. The clones also come from a 

single hybrid cell and therefore the antibodies produced are all identical giving 

rise to total homogeneity of response. Mice and rats are used in this 

technique.
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1.6.4 Preparation of slides.

Racked slides were washed in 10 % Decon for 4 hours at room temperature. 

They were then rinsed in running tap water for 2 hours and then briefly in 

distilled water. The slides were baked dry and treated with filtered gelatin: 

chromalum (0.1%: 0.01%). This solution was smeared over the slide with the 

end of another slide and allowed to dry at room temperature. The slides were 

then stored in a box at room temperature until use.

1.6.5 Fixation, embedding and sectioning of tissues.

The methodologies employed were essentially the same as those for tissue 

preparation for normal histological analysis (section 1.6.1).

1.6.6 Immunohistochemistry using avidin-hiotin peroxidase (ABC).

This methodology utilises the fact that since the intensity of the 

immunoperoxidase reaction is depend$int on peroxidase activity, greater 

sensitivity would be possible if the numbers of peroxidase molecules bound to 

the tissue was increased. Biotin is a small vitamin molecule, whereas avidin is 

a large glycoprotein found in egg white.

Avidin has a very high affinity for biotin, and has four active binding sites for 

it. Multiple copies of the biotinylated secondary antibody bind with the 

unlabelled primary antibody (bound to the tissue antigen of choice). The
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section is then treated with the avidin-biotin peroxidase complex (ABC), 

which again binds multiple sites, such that the signal is greatly amplified. 

Primary antibodies can therefore be used at a higher dilution using this 

technique, resulting in lowering of spurious staining.

Wax sections were dewaxed through Histoclear for 15 minutes followed by 

rehydration through 100 %, 95 %, 85 %, 70 %, 50 % and 30 % ethanol, 10 

minutes each. The slides were then placed in tap water for a further 10 

minutes, j  After washing in PBS for 5 minutes, they were immersed in citric acid
I

buffer pH 6.0 and boiled in a microwave for 10 minutes. After cooling, 

washing in running tap water then in PBS, the slides were incubated in 3% 

hydrogen peroxide for 15 minutes to quench endogenous peroxidase activity.
I
Non-specific antibody binding was blocked with 10% fetal calf serum in PBS and 

the appropriate primary antibody was then applied for 1 hour at 37°C.

The slides were then drained and washed in PBS for 5 minutes before the 

biotinylated antibody was applied and left for 20-30 minutes at room 

temperature. During this time the avidin-biotin conjugated to horseradish 

peroxidase (ABC complex/HRP) was made up and left for 15 minutes at room 

temperature to allow the the complex to form. The slides were drained and 

washed in PBS for 5 minutes, and then treated with the ABC for 30 minutes. 

The slides were rinsed in PBS and immersed in 0.5 mg/ ml diaminobenzidine 

tetrahydrochloride dihydrate (DAB) in PBS with 0.03 % hydrogen peroxide
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for 1-5 minutes until the colour had developed The slides were finally rinsed 

in running tap water, counter-stained with Mayers hematoxylin and dehydrated 

through an ethanol series, before passing through histoclear and mounting.

Controls included omission of the primary antibody, preincubating the primary 

antibodies with the appropriate recombinant growth factor such as HGF/SF or 

their control peptides such as for MET, or omitting the secondary antibody.

1.6.7 Immunocytochemistry of cells and frozen sections.

It must be noted here that the following staining procedures were carried out 

alongside and with the help of Dr Woolf. Double-staining and confocal 

microscopy procedures were carried out by Dr Hardman.

1.6.8 Transgenic metanephric cells. 10  ̂ cells were seeded into each 

fibronectin-coated well of 8-chamber slides and were grown for one week

under permissive conditions (33®C with IFN-y). 10^ cells were plated and

cultured under non-permissive conditions (39^0 without IFN-y) in order to 

achieve a similar degree of confluence after one week. Cells were washed 

twice in PBS and fixed for 5 minutes with either 2 % paraformaldehyde in 

PBS at room temperature or with ice-cold 100 % ethanol before detection of 

surface or intracellular antigens respectively. After a blocking step 

(incubation for one hour at room temperature with 10% goat serum) cells were
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incubated at 4^C with the primary antibodies which were detected with 

appropriate FITC-conjugated secondary antibodies. Primary antibodies were: 

mouse anti-pancytokeratin, goat anti-human HGF/SF, rabbit anti-mouse met, 

mouse anti-SV40 T Ag (PAb 412), rat monoclonal anti-mouse syndecan (281- 

2), rat monclonal anti-uvomorulin (DECMA-1), and mouse monoclonal anti- 

vimentin. The specificity of the anti-met antibody was confirmed by 

preincubation with a MET control peptide.

To localise met and HGF/SF protein within the metanephros, 10 pm cryostat 

sections of mouse kidneys were reacted with the above antibodies using the 

same protocols as for the cell lines except that the sections were not fixed. 

Note that for HGF/SF immunocytochemistry, the anti-human antibody was 

used because it resulted in a stronger signal than the anti-mouse antibody 

which we used in other experiments.

1.6.9 Mesangial cells. Cells were fixed for 2 minutes in 2 % 

paraformaldehyde or acid-alcohol (95 % v/v ethanol and 5 % glacial acetic

acid) or methanol. Primary antibodies were applied for 18 hours at 4^0: anti- 

desmin, anti-endothelial cell antigen, anti-fibronectin, anti-HGF/SF (raised in 

goat, raised in sheep, anti-mouse MET, anti-myosin, anti-pancytokeratin, 

anti-PECAM/CD31, anti-smooth muscle actin, anti-SV40 T Ag, anti-vimentin.
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and anti-von Willebrand factor. They were detected by FITC- or TRITC- 

conjugated secondary antibodies.

For double staining of HGF/SF and MET, paraformaldehyde-fixed mesangial

cells were incubated with rabbit anti-MET plus sheep anti-HGF/SF at 4^0 for 

18 hours. Secondary antibodies were applied sequentially (Texas Red- 

conjugated goat anti-rabbit IgG followed by FITC-conjugated donkey anti

sheep IgG). Paraformaldehyde-fixed 10 pm cryosections of non-transgenic 

embryonic and adult kidneys were incubated with the anti-MET or anti- 

HGF/SF antisera as for immunocytochemistry. F-actin filaments were stained 

with FITC-conjugated phalloidin. In all cases controls were carried out and 

they were the same as those described in the ABC/HR? section.

1.7 Analysis of slides.

Sections were examined and photographed on a Zeiss Axiophot microscope at 

magnifications of lOX and 40X. Tissue localisations of the stain could be 

clearly seen at these magnifications. Double stained sections were examined at 

appropriate wavelengths with a laser scanning confocal microscope (Leica 

Lasertechnik GmbH). Experimental slides were compared to both negative 

and positive controls. Tissue location of stain was carefully examined over the 

whole section for any one sample and recorded accordingly.
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2.Functional Studies.

2.1 Derivation of conditionally-immortal cell lines.

The possibility of growing cells through many passages with the retention of 

original phenotypes has been a major problem in cell culture until recently. 

We were able to generate conditionally-immortal cell lines from the H tsA58 -

2K^- transgenic mouse (SV40 TAg) (Jat et oh, 1991). Each cell expresses the 

thermolabile immortalising Simian Virus large T antigen under the control of a 

y-interferon-inducible promoter.

2.2 Derivation of renal mesenchymal lines.

Homozygous male H-2K^-tsA58 transgenic mice were mated with non- 

transgenic females of the same strain (CBA/Ca x C57B1/10) provided by Dr P. 

Jat (Ludwig Institute, UCLMS, London). These, and non-transgenic embryos, 

were harvested at E ll. After careful dissection of the renal mesenchyme away 

from the ureteric bud, fragments of mesenchyme, comprising 100-1000 cells, 

from transgenic and non-transgenic embryos were placed into plastic wells 

coated with frbronectin (20 mg/1 in water). Fibronectin was used as substrate 

because it is a major component of the embryonic day 11-12 metanephric 

mesenchyme matrix. Explants were incubated at 37°C in a 95% relative 

humidity, 5% C02/air atmosphere in the basal medium with 1% vol./vol fetal 

calf serum (PCS).
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Non-transgenic cells were grown at 39^C without y-interferon (non-permissive 

conditions) while transgenic cells were initially expanded under permissive 

conditions; these were 33^C with recombinant murine y-interferon (40 x 10  ̂

U/1). Transgenic cells were subsequently passaged after enzymatic dissociation 

(trypsin 1000 U/ml, 0.02 % EDTA in Dulbecco's Modified Eagle's Medium 

for 5 minutes at room temperature) and then cloned by limiting dilution. Of 

13 lines analysed for HGF/SF and MET expression by RT-PCR, 2 

representative clones were selected for further study.

The proliferation of these 2 clones was assessed by plating 10  ̂ cells into each 

well of a 24-well plate and counting viable cells which excluded trypan blue at 4, 

7 and 11 days. Experiments were performed to determine cell proliferation under 

permissive and non-permissive conditions in the basal media alone and when this 

was supplemented with either 1 % fetal calf serum, or 50 m g/1 IGFI or 1 nM 

recombinant mouse HGF/SF.

2.3 Derivation of mesangial cell lines.

The isolation of glomeruli fi*om the adult kidney was performed with the help 

of Dr Stan White, University of Sheffield.

Kidneys of 6 week postnatal heterozygous H-2K^-tsA58 mice were placed in 

HEPES (5N-2-hydroxyethylpiperazine) buffered salts solution (pH 7.40; 118.0
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mM NaCl, 4.7 itiM KCl, 1.25 mM CaCl2 , 1.25 mM MgCl2 , 1.18 mM 

KH2 PO4 , 5 mM glucose, 5 mM glycine, 20 mM Na cyclamate). Cortex slices

were disaggregated at for 45 minutes in collagenase (Worthington Type 

IV: 0.75 g/l) in a 1:1 mixture of HEPES solution and Ham's F12/Dulbecco's 

Modified Eagle's Medium (DMEM) with 5 mgd transferrin, 5 mg/l insulin, 50 

nM hydrocortisone and 50 nM Na selenite. Tubules were separated by 

centrifuging on a 50 % isotonic Percoll density gradient (26,000 x g for 30 

minutes in a Beckman ti60 rotor).

The uppermost band of glomeruli and distal nephrons (White et al., 1992) was 

passed through 200-300 mesh sieves. Glomeruli were cultured in 6  well 

dishes, incubated at 37°C in a 95% relative humidity, 5% C02/air atmosphere

in DMEM with 5% v/v FCS, L-glutamine (4 mM), penicillin (10^ U/l),

streptomycin ( 1 0 ^ u/l) and amphotericin (500 mg/l) in the permissive

condition (33®C with 4  x 1 0 ^ U/l murine IFN-y). After 2 weeks outgrowths

were dissociated with trypsin ( 1 0 ^ U/l) and EDTA (0.02% in Câ "*" and Mĝ "*”- 

ftee DMEM). Four mycoplasma-ffee lines (G1-G4) were isolated by limiting 

dilution and investigated at passage 5-15.

Proliferation was examined at 33^0 and 39^0, in the presence or absence of 

IFN-y. Cells (5 x 10^) were plated into 24 well plates and viable cells 

excluding trypan blue were counted after 4 days culture in DMEM with 5%
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fetal calf serum. Although low levels of HGF/SF may be present in some sera 

the serum we used did not contain bioactive HGF/SF as assessed by the 

absence of scattering activity and the inability to phosphorylate MET in the 

assays to be described. In some experiments serum-free defined medium 

(DMEM supplemented with L-glutamine (4 mM), 5 mg/l transferrin, 5 mg/l 

insulin and 50 nM sodium selenite) and 20-200 pM recombinant HGF/SF 

purified by heparin affinity chromatography from supernatants of a mouse 

myeloma line (N50) transfected with mouse HGF/SF was used.

2.4 Scatter bioassay for HGF/SF.

To test the bioactivity of HGF/SF as produced by a cell of a certain type (e.g 

fibroblasts) and secreted into its surrounding media, a very easy assay has 

been developed based on the findings of Stoker and Perryman (1985), Stoker 

et al, (1987), and Gherardi et al, (1989). An epithelial cell line known as 

MDCK are used in this assay because they are highly sensitive to scattering. 

These cells normally grow in compact, adherent epithelial cell islands, but 

disperse or scatter upon the addition of conditioned medium which contains 

HGF/SF. MDCK cells were plated in plastic 96 well plates followed by serial 

2-fold dilutions of test substances in DMEM containing 5% FCS. The plates 

were incubated overnight at 37°C, and cell scattering was assessed after 

fixation and staining.
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Confluent monolayers of transgenic renal mesenchyme ceils were washed 

twice in serum-free media and covered in basal medium with 1% v/v FCS. 

After 2 days the conditioned medium was harvested and HGF/SF scattering 

bioactivity was measured using monolayers of the MDCK epithelial cell line 

as a target Serial doubling dilutions of the conditioned medium (0.15 ml)

were added to a suspension of 3x10^ MDCK cells in 0.15 ml DMEM with 5% 

v/v FBS in 96 well plates. After 18 hours of incubation at 37°C at 95% 

relative humidity, 5% C02/air atmosphere the cells were washed twice in PBS 

and fixed in 4% paraformaldehyde (made in PBS) for 10 minutes. The cells 

were again washed twice in PBS before the stain Coomassie blue (0.05% 

R250 Coomassie blue, 20% methanol, 7.5% glacial acetic acid) was applied to 

them. This was left on the cells for 20 minutes then washed off with PBS, 

allowed to dry and the ability of the conditioned medium to prevent the 

formation of epithelial islands was recorded.

The conditioned medium from a mouse cell line, D4-ras' NIH3T3, which 

secretes high levels of HGF/SF, was used as a positive control. In addition,

before the assay duplicate samples were incubated for 4 hours at 40C with 

rabbit polyclonal anti-mouse HGF/SF antibody (FIB3D, IgG fraction, 10 mg/l) 

in order to block bioactivity or with the same protein concentration of the IgG 

fraction of rabbit pre-immune serum. In some experiments Fab2 fragments 

were used.
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Mesangial cells were cultured at 10  ̂ cells/cm^ in DMEM with 5% FCS and 

conditioned media harvested after 2 days. Scattering bioactivity was measured 

using Madin Darby Canine Kidney (MDCK) epithelia as target cells and the 

technique used was the same as that described above. In this assay, a titre of 

<2 indicates no bioactivity. Conditioned medium from the mouse D4-ras 

NIH3T3 line was a positive control. In some experiments the conditioned 

media was incubated for one hour at room temperature with a neutralising goat 

antiserum against human HGF/SF (10 mgd) before bioassay. This antibody 

shows no cross-reactivity with a wide range of cytokines produced by 

mesangial cells (e.g. TGF-P, PDGF and VEGF) and the blocking ED5 0  is 2-4 

mg/l for 1 nM recombinant human HGF/SF. This antibody blocked MDCK 

scattering induced by recombinant mouse HGF/SF and by D4-ras NIH3T3 

conditioned medium.

To study the effects of recombinant HGF/SF and its blocking antibody on 

mesangial shape, cells were plated at lO' /̂cm̂  in DMEM and 5% FCS with 

recombinant HGF/SF (20-200 pM), neutralising serum (10 mg/l), non-immune 

IgG at the same concentration or 20 -50 pg /ml suramin.

2.5 Organ culture.

Organ culture is an in vitro system which allows a tissue to proliferate, 

differentiate and go through morphogenesis as a whole organ, with the cuture
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conditions being as close to those in vivo as possible. Organ cultures tend to 

maintain the cellular associations found in the tissue. Grobstein used organ 

culture systems in the 1950’s to look at the development of many branching 

organs, the kidney being one (Grobstein, 1953). Organ cultures can be easily 

manipulated with different factors oT substances of interest, providing the 

appropriate controls are carried out alongside them.

The morning of the vaginal plug was defined as embryonic day 0 (EO). Non- 

transgenic mouse embryos (CBA/Ca x C57B1/10) were dissected at 

embryonic day 11 and 12 when the ureteric bud had respectively penetrated or 

branched once within the metanephric mesenchyme. Organs were explanted 

onto transparent, permeable supports and were cultured in serum-ffee basal

media at 37^0 in a 95% relative humidity 5% COi/air atmosphere.

The advantage of these transparent permeable supports is that it allows 

qualitative and quantitative ongoing measurements of growth and 

morphogenesis for example counting branches or measuring organ area. These 

supports were excellent for photomicroscopy of the living explanted organs. 

The basal medium consisted of Dulbecco's Modified Eagle Medium/Ham's F- 

12 supplemented with glutamine (1 mM) progesterone (1.5 mg/l), insulin (1 

mg/l), putrescine (0.4 mg/l), thyroxine (10 mg/l), triiodothyronine (7 mg/l), 

selenium (1 mg/l), transferrin (100 mg/l), penicillin G (lOOOU/1) and
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streptomycin (1 mg/l). Fifteen embryonic day 11 and 30 embryonic day 12 

metanephric organs were grown for 72 hours in each of three conditions; a) 

basal media alone; b) basal media and 10 mg/l IgG Fab2 fragments of rabbit 

anti-mouse HGF/SF antibody in order to block the bioactivity of HGF/SF, c) 

basal media and 10 mg/l Fabi fragments prepared from non-immune rabbit 

IgG.

The same concentration of anti-HGF/SF antibody was used in preliminary 

titration experiments to establish the ability of the anti-HGF/SF IgG to 

neutralise the activity of mouse recombinant HGF/SF on MDCK cells. At 

500 and 250 pM HGF/SF, neither pre-immune IgG or anti-HGF/SF IgG had 

any effect. Anti-HGF/SF IgG, however, substantially inhibited the factor at the 

concentration between 7.8 and 125 pM, which are within the range of factor 

produced by fibroblasts in culture. In a limited set of experiments (n=5 for 

each condition) the media was supplemented with 5% vol./vol. heat- 

inactivated fetal calf serum (FCS).

Medium was changed daily and morphology was documented with 

photomicrographs using an inverted microscope. Ureteric bud branch tips 

were counted at day 3, expressed as median (range) and groups were 

compared using unpaired Wilcoxon Rank tests. At day 3 the organs were 

fixed for 2 hours in 4% paraformaldehyde in PBS (pH 7.0) before being
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processed for 10 pm thick paraffin-embedded sections or for endogenous 

galactosidase activity by whole-mount histochemistry. The latter technique 

uses the X-gal reagent to stain and identify mature renal epithelia.

2.6 X-gal assay.

Embryonic kidneys and kidneys grown in organ culture were fixed in 4% 

paraformaldehyde made up in PBS and left for one hour. Three 20 min 

washes followed in PBS containing 0.01% sodium deoxycholate and 0.02% 

Nonidet P40. To 20 mM potassium ferricyanide and 20 mM ferrocyanide, 50 

ml acetate buffer pH 5.4 ( 8.8 ml 0.2 M glacial acetic acid, 41.2 ml 0.2 M 

sodium acetate made up to 100 ml with distilled water) was added which 

included 0.02% Nonidet P40 and 1ml X-gal (250 mg X-gal, 5 ml N,N- 

Dimethyl formamide). The bottle was covered in foil and kept at 4°C until 

use. After the last wash with the PBS solution, the X-gal buffer was added to 

the kidneys and incubated overnight at 37°C. If a reaction had taken place the 

kidney’s looked blue.
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Chapter V. Results.

1. Roles of HGF/SF and MET in the early 

development of the mouse metanephros.

1.1. HGF/SF and MET expression in early nephrogenesis.

1.2. mRNA assessed by RT-PCR.

As assessed by RT-PCR, HGF/SF and MET transcripts were detected 

throughout early nephrogenesis (E ll-14) as well as in the kidneys of neonatal 

(post-natal day 1, PI) and adult mice (P90) (Fig. 6). In addition, using the 

same methodology, isolated E ll mesenchyme expressed both HGF/SF and 

MET (Fig. 6). To ensure that genomic DNA was not present prior to the RT 

reaction, all RNA samples were DNAse I treated. Genomic DNA 

contamination was never detected using the gene specific primers for HGF/SF, 

MET and P-actin.

Two further controls carried out also proved that there was no contamination 

in the reaction, these being the omission of reverse transcriptase enzyme and 

substituting RNA with DEPC-treated water. To ensure that the RT-PCR 

products obtained for HGF/SF and MET were correct each product was 

sequenced. The HGF/SF RT-PCR product was found to match the sequence
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described by Tashiro et al, (1990). The MET product was found to match the 

sequence described by Chan et al, (1987).

1.3. mRNA localisation by in situ hybridisation.

Using in-situ hybridisation HGF/SF transcripts were detected in the 

metanephric mesenchyme at E ll (Fig. 7A) and, on E l4 (Fig. 7D), they 

appeared in a thin rim in the periphery of the metanephros where 

undifferentiated mesenchymal cells and renal capsular cells are located. Using 

in-situ hybridisation, MET transcripts were detected in the E ll  metanephros 

both in the mesenchyme and the ureteric bud (Fig. 7B). On E l4, the highest 

expression of MET was noted in the branching tips of the ureteric bud with 

lower activity in the renal mesenchyme and the primitive nephrons or S- 

shaped bodies (Fig. 7E ).

1.4. Immunohistochemistry for HGF/SF and MET.

On E ll , HGF/SF protein was located between metanephric mesenchymal cells 

but not over the ureteric bud (Fig. SC), and on E l4, both mesenchymal cells 

and primitive nephrons in the outer nephrogenic zone were surrounded by 

immunoreactive HGF/SF (Fig. 8D). The more extensive distribution of the 

HGF/SF protein compared to mRNA is consistent with being a secreted 

protein which is sequestered in the extracellular matrix. On El 1 MET protein 

was clearly identified in both the ureteric bud and also in the surrounding renal
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mesenchyme (Fig. 8A), while on E l4 it was detected in the branches of the 

ureteric bud, with lower levels in the nephrogenic zone (Fig. SB). On E l4, the 

renal interstitium did not express MET (Fig. SB).

1.5. Metanephric mesenchymal cell lines.

In order to investigate further the expression of HGF/SF and MET in the renal 

mesenchyme, cell lines were derived from the E ll  metanephros. Non- 

transgenic E ll metanephric mesenchyme formed primary cultures but, in 10 

separate experiments, ceased to proliferate by the second passage. In contrast, 

transgenic cultures grown in the permissive conditions continued to proliferate 

allowing clones to be isolated by limiting dilution (Fig. 9).

The clones maintained the same phenotypes for 25 passages and upon 

subcloning and thus far they been passaged over 40 times, suggesting that they 

are immortal. When cultured in basal media with 1% vol./vol. FBS, the 

continued proliferation of the clones was dependent on both y-interferon and a

temperature of 33^C. Removal of y-interferon or shifting to a higher

temperatures (37^C and 39.5^0) both resulted in a cessation of proliferation 

(Fig. 10). In addition, transgenic lines did not proliferate under non-permissive 

conditions in the presence of HGF/SF or IGFI. Immunostaining for SV40 T 

Ag revealed that the protein was present only under the permissive condition.
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Of 13 metanephric mesenchymal lines analysed by RT-PCR and the MDCK 

bioassay, 5 were HGF/SF“̂ /mef^ and 8 were HGF/SF’/mef^. No clones were 

isolated with the HGF/SF“/mef or HGF/SF“̂ /mef phenotypes. Two 

representative clones were selected for detailed investigation. These were the

M5 (HGF/SF"^/ met “*") and A1 (HGF/SF"/met“*") lines (Figs. 6 and, 11 A and B 

). Both expressed vimentin and syndecan (Fig. 11C,11D and 12). From these 

results we conclude that the M5 and A1 clones are induced renal mesenchymal 

cells and not ureteric epithelial cells. The phenotypes of these lines were 

similar under permissive and non-permissive conditions, except that the non

proliferating cells were larger.

The M5 cells had irregular outlines in monolayer culture (Fig. 11 A). They 

expressed HGF/SF as assessed by RT-PCR (Fig. 6). HGF/SF bioactivity was 

detected in M5-conditioned medium as assesed by the MDCK assay (1/10th 

the titre of a positive control ras-NIH 3T3 line) and HGF/SF immunoreactivity 

was detected by Western blotting (Fig. 13). The bioactivity of M5-condition 

medium could be abolished by pre-incubation with 10 mg/l of the anti-mouse 

HGF/SF antibody. This cell line did not express uvomorulin suggesting that it 

had not entered a mesenchymal to epithelial transition. In permissive 

conditions, both serum and IGF I significantly accelerated cell proliferation 

compared to the basal media but HGF/SF did not enhance proliferation (Fig. 

14) even though MET transcripts were detected by RT-PCR (Fig. 6).
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Individual Al cells were cuboidal in shape and they had a cobble-stone 

appearance at confluence (Fig. IIB, 12). They did not express HGF/SF as 

detected by RT-PCR (Fig. 6) and A1-conditioned media contained neither 

bioactive nor immunoreactive HGF/SF, as assessed by the MDCK scattering 

assay and Western blotting respectively (Fig. 13). MET transcripts were 

detected by RT-PCR (Fig. 6) and the A1 cells stained positively with 

antibodies to MET. In the permissive conditions, HGF/SF, IGFI and FBS each 

significantly enhanced proliferation compared to the basal medium (Fig. 14). 

The A1 clonal line stained positively for uvomorulin (Fig. HE) and syndecan 

(Fig. 12), suggesting that it had entered a mesenchymal to epithelial transition.

1.6. Gross effects of anti-HGF/SF antibody in metanephric organ 

culture.

When E ll organs were explanted the ureteric bud had penetrated the 

mesenchyme but had not branched (Fig. 1A and E). After 3 days of culture in 

basal media alone (Fig. 15A) or with non-immune rabbit IgG Fab2 (Fig. 15B) 

the bud had divided to give a median of 5 branch tips (range 2-10) and 

mesenchymal condensates were detected around the branches of the bud (Fig. 

15D).

In contrast, in the presence of the anti-HGF/SF antibody (Fig. 15C), branching 

was significantly limited compared to the controls, with only a median of 2
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(range 1-4) tips present after 3 days (p<0.05). These branch tips were often 

dilated or cystic and they were surrounded by mesenchyme which failed to 

form condensates (Fig. 15E). With the anti-HGF/SF antibody we also noted 

cell death in the mesenchyme as assessed by the presence of darkly staining, 

pyknotic nuclei (Fig. 15E).

These appearances were suggestive of apoptosis and were investigated further 

as reported below (Confocal microscopy of metanephric organ culture). When 

E l2 organs were explanted, the ureteric bud had branched once (Figs. IB and 

F) and after 3 days of organ culture a median of 10 (range 6-17) branch tips 

had formed in basal media either alone (Fig. 15F) or when non-immune IgG 

was added (Fig. 15G). Between the branches of the ureteric bud, X-gal- 

positive nephron precursors had developed (Figs. 151 and J).

Although branching of the ureteric bud did occur in E l2 organs in the 

presence of the anti-HGF/SF antibody, the number of branch tips were 

reduced (median 6, range 3-12; p<0.05 versus basal media alone; Fig. 15H). 

Moreover, this treatment prevented the development of X-gal-positive nephron 

precursors (Fig. 15K) suggesting a lack of mature nephron epithelia. 

Additional experiments demonstrated that concentrations of non-immune Fab2 

IgG ten-fold greater that those used above did not inhibit nephrogenesis nor 

did they cause morphological evidence of cell death.
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1.7. Confocal microscopy of metanephric organ culture.

The detailed tissue effects of manipulation of the HGF/SF/MET axis was 

investigated using confocal microscopy of propidium iodide stained rudiments. 

At the time of explantation (E 11) no primitive nephrons (comma or S-shaped 

bodies) were present. After 48 hours in the basal media with the control 

antibody, comma shaped nephron precursors had developed in the periphery of 

the organ and more mature, S-shaped bodies, were evident in the presumptive 

renal medulla between the branches of the ureteric bud (Fig. 16 A and C). 

Organs cultured in basal medium alone showed a similar state of 

differentiation.

In marked contrast, when organs were cultured with 10 mg/l of the anti- 

HGF/SF antibody there was little or no evidence of a mesenchymal to 

epithelial transition (Fig. 16 B and D). Compared to organs cultured in control 

antibody, the anti-HGF/SF antibody caused significant increase in the 

incidence of apoptotic nuclei after 48 hours of culture in the centre of the 

organ (Table 3 and Fig. 16 D ): visual inspection revealed that apoptosis was 

prominent in the mesenchymal compartment rather than in the ureteric 

epithelium. The addition of recombinant HGF/SF (100 pM) did not produce 

significant morphological changes nor did the factor significantly alter the 

frequency of apoptosis (Table 3). Detailed analysis, however, revealed that 

HGF/SF caused a small increase in the incidence of mitotic figures in the
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peripheral mesenchyme (2.06 ± 0.22 versus 1.50 + 0.18 mitoses per field, p = 

0.05).

2. Summary.

From E l l ,  the mouse metanephros expressed HGF/SF in the renal 

mesenchyme while MET was expressed in both the renal mesenchyme and the 

ureteric bud. It was established that conditionally-immortal and 

phenotypically stable cell lines can be derived fiom the E ll  renal mesenchyme 

and that these cell lines resemble cells at distinct stages of mesenchymal- 

epithelial transition. All cell lines expressed MET and a subset co-expressed 

HGF/SF and MET. From metanephric rudiments grown in serum-free organ 

culture it was found that anti-HGF/SF antibodies inhibited the growth and 

differentiation of the metanephros which included disrupting the branching 

morphogenesis of the ureteric bud and increasing cell death within the 

metanephric mesenchyme. However, blockade of HGF/SF did not completely 

abolish branching.

167



N E PH RO G E N E SIS CELL
LINES

I l - - - - - - - - - - - - - - 1
Ikb  REM E11 E l2 E l3 E14 E17 PI P90 M5 A1 noRT DW 1kb

MET

HGF-SF

ACTIN

7 3 2  b p

5 5 9  b p

5 4 0  b p

FI&.6.

168



Figure 6. RT-PCR of HGF/SF and MET during nephrogenesis and in 

mesenchymal cell lines. RT-PCR products for MET, HGF/SF, and p-actin 

were located at 732, 559, and 540 bp, respectively. Thirty cycles of 

amplification were carried out, and the fragments were electrophoresed 

through a 1% agarose gel. MET and HGF/SF transcripts were detected in 

isolated embryonic day 11 renal mesenchyme (REM), in the whole 

metanephros during early (embryonic day 11- embryonic day 14) and late 

(embryonic day 17) nephrogenesis and in the whole kidney at post-natal days

I and 90 (PI and P90). M5 and A1 are cell lines cloned from embryonic day

II metanephric mesenchyme. Note that MET is expressed by both lines but 

HGF/SF was only detected in the M5 clone. Ikb are size markers while no RT 

and DW indicate the negative controls (no reverse transcriptase and distilled 

water only).
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Figure 7. In situ hybridisation for metanephric HGF/SF and MET.

A. At embryonic day 11 HGF/SF mRNA was detected in the nephrogenic 

mesenchyme. At embryonic day 14 (D) HGF/SF transcripts were located in 

the periphery of the organ (open arrows), where stem cells and capsular cells 

are located, but not in the branch tips of the ureteric buds (w). MET transcripts 

were detected throughout the embryonic day 11 organ (B). On embryonic day 

14 (E) MET mRNA was highly expressed in the branching tips of the ureteric 

bud (large closed arrows). On embryonic day 14 lower levels of MET 

transcripts were also detected in the mesenchyme in the periphery of the organ 

(open arrows) and also in S-shaped bodies which are primitive nephrons 

(small closed arrows). Sense riboprobes for HGF/SF (C) and MET (F) reveal 

no significant hybridisation; note lack of signal around the periphery of organs 

(open arrows), m is mesenchyme and u is the ureteric bud or its branches, as 

indicates antisense riboprobe and s indicates sense riboprobe. Bar is 50 pm.
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Figure 8 . Immunohistochemistry for metanephric HGF/SF and MET.

A On embryonic day 11 both the ureteric bud (m) and the mesenchyme (m) are 

positive for MET. B On embryonic day 14, strong MET immunostaining is 

observed in the branches of the ureteric bud (m), and there is a weaker signal in 

the mesenchyme (m) in the periphery of the organ. At this stage the renal 

interstitium (/) does not express MET. C. On embryonic day 11 HGF/SF 

protein was detected in a patchy distribution in the nephrogenic mesenchyme, 

whereas the ureteric bud is negative. D. On embryonic day 14 HGF/SF 

immunoreactivity was located in the mesenchyme and around comma-shaped 

nephron precursors (c) in the periphery of the organ. Minimal background 

immunofluorescence was noted when the anti-MET antibody was pre

absorbed with MET peptide (F); bright-field of C and F is shown in E. The 

ureteric bud is indicated by arrowheads in A, C and E. Bars are 25 jiun.
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Figure 9. Derivation of metanephric cell lines. A. Renal mesenchyme 

fragments were microdissected free of ureteric bud and from transgenic and 

non-transgenic mouse embryos. They were placed in plastic wells coated in 

fibronectin. B. After 3 passages the transgenic cells appear to have a 

mesenchymal phenotype. C. After 3 passages the non-transgenic cells became 

large and very 5en«5^2/7t.A. Bar is 50 pm. B and C. Bar is 25 pm.
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Figure 10. Proliferation of conditionally-immortal renal mesenchyme lines.

After seeding 10  ̂ of A1 or M5 cells onto fibronectin-coated dishes on day 0, 

they were grown at 33^0, 37^0 and 39®C with and without y-interferon. 

Viable cells were counted at 4 and 11 days (n=3, mean+SD). •  = A1 and ■  

= M5 lines.
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Figure 11. Phenotype of two metanephric mesenchymal cell lines.

The M5 cells had an irregular “fibroblastic” outine in monolayer culture (A) 

while individual A1 cells were cuboidal and formed a compact cobblestone 

appearance at confluence (B). Positive immunostaining for vimentin (C) and 

syndecan (D) by the M5 clone. Only the A1 cells stained with antibodies to 

uvomorulin (E). Bar is 50 pm.
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Figure 12. FITC-syndecan staining of the metanephric cell lines. The

upper panel shows the A1 cell line staining for the cell surface proteoglycan 

syndecan. The lower panel shows the M5 cell line staining for syndecan. The 

cell phenotypes are very clear. The nuclei of both the cell lines are stained 

with Hoescht. [Bar is 200 pm.
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Figure 13. Western blotting for HGF/SF.

Immunoreactivity for HGF/SF protein was detected at 62kDa in the 

conditioned media of D4 ras NIH 3T3 cells (positive control) and of the M5 

clone but was not present in media from A1 or in unconditioned medium 

(medium alone). The titer of scattering activity from the MDCK bioassay is 

shown below each lane. <2 indicates no detectable bioactivity.
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Figure 14 . Effects of growth factors on proliferation of renal mesenchyme 

cell lines.

10  ̂ cells were seeded at day 0 were grown for 11 days in permissive 

conditions (33^0 with y-interferon). After 11 days viable cells were counted 

(n=4, mean+SD).

* indicates a significant difference from serum-free basal medium. HGF/SF 

and IGF I were added at 50 mgd.
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Figure 15. Blockade of HGF/SF in metanephric organ culture.

Stereomicroscope images of E ll (A-C) and El 2 (F-K) rudiments after 3 days 

of culture in serum-free basal media alone (A, F and I), basal media and non- 

immune rabbit IgG Fab2 (B, G and J) and basal media with rabbit anti-mouse 

HGF/SF IgG Fab2 (C, H and K). In I-K, E12 organs which had been cultured 

for 72 hours were stained with X-gal to reveal endogenous galactosidase 

activity, a marker of mature epithelia derived from both the the urtereiic bud 

and renal mesenchyme. Note that ureteric bud branching and nephron 

formation are limited in organs treated with anti-HGF/SF antibody. 

Photomicrographs of 10 pm paraffin sections stained with haematoxylin and 

eosin are shown for an E ll rudiment grown for 3 days in basal medium (D) 

and for the same period in the presence of anti-HGF/SF antibodies (E). Note 

the condensations of mesenchyme around the tips of the ureteric bud in D 

compared with the cystic dilatation of the bud surrounded by loose 

mesenchyme with pyknotic nuclei in E. Arrowheads indicate the tips of the 

ureteric bud and arrows indicate either mesenchymal condensates (D ) or 

nephrons (F and \). Ureteric bud or its derivatives designated by u and 

mesenchyme by m. Bars are 100 pm.
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Figure 16. Tissue effects of anti-HGF/SF antibody.

El 1 metanephric rudiments were cultured for 48 hours in the presence of basal 

serum-free medium with control antibody (A and C) or with 10 mg/l anti- 

HGF/SF IgG Fab2 fragments (B and D) and visualised by confocal microscopy 

after staining with propidium iodide. A and B represent outer areas of the 

organ in the vicinity of the tips of the ureteric bud branches, while C and D 

show inner areas of the explants. In organs grown with control antibody, S- 

shaped bodies (5 ) and comma-shaped nephron precursors (c) have formed from 

mesenchyme (m) between the branches of the ureteric bud (u): in C., the open 

arrows indicate the close proximity of the distal end of an S-shaped body with 

a branch tip of the ureteric bud. In the presence of the anti-HGF/SF antibody, 

no normal nephron precursors formed in the inner part of the organ (D) 

although occasional deformed vesicle-like structures (v) were noted in the 

outer parts (B). Apoptotic nuclei appear are irregular, small and bright 

(arrowheads) and mitotic nuclei are indicated by closed arrows. All fields 

contain apoptotic nuclei, and the anti-HGF/SF antibody significantly increased 

apoptosis in mesenchyme in the centre of the organ (D). Bar is 25 pm.
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TABLE 3.

Effects of anti-HGF/SF antibodies on apoptosis in E ll  metanephros 

cultured for 48 hours.

Whole organ Peripheral mesenchyme Medulla of metanephros
(mesenchyme and ureteric epithelia)

n = 98 fields n = 46 fields n = 46 fields

Basal medium 7.44 + 0.70 6.02 + 0.76

HGF/SF (100pM) 9.35 + 0.89 7.40+ 1.10

Control Ab 9.24 + 0.77 8.46 + 1.09

Anti-HGF/SF Ab *12.89 + 1.01 9.05 + 1.12

8.58+1.10

11.10+1.31

10.12+1.06

*15.64+ 1.47

Results are expressed as apoptotic nuclei per high power field as mean + SEM
* p < 0.01 versus control antibody and also versus basal medium alone, n = 8 organs in each
group.
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Chapter VI. Results.

1. HGF/SF and MET in renal mesangial cells.

1.1. Isolation of conditionally-immortal mesangial cells.

Four mesangial cell lines (Gl-4) were isolated which maintained similar 

phenotypes to passage 15. All cell lines stained for SV40 T Ag in the 

permissive condition but this temperature-sensitive protein was absent in the 

non-permissive condition (Fig. 17). All lines expressed mesangial markers 

including smooth muscle actin, desmin, myosin (Fig. 18).

Individual cells were multipolar and at confluence (Fig. 18) they lacked the 

cobblestone appearance of epithelial and endothelial cells. They were negative 

for cytokeratin, an epithelial marker, and for endothelial markers (von 

Willebrand factor, MCA 762 and anti-CD 1: data not shown). Proliferation 

was dependent on the presence of the SV40 T Ag (Fig. 19), and cells appeared 

larger after withdrawal of the immortalising protein (Fig. 18). In the 

permissive condition, cells continued to proliferate without serum (Fig. 19). 

When the transgene was inactivated 5% FCS maintained viability but cells did 

not proliferate; in the non-permissive condition cells died in defined medium 

(Fig. 19). Thus we had isolated conditionally-immortal mesangial cells.
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1.2. Mesangial cells express MET.

MET transcripts were detected by RT-PCR in normal embryonic day 16 (El6) 

metanephros, in neonatal and in adult organs (Fig. 20). The RT-PCR controls 

were the same as those described previously. At E l6, immunocytochemistry 

detected MET in the vascular stalk within the crevices of primitive glomeruli 

(Fig. 21), an area which contains endothelial and putative mesangial cells 

(Bernstein et al., 1981).

The mature glomerulus is composed of mesangial, endothelial and epithelial 

cells. MET immunoreactivity was detected in mesangial cells which are 

multipolar and located in the centre of the glomerulus; they are surrounded by 

capillary loops (Fig. 21). A weaker signal was detected in other glomerular 

cells. As assessed by RT-PCR, cultured mesangial cells expressed MET 

mRNA (Fig. 20). MET protein was detected in these cells by 

immunocytochemistry (Fig. 22), the 140 kDa MET p-subunit was identified 

on Western blot and recombinant HGF/SF caused tyrosine phosphorylation 

(Fig. 23).

In the presence of the SV 40 T Ag, 20-200 pM HGF/SF significantly enhanced 

proliferation of mesangial cells in defined medium but the factor did not 

additionally increase cell number in the presence of serum. In the non-
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permissive condition HGF/SF was unable to prevent cell death in the serum 

jfree medium (Fig. 19).

1.3. HGF/SF changes mesangial cell shape.

Further experiments were performed in the absence of the immortalising SV40 

T Ag when cells were not proliferating. Muilipokr mesangial cells contained 

prominent F-actin stress fibres terminating in focal adhesions (Figs. 24-26). 

Recombinant HGF/SF produced striking shape changes in all 4 lines. Cells in 

confluent monolayers separated (not shown) while cells at lower density 

became thin and bipolar, possessing lamellapodia and long processes at 

opposite poles (Figs. 24 and 25).

After 12-24 hours exposure to HGF/SF, F-actin filaments were maintained 

along the perimeter of cells, in the long processes and in the borders of the 

lamellipodia but after 48 hours F-actin staining decreased (Fig. 25). In the 

presence of recombinant HGF/SF the plasma membrane appeared irregular or 

ruffled and the cytoplasm contained prominent vacuoles (Fig. 26). No changes 

in immunostaining for desmin, myosin or smooth muscle actin were noted 

after HGF/SF was added but extracellular fibronectin was markedly reduced 

(Fig. 27).
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1.4. Cultured renal mesangial cells express HGF/SF.

HGF/SF mRNA was expressed by embryonic and adult kidney, and in the 

mesangial lines (Fig. 20). HGF/SF was detected in cultured mesangial cells by 

immunocytochemistry and double-labeling demonstrated that the same cells 

expressed MET (Fig. 22). Conditioned medium collected from confluent 

mesangial cells in the non-permissive condition scattered MDCK cells at a 

titre of 16-32, a bioactivity abolished by pre-incubation with 10 mg/l of 

HGF/SF neutralising antibody. The D4-ras NIH3T3 line, which is known to 

secrete high levels of HGF/SF, produced a titre of 128-256. The addition of 

the above HGF/SF antiserum (10 mg/l) to low-density mesangial cells was 

associated with formation of areas of aggregated cells after 24 hours (Fig. 

28D). Upon addition of increasing concentrations of suramin (20-50 pg /ml) 

to low-density mesangial cells it could be seen that the cells began forming 

aggregations (Fig. 28 B and C) as with the addition of HGF/SF anti serum. 

This data suggests that HGF/SF of mesangial origin may contribute to basal 

cell conformation (Fig. 28). At higher concentrations of suramin (than those 

used in the study) it was found to be cytotoxic to the cells. Unspecific pre- 

immune goat IgG had no effect (Fig. 28A).
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2. Summary.

MET protein was detected in the vascular stalk of metanephric glomeruli and 

in the mature mesangium. Conditionally immortal mesangial cell lines also 

expressed the MET protein as well as the mRNA and upon stimulation with 

HGF/SF the MET receptor was phosphorylated. It was observed that HGF/SF 

could change the shape of these mesangial cells from being multipolar to being 

bipolar with reduced stress fibres and focal contacts. Fibronectin was also 

decreased which suggested reduced substratum adhesion and enhanced 

motility. These mesangial cell lines expressed both the HGF/SF protein and 

the mRNA. Bioactive HGF/SF was secreted by the mesangial cell lines and 

HGF/SF blocking antibody and the polyanionic detergent. Suramin could 

aggregate the cells.
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Figure 17. SV 40 T Ag immunostaining in conditionally-immortal 

mesangial cells. A. In the permissive condition ail cell nuclei stain for the SV 

40 T Ag. B After 4 days in the non-permissive condition the immortalising 

protein is barely detectable. Bar is 40 pm
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Figure 18 . Characterisation of mesangial ceil lines.

A-C permissive condition; and D-I non permissive condition. A and D. are 

stained with anti-smooth muscle actin antibody; B and E. with anti-desmin 

antibody; and C and F. with anti-myosin antibody. G-I. are negative controls 

without first antibodies. Smooth muscle actin and desmin staining are more 

prominent in the non-permissive condition and cells are larger in the absence 

of the SV40 T Ag. Bars are 10 pm.
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Figure 19. Mesangial lines are conditionally-immortal.

A. At day O, 5 x 10  ̂mesangial cells were plated and viable cells counted at 4 

days. Under permissive conditions (SS^C and IFN-y) HGF/SF (20-200 pM) 

enhanced proliferation in serum-free media (shaded) but with 5% serum (5 % 

FBS) the factor did not enhance proliferation. B. In the non-permissive 

condition (39^0 without IFN-y) cells did not survive in defined medium, either 

with or without added HGF/SF but serum prevented cells from dying. Values 

are means+SD of 8 experiments;* indicates p<0.01 versus basal medium.
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Figure 20. Expression of HGF/SF and MET mRNA by mesangial cells.

A. RT-PCR demonstrates MET mRNA in E l6 metanephros, neonatal and 

adult kidney and in a mesangial cell line (Gl). B RT-PCR for HGF/SF 

demonstrates mRNA in the same tissues. C. RT-PCR for actin confirms 

integrity of mRNA. Thirty cycles of PCR amplification were performed 

resulting in products; 732 bp for MET, 559 bp for HGF/SF and 540 bp for p- 

actin.
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Figure 21. MET protein in the glomerulus.

A. An S-shaped body in an E l6 metanephros. MET is expressed by the 

vascular stalk of the primitive glomerulus (arrowheads). The primitive 

glomerular epithelium (g) also stains for MET; pt and dt indicate the forming 

proximal and distal tubule. Bar is 20 pm. B. A mature glomerulus shows 

MET staining in all cells. Mesangial cells are indicated (arrowheads). Bar is 

20 pm. C. No signal when MET antisera was preabsorbed with MET 

peptide. Bar is 20 pm. D. High power of adult glomerulus. A multipolar 

MET-positive mesangial cell (arrowhead) is observed between a cluster of 

capillary loops located in the centre of a glomerulus (c). Bar is 5 pm.
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Figure 22. Both MET and HGF/SF protein are present in mesangial cells.

A. HGF/SF immunostaining in mesangial cells detected with FITC-conjugated 

second antibody; no staining was observed when anti-HGF/SF antibody was 

preabsorbed with recombinant factor (not shown). B MET immuno staining in 

the same field of cells detected with Texas Red-conjugated second antibody 

(see Figure 21C for absence of staining when antibody is preabsorbed with 

MET peptide). C. Combined confocal images shows that the factor and ligand 

are present in individual mesangial cells but staining for HGF/SF is more 

extensive than for MET. D. No significant signal with omission of first 

antibodies. Bar is 10 pm.
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Figure 23. Mesangial MET phosphorylation hy recombinant HGF/SF.

Upper panel: Immunoprécipitation of MET and Western blot for

phosphotyrosine in mesangial cells. After overnight serum-starvation, 

recombinant HGF/SF caused the phosphorylation of the MET receptor (140 

kDa p chain) in permissive and non-permissive conditions. Lower panel: 

Western blot for MET shows the p -subunit.
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Figure 24. Exogenous HGF/SF induces mesangial shape changes.

Mesangial cells cultured in serum in the non-permissive condition. A-D. 

Mesangial cell lines (G1-G4) at low density. Note the multipolar shape of the 

majority of cells. E-H. The same cell lines, 24 hours after addition of 200 pM 

recombinant HGF/SF. The majority of cells are bipolar. Bar is 20 jiim.
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Figure 25. Effects of HGF/SF on mesangial F-actin.

A-C are phase-contrast photomicrographs; D-F are corresponding FITC- 

phalloidin staining. A and D mesangial cells in the non-permissive condition 

have prominent stress fibres. B and E after 12 hours exposure to 200 pM 

HGF/SF, cells elongated; F-actin was still present in the cell body and in long 

processes (large arrows). C and F. After exposure for 24 hours, stress fibres 

were less prominent and cells became attenuated, often with a lamellipodium 

(small arrows) and a long process at opposite poles. Bar is 15 jum.
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Figure 26. Ultrastructural effects of HGF/SF.

A and B mesangial cells in non-permissive condition show extracellular matrix 

(A, open arrows) and filaments inserting into focal adhesions (B, curved 

arrows). C and D after exogenous HGF/SF filaments are present in the leading 

edges of cells (C) but are much less prominent (curved arrows) in long cell 

processes (D). Note the irregular plasma membrane and numerous vesicles 

after HGF/SF. Bar is 100 nm.
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Figure 27. HGF/SF reduces mesangial fibronectin.

A. Mesangial cells show immunostaining for extracellular fibronectin. B After 

2 days exposure to HGF/SF, staining is reduced. C. No significant staining 

after omission of first antibody. Bar is 50 pm.
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Figure 28. Anti-HGF/SF antibody and Suramin alter the shape of

mesangial cells.

A. Cells in the non-permissive condition. B. 20 pg /ml Suramin. C. 50 pg /ml 

Suramin. D. Blocking antibody to HGF/SF (10 mg A). Note that in B, C and 

D the effects of Suramin and the HGF/SF blocking antibody caused 

aggregation of the mesangial cells after 24 hours. Bar, 20pm.
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Chapter VU. Results.

1. The expression of HGF/SF and MET in human 

embryonic and fetal organs.

1.1. mRNA assessed by RT-PCR.

As assessed by RT-PCR, HGF/SF and MET transcripts were detected in the 

following organs throughout the period between 6 and 10-13 weeks after 

fertilisation: metanephric kidneys, adrenal glands, liver, lung, brain, stomach, 

intestines, heart and placenta. In addition HGF/SF and MET were found in 

the mesonephric kidneys between 6 and 8 weeks; these organs involute later in 

gestation. mRNA for both HGF/SF and MET were expressed in whole skin 

and eye at 10 weeks and in fetal pancreas at 13 weeks. In general there was 

always coexpression of ligand and receptor mRNA using this sensitive 

technique. One exception was the spinal cord at 6 weeks when only MET 

could be detected.

These results are summarised in table 4. Each stage represents consistent data 

from two separate human embryos. Typical products of the RT-PCR (Fig. 29) 

are shown which contains data from a 10 week metanephric kidney, lung, 

intestine and placenta. To ensure that genomic DNA was not present prior to 

the RT reaction, all RNA samples were DNAse I treated. Genomic DNA 

contamination was never detected using the gene specific primers for human
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HGF/SF, MET and p-actin. Two further controls carried out also proved that 

there was no contamination in the reaction, these being the omission of reverse 

transcriptase enzyme and substituting RNA with distilled water. To guarantee 

that the RT-PCR products obtained for human HGF/SF and MET were correct 

each product was sequenced. The human HGF/SF RT-PCR product was 

found to match the sequence described by Miyazawa et al, (1989). The 

human MET product was found to match the sequence described by Park et at, 

(1987).

1.2. HGF/SF and MET protein expression.

Having thus obtained an overview of mRNA expression, the next step was to 

study the detailed patterns of protein expression by immunocytochemistry 

using polyclonal antibodies to HGF/SF and MET. Many organs showed 

specific signals for MET and are described below. Of all tissues examined by 

immunocytochemistry, only the placenta showed an intense signal for 

HGF/SF; in all other organs tissue sections probed for the ligand showed no 

consistent specific staining above background levels. Since many of these 

same developing organs expressed HGF/SF mRNA as assessed by the 

sensitive RT-PCR technique it can be speculated that levels of HGF/SF protein 

are low in non-placental tissues.
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1.3. Metanephros.

The metanephric kidneys are direct precursors of the adult organs (Larsen, 

1993). They are first detected at 6 weeks when the ureteric bud, an epithelial 

branch of the mesonephric duct, interacts with intermediate mesoderm called 

renal mesenchyme. By 9 weeks of gestation the first layer of glomeruli have 

formed. At this stage an intense signal for MET was detected in the branches 

of the ureteric bud (Fig. BOA and D) and in early nephrons, the S-shaped 

bodies (Fig. BOA).

In these epithelia, immunostaining was clearly localised to the basal plasma 

membrane. A lower level of MET staining was observed in condensates and 

vesicles which are cells undergoing a mesenchymal-epithelial conversion (Fig. 

BOA). In fetal glomeruli positive MET immunostaining was found in the 

Bowman’s capsule, or the parietal epithelia, and in endothelial and mesangial 

cells situated in the core of the glomerulus (Fig. BOC). No specific 

immunohistochemical signal was obtained for HGF/SF.

1.4. Liver.

The liver arises as a ventral bud of the foregut endoderm in the fourth week 

after fertilization and gives rise to the hepatocytes and biliary ducts. The 

epithelial cells interact with part of the splanchnic mesoderm called the septum 

transversum, which later forms part of the diaphragm as well as haematopoetic
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and Kupffer cells (Larsen, 1993). It was difficult to detect specific signals for 

either HGF/SF or MET using immunocytochemistry in the human liver 

between 6 and 13 weeks, despite the presence of mRNA for both genes. 

Therefore, Western blots were performed to search for protein expression. 

Appropriate bands for both HGF/SF (Fig. 31A and B) and MET (Fig. 31C) 

were detected at 10 weeks of gestation.

1.5. Placenta.

Since mice with null mutations for HGF/SF die with placental and liver 

pathology, we investigated these organs in detail. Chorionic villi are the fetal 

component of the placenta and up until 20 weeks the placental barrier consists 

of an outer layer of syncytiotrophoblast enveloping the cytotrophoblast. These 

layers enclose a core containing connective tissue, Hofbauer phagocytic cells 

and endothelial cells (Larsen, 1993). Chorionic villi of a 5 week human fetus 

are shown in Fig. 32 .

The multinucleated cells of the syncytiotrophoblast and the mononuclear cells 

of the cytotrophoblast stained intensely for HGF/SF protein. In contrast, MET 

immunostaining was marked in the cytotrophoblast but was barely above 

background in the surounding syncytial tissues. In addition, endothelia within 

the villus stained for both HGF/SF and MET, while a subset of connective 

tissue or phagocytic cells in the core of the villus stained for HGF/SF protein. 

Villi fi’om later ages showed similar expression patterns.
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4. Other sites of MET protein expression.

The lung bud develops as a branch from the laryngotracheal tube between the 

third and fourth weeks of human gestation and it branches serially in the 

surrounding splanchnic mesenchyme. Between 5 and 13 weeks the lung 

resembles an exocrine gland and is called pseudoglandular (Larsen, 1993). 

Figure 33A shows the periphery of a 13 week organ where MET 

immunostaining was observed in the apical domain of the epithelium. 

Cartilaginous plates develop from the splanchnic mesenchyme around the 

tracheal and large bronchial epithelia. Intense MET staining was observed in 

chondrocytes (Fig. 33C). MET immunostaining was also observed in cartilage 

of the appendicular skeleton (fetal digits) and vertebrae of the axial skeleton 

(data not shown), both of which form bone by endochondral ossification.

Met immunostaining was detected in the basal domain of fetal intestinal 

epithelial cells (Fig. 33E) and also in perineural tissue around the dorsal spinal 

nerves (Fig. 33G). Endothelia stained for MET in many organ systems 

including the kidney (Fig. 30) and placenta (Fig. 32).
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2. Summary*

HGF/SF and MET mRNA and protein were found to be expressed during 

critical early stages of human organogenesis which take place between 6 and 

13 weeks of gestation. Embryonic organs which develop through inductive 

interactions between mesenchyme and epithelia expressed both HGF/SF and 

MET. HGF/SF and MET were expressed in trophoblastic cells of chorionic 

villi in the fifth week of gestation.
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10 week No
Ikb Kidney Liver Lung Gut Placenta RT

HGF/SF 3 9 4  b p

10 week No
Ikb Kidney Liver Lung Gut Placenta FTT HgO

MET 3 3 0  b p

10 week No
Ikb Kidney Liver Lung Gut Placenta RT

(3-actin 8 3 8  b p
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Figure 29. RT-PCR of HGF/SF and MET in a 10 week human embryo.

A. RT-PCR demonstrates the presence of HGF/SF and MET mRNA in kidney 

(metanephros), liver, gut (intestine) and placenta of a 10 week gestation human 

fetus. RT-PCR for p-actin confirms integrity of mRNA. No-RT is a negative 

control placental mRNA without reverse transcriptase. PCR amplification 

resulted in products; 394 bp for HGF/SF, 330 bp for MET and 838 bp for p- 

actin.
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Table 4.

to
B

ORGANS 6WK 8WK lOWK 12WK 13WK
HGF/SF MET HGF/SF MET HGF/SF MET HGF/SF MET HGF/SF MET

Mesonephros + + + + ND ND ND ND ND ND
Metanephros + + + + + + + + + +
Adrenal + + ND ND + + + + + +
Liver + + + + + + + + + +
Lung + + + + + + + + + +
Heart + + + + + + + + + +
Tongue ND ND ND ND + + ND ND ND ND
Stomach + + ND ND ND ND + + ND ND
Intestine + + + + + + ND ND ND ND
Pancreas ND ND ND ND ND ND ND ND + +
Skin ND ND ND ND + + ND ND ND ND
Limbs + + + + + + + + ND ND
Eye ND ND ND ND + + ND ND ND ND
Brain + + + + + + ND ND + +
Spinal cord - + ND ND + + + + ND ND
Placenta + + ND ND + + + + + +

Table 4 . HGF/SF and MET mRNA expression as assessed by RT~ PCR. 

+= signal detected, - = no signal detected, ND= no data.
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Figure 30. MET immunohistochemistry in 9 week gestation human 

metanephros.

A. Positive MET staining in ureteric bud branches (u) and primitive nephrons 

such as vesicles (v) and S-shaped bodies (s). Note marked staining on basal 

surface of primitive epithelia (arrows). Condensing renal mesenchyme (m) 

expresses a much lower level of MET in the cytoplasm. B. Similar field as A. 

after primary antibody was preabsorbed with MET peptide: no specific 

staining. C. MET staining in basal surface of epithelia of Bowman’s capsule 

(open arrows) of fetal glomeruli (g). Mesangial (arrow) and endothelial cells in 

the core of fetal glomeruli are MET positive. D. The main stalk of the ureteric 

bud shows positive MET immunostaining on the basal surface of the 

epithelium. MET immunostaining appears brown and nuclei are counterstained 

blue with hematoxylin. Bars are 20 pm.
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Figure 31. Western blots for HGF/SF and MET in 10 week human fetal 

liver.

Proteins were immunoprecipitated as described in methods.

A Western blot of unreduced liver protein with anti-human HGF/SF 

polyclonal antibody. 20pi of immunoprecipitated protein were resolved by 

8% SDS-PAGE. The band at 92 kDa represents the ap HGF/SF heterodimer 

(arrowhead).

B. Western blot of reduced liver protein with polyclonal antibody raised 

against whole human HGF/SF. 20jul of immunoprecipitated protein were 

resolved by 12.5% SDS-PAGE. The bands at 60 and 30 kDa representing the 

a  and P chains of HGF/SF (arrowheads).

C. Western blot of reduced liver protein with antibody raised against the MET 

carboxyterminal. 20pi of immunoprecipitated protein were resolved by 6% 

SDS-PAGE. The band at 140 kDa represents the p MET chain (arrowhead). 

When respective antibodies were reacted with recombinant HGF/SF or MET 

peptides before application to the western blots, no signals were detected (data 

not shown). The longitudinal scale of each blot is different and the sizes of 

Rainbow markers are also indicated.
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Figure 32. HGF/SF and MET protein expression by human trophoblast.

A. Chorionic villus of a 5 week fetus stains intensely for HGF/SF. B. Similar 

field as A. after primary antibody was preabsorbed with HGF/SF. C. Higher 

power demonstrates that HGF/SF staining in both the syncytiotrophoblast (s) 

and cytotrophoblast (c). Note individual cells in the centre of the villus also 

stain for HGF/SF (arrows). D. MET immunostaining in chorionic villus. E. 

Similar field as A. after primary antibody was preabsorbed with MET peptide. 

F. Higher power demonstrates that MET staining is prominent in 

cytotrophoblast (curved arrows) while surrounding syncytiotrophoblast (s) 

shows little staining. Note that capillaries in the core of the villus also express 

MET (arrowhead). Positive immunostaining appears brown and nuclei are 

counterstained blue with hematoxylin. Bars are 80 |Lun in A, B, D, E and 12 

pm in C and F.
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Figure 33. MET immunohistochemistry in human fetal lung, intestine and 

spinal nerve root.

A. 13 week fetal lung showing apical staining (arrowheads) in the primitive 

branching epithelium. B. Similar field as A. after primary antibody was 

preabsorbed with MET peptide. C. 13 week fetal trachea with marked MET 

expression by chondrocytes. D. Similar field as C. after primary antibody was 

preabsorbed with MET peptide. E. 13 week fetal intestine with MET staining 

on the basal surface (arrowheads) of the epithelial cells (e). F. Same field as E. 

after primary antibody was preabsorbed with MET peptide. G. Dorsal root 

nerve from 9 week fetus shows MET staining in perineural tissue. H. Similar 

field as G. after primary antibody was preabsorbed with MET peptide. MET 

immunostaining appears brown and nuclei are counterstained blue with 

hematoxylin. Bars are 80 pm in C-F and 12 pm in other frames.

231



Chapter VIII. Discussion.

8.1. Involvement of HGF/SF and the MET receptor in 

the early development of the metanephros.

As discussed in Chapter 1 the mammalian kidney develops by mesenchymal- 

epithelial interactions. In the present study I have investigated a putative role 

for HGF/SF and its receptor, MET, in kidney development. Earlier 

experiments had suggested, based on the mRNA expression patterns of 

HGF/SF and MET during kidney development, that HGF/SF derived from the 

renal mesenchyme could play a role in the development of the adjacent 

ureteric epithelia of the kidney (Sonnenberg et al., 1993).

Consistent with this hypothesis, I found that antibodies to HGF/SF inhibit 

branching of the ureteric bud in organ cultures from E ll  and E l2 

metanephros. My results also suggest that HGF/SF and MET may be involved 

in the early development of the nephron because the formation of nephron 

precursors by E ll  and E l2 explants was inhibited when anti-HGF/SF 

antibodies were added to the organ culture. Furthermore, on the basis that the 

addition of antibodies to HGF/SF was associated with morphological evidence 

of cell death in the renal mesenchyme, HGF/SF may act as an endogenously- 

produced cell-survival factor in the renal mesenchyme. Figure 34 shows the 

expression pattern of HGF/SF and MET which 1 observed in the mouse
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metanephros.
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□  HGF/SF MET

Figure 34. A schematic diagram of HGF/SF and MET expression in the 

developing metanephros. This diagram shows in summary the expression 

pattern of HGF/SF and MET in the E ll mouse metanephros. HGF/SF is 

expressed in a subset of mesenchymal cells whereas MET is expressed by both 

the mesenchyme and the ureteric bud epithelium.
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8.1.1. Expression of MET in E ll  mesenchyme.

The results of the RT-PCR analysis, in-situ hybridisation and antibody staining 

on E ll  organs suggested that both HGF/SF and MET genes are expressed in 

the E ll  primitive renal mesenchyme. In a previous study (Sonnenberg et al., 

1993) it was reported that MET mRNA expression was confined to renal 

epithelia or their immediate precursors but the E ll  renal mesenchyme contains 

no nephron epithelia, nor their immediate precursors, the comma and S-shaped 

bodies, which do not appear until El 3.

The resolution of histological techniques, however, could not resolve gene 

expression at the level of single cells. Therefore, in order to clarify the 

phenotypes of individual mesenchymal cells with regard to HGF/SF and MET, 

we generated conditionally-immortal cell lines from the primitive renal 

mesenchyme using mice carrying a temperature-sensitive SV40 T Ag 

transgene (Jat et al, 1991). These cells were derived from the primitive 

mesenchyme and not from the ureteric bud for 2 reasons.

Firstly the ureteric bud was removed in the original dissection, and none of the 

cell lines expressed cytokeratin, a marker of E ll  ureteric bud epithelium 

(Lehtonen et al, 1985). The pattern of MET expression in early 

nephrogenesis described in my study is consistent with the immunochemical 

data in whole organs recently reported by Tsarfaty et al (1994). Of 13 clonal
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lines that we established from the E ll renal mesenchyme, all had either the

HGF/SF“̂ /met"*" or the HGF/SF‘/mef*" phenotype. They stained for syndecan 

and vimentin, consistent with identities as renal mesenchymal cells which had 

received inductive signals from the ureteric bud (Vainio et al, 1989). One

line (Al, HGF/SF'/met"*") expressed uvomomlin, a cell adhesion molecule 

characteristic of condensing renal mesenchyme in vivo, and formed a 

cobblestone appearance in monolayer culture. Clonality of the line was 

subsequently confirmed by demonstrating a single integration site of a Neo- 

transducing retrovirus (Woolf et al., 1993).

On the basis of these characteristics this line could represent a cell which has 

entered a mesenchymal to epithelial transition. This hypothesis is supported 

by preliminary data in which we found that this line formed compact 

aggregates, which resembled condensates, after transplantation into the renal 

cortex of neonatal mice (Woolf et al, 1993), an environment which supports 

the growth of transplanted metanephric tissue (Woolf et al, 1990).

A second clonal line (M5, HGF/SF“*"/mef*") did not express uvomomlin and 

appeared to have a more fibroblastic phenotype in monolayer culture, 

suggesting that it was less differentiated than the Al line. Recently, Karp and 

colleagues reported the isolation of a cell line from a later stage of mouse 

nephrogenesis (E l3.5). The line had some features of an undifferentiated
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renal mesenchymal cell and when cocultured with spinal cord the cells were 

induced to become more epithelial. Although these cells expressed MET, 

HGF/SF expression was not investigated (Karp et a/., 1994)

Although Tsarfaty et al, (1994) have suggested that expression of MET in

KGF/SF"*" fibroblasts may inititiate a programme of epithelial differentiation, 

my results with the conditionally-immortal cell lines suggest a different

conclusion. HGF/SF'*"/MET‘̂  lines, such as clone M5, did not have an

epithelial phenotype in monolayer culture. Conversely, the HGF/SF“/met“*” 

phenotype of the Al line was associated with characteristics to be expected of 

precursors of nephron epithelia, including the expression of uvomomlin. 

Thus, during kidney organogenesis expression of MET in cells expressing 

HGF/SF is not sufficient to induce the appearance of epithelial markers.

8.1.2. Effects of anti-HGF/SF in metanephric organ culture.

The anti-HGF/SF antibody produced three effects in organ cultures of 

metanephros: i) it inhibited the differentiation of metanephric mesenchymal 

cells into the epithelial precursors of the nephron, ii) it increased apoptosis 

within the renal mesenchyme and, iii) it perturbed branching morphogenesis of 

the ureteric bud. These effects were not observed in cultures containing FBS 

suggesting that other cytokines in serum can substitute for HGF/SF, and the
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effects are distinct from those which result from exposure to antibody to the 

laminin A chain (Klein et al, 1988).

The latter treatment did not perturb branching of the ureteric bud or produce 

mesenchymal death but instead prevented polarization of the cells. Although 

other antisera, e.g. to IGF’s and TGFa (Rogers et al, 1991; 1992), also 

perturb nephrogenesis in organ culture, the histology in those experiments 

were not reported in much detail, so comparison of those experiments with the 

current study are difficult to make. A recent short report by Santos and 

CO workers produced preliminary evidence that antibodies to HGF/SF could 

perturb nephrogenesis but the specific tissue effects were not reported and the 

cellular source and biological targets of metanephric HGF/SF were not 

investigated in detail (Santos et al, 1994).

It was found that exogenous HGF/SF slightly, but significantly, increased 

mitosis within the peripheral mesenchyme but did not alter morphology 

compared to rudiments grown in serum free media. The lesser effects of 

exogenous HGF/SF compared to immunological blockade of HGF/SF suggests 

that the endogenously produced factor is producing a near maximal biological 

effect during early nephrogenesis.
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8.1.3. Putative roles of HGF/SF in kidney development.

On the grounds of the pattern of expression of the HGF/SF and MET genes 

during nephrogenesis and the effects of the anti-HGF/SF antibody on organ 

cultures, it can be suggested that HGF/SF and MET may play a role both in 

nephron formation and the branching of the ureteric bud. Our experiments in 

organ culture, however, can not demonstrate that HGF/SF has a direct activity 

on these procesess because of the complex inductive interactions between the 

ureteric bud and renal mesenchyme. Future studies will be required to assess 

the effects of the factor when these tissues are cultured in isolation (Perantoni 

eta l, 1991a; Perantoni a/., 1991b).

Epithelial branching morphogenesis occurs during the development of the 

lung, pancreas, thymus, liver, prostate, salivary and mammary glands and 

requires the presence of mesenchymal cells or mesenchymal-derived factors 

(Grobstein, 1967; Bard, 1991). This observation suggests that there exist 

molecules derived from the mesenchyme which regulate epithelial growth and 

differentiation. HGF/SF may be one such molecule based on its pattern of 

expression (Sonnenberg et al., 1993) and the functional data shown in Figs. 15 

and 16.

Another molecule which may enhance epithelial morphogenesis is epimorphin, 

a cell-surface protein expressed in a wide range of mesenchymes (Hirai et al.,
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1992). On the other hand, the wide distribution of transforming growth factor- 

P (TGF-P) together with its inhibitory effects on morphogenesis (Rogers et al, 

1993; Hardman et al 1994b) suggests that TGF-p may terminate epithelial 

morphogenesis. Intriguingly, TGF-p has been reported to inhibit the secretion 

of HGF/SF by adult fibroblasts (Gohda et al, 1992) and also to antagonise 

HGF/SF-induced epithelial branching in cell culture (Santos and Nigam,

1993). These results indicate that expression of the HGF/SF and TGF-p genes 

may be important in the initiation and termination of epithelial morphogenesis 

in several organs including the kidney.

As discussed in Chapter I , it has been suggested that a number of molecules, 

including several cytokines, may be involved in nephrogenesis. Genetic 

analysis in transgenic mice carrying targeted null-mutations, however, has 

established that relatively few genes appear essential for normal nephrogenesis 

in vivo. These include WT-1, a gene encoding a transcription factor expressed 

in the renal mesenchyme (Kreidberg et al, 1993) and the RET proto-oncogene 

which is expressed in the ureteric bud (Schuchardt et al, 1994). When some 

of these molecules are manipulated in organ culture they inhibit nephrogenesis 

but yet when the genes to these same molecules are “knocked” out in mice, 

development of the kidneys seem to be normal in vivo.
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Examples of these molecules are follistatin, HGF/SF, low affinity NGFR, IGF 

I and n, IGF a  and TGF p and NCAM (Matzuk et a l, 1995; Ritvos et al, 

1995; Woolf et a l, 1995; Schmidt et a l, 1995; Uehara et a l, 1995; Lee et al, 

1992; Sariola et a l, 1991; Rogers et a l, 1991; Liu et a l, 1994; Beck et al, 

1995; Rogers et a l, 1993; Shull et al, 1992; Klein et a l, 1988; De Chiara et 

al, 1990; Cremer et a l, 1994). One explanation to this could be that there 

may be redundancy in the system and that another member of the gene family 

takes over; therefore it maybe necessary to knockout two structurally similar 

molecules which are expressed in the same location in the kidney to get a renal 

phenotype (see double knockouts in Table 2). This way the knockouts could 

be deleting any redundant or overlapping pathways.

With respect to HGF/SF, a molecule which may overlap its actions is HGF- 

like protein which is a member of the HGF/SF family. It would be interesting 

to see the effects of a HGF/SF and HGF-like protein double knockout mouse 

as yet none have been reported. RON is the receptor for HGF-like protein and 

belongs to the MET protein tyrosine kinase family. So far there have been no 

reports on null mutant mice for RON, but it would be of interest to observe a 

MET and RON double null mutant. One growth factor-receptor signalling 

system which may substitute for the actions of HGF/SF-MET in very early 

nephrogenesis (this being the time when the ureteric bud has just entered the 

renal mesenchyme and requires a signal to begin branching) is the recently 

reported glial-cell line derived neurotrophic factor, (GDNF) and its receptor
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tyrosine kinase RET (Trupp et a l, 1996; Durbec et a l, 1996). The GDNF- 

RET interaction could transduce growth signals in the ureteric bud very early 

on in nephrogenesis in vivo. These signals could be similar to those elicited by 

HGF/SF-MET later on.

The genetic background and strain of mouse also plays a role in modifying the 

renal phenotype as seen with the knockout EGF receptor mice (Threadgill et 

al, 1995; Sibilia et a l, 1995); whereby one strain of mouse develops cystic 

collecting ducts and another strain has no kidney abnormalities. This 

technique should be applied to the MET and HGF/SF transgenic mice. It is 

possible that the genetic background and strain could be influencing the 

phenotypes of the HGF/SF and MET null mutant mice. Different strains of 

mouse and genetic background could have more severe effects or none at all as 

in the EGF knockouts. Also the mice may not die in utero.

Maternal factors could play a part in rescuing the phenotype like for instance 

TGFp (Letteiio et a l, 1994). Mice with homozygous TGFp null mutations 

are normal if bom to a mother that expresses the protein. Mice with 

homozygous TGFp null mutations which gestate in a homozygous TGFp 

mother develop severe heart defects. Maternal HGF/SF has not been reported 

to have been investigated. It is not known if HGF/SF can be maternally 

transfered to the embryo. Bladt and colleagues suggest that HGF/SF maternal
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transfer is not possible, since the knockout mice for HGF/SF and MET die in 

utero and the development of the placenta is abnormal in both knockouts 

(Bladt et a l, 1995).
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8.2. MET transduces a morphogenetic signal in renal

glomerular fibromuscular mesangial cells.

8.2.1. Fibromuscular mesangial cells express MET.

With my coworkers, I isolated 4 conditionally-immortal mesangial lines from

glomeruli of H-2K^-tsA58 mice which are transgenic for an inducible and 

temperature-sensitive SV 40 T Ag (Jat et ah, 1991). The cells stained for the 

intermediate filaments desmin and vimentin, and for the microfilaments 

myosin and smooth muscle actin; they made a fibronectin matrix. Vimentin 

and fibronectin are also expressed by renal fibroblasts but desmin and myosin 

are specific for mesangial cells in this context (Ishino et ah, 1994) although 

vimentin could be associated with a motile cell type (Dowrick et ah, 1991b). 

In addition, smooth muscle actin expression is characteristic of cultured 

mesangial cells (Eiger et ah, 1993). Sraer and colleagues have derived 

immortalized human mesangial cells after transfection with SV40-T Ag. The 

mesangial cell lines were characterised by scanning electron microscopy 

(SEM) and by immunocytochemistry (Sraer et ah, 1996). These cell lines 

could be useful in studying the various effects of hormones and growth factors 

on human mesangial cells and finding out more about mesangial cell biology.
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Mesangial cells bind various growth factors which transduce signals via 

receptor tyrosine kinases. These include epidermal growth factor (EGF; 

Maxwell et al., 1993), fibroblast growth factor (Floege et at., 1993), insulin

like growth factor (Ohashi et ah, 1993), nerve growth factor (Alpers et ah,

1993), and platelet derived growth factor (PDGF; Floege et ah, 1993).

It has been reported that mesangial cells express HGF/SF mRNA but do not 

proliferate in response to it. The HGF/SF receptor, MET, was not detected on 

mesangial cells in these studies. This suggested that mesangial cells produce 

HGF/SF which then acts on renal epithelial cells (Ishibashi et ah, 1992; Harris 

et ah, 1993). In contrast to these findings my study demonstrated that mouse 

mesangial cell lines express both HGF/SF and MET which implicates HGF/SF 

as having both a paracrine and autocrine mechanism in mesangial cell biology. 

It is possible that in Ishibashi and Harris’s studies, MET may have been down- 

regulated after prolonged passaging because they were using primary cultures. 

Alternatively, there might be a difference in expression between mouse and rat 

cells. Our study broadens the known range of non-epithelial targets for 

HGF/SF which include nephrogenic mesenchymal cells (This Thesis; Woolf et 

ah, 1995), haemopoietic progenitors (Galimi et ah, 1994), skeletal muscle 

precursors (Bladt et al., 1995), endothelial cells (Grant et ah, 1993) as well as 

neurons (Jung et ah, 1994) chrondrocytes (Takebayashi et ah, 1995) and 

Kaposi's Sarcoma cells (Rosen et ah, 1994).
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8.2.2. MET transduces a morphogenetic signal in mesangial
cells.

The effects of HGF/SF on epithelial cells in monolayer culture have been well 

documented (Chapter I). The factor induces cell spreading followed by loss of 

cell-cell contact and scattering (Stoker et al., 1987). Early effects include 

membrane ruffling and micropinocytosis in actin-rich lamellipodia (Dowiick 

et al., 1993), followed by a reduction in stress fibres (Dowrick et ah, 1991; 

Ridley et ah, 1995). RAS, and the related GTP-binding protein RAC, mediate 

HGF/SF-induced spreading of MDCK cells, while activated RHO, which 

enhances stress fibres, prevents HGF/SF-induced scattering and motility in this 

model (Ridley et ah, 1995). Microtubules have also been implicated in these 

effects (Prescott et ah, 1992; Dugina et ah, 1995).

In our study, it was found that the addition of recombinant HGF/SF caused 

multipolar mesangial cells to become bipolar. This was accompanied by a 

decrease in stress fibres and focal contacts, changes which are consistent with 

the acquisition of motility (Stossel, 1993). HGF/SF also reduced 

immunostaining for extracellular fibronectin which could result from 

decreased synthesis of this matrix molecule. Another explanation would be 

increased degradation of fibronectin resulting from HGF/SF-induced 

upregulation of proteases which degrade the matrix and so allow cells to 

migrate (Pepper et ah, 1992). Fibronectin is a major component of the 

mesangial matrix and its loss could contribute to reduced adhesion to the

246



substratum. Elevations of cAMP induced by isoproterenol also cause 

dissolution of mesangial stress fibres and extension of processes (Kreisberg et 

al, 1985); although these effects resemble those induced by HGF/SF they 

occur in minutes while the HGF/SF-induced changes take 12 hours.

8.2.3. Mesangial cells express HGF/SF.

I found that cultured mesangial cells expressed HGF/SF mRNA and secreted 

bioactive factor; the titre was, however, an order of magnitude below that 

produced by D4-ros NIH3T3 fibroblasts (Gherardi et al, 1989). My 

observation accords with a report in which human mesangial cells released 

immunoreactive HGF/SF after being stimulated by high glucose concentrations 

(Couper et al, 1994). In that study HGF/SF levels were measured using an 

immuno assay, but bioactivity was not measured. Mesangial cells 

mechanically support glomerular endothelial cells, a role analogous to that of 

vascular smooth muscle cells (Kriz et al, 1990). It is therefore of note that 

both smooth muscle cells (Rosen et al, 1989) and mesangial cells secrete 

HGF/SF.

Mesangial cells grown in tissue culture do not form tight colonies 

characteristic of epitheha and endothelia. I found that a neutralising antibody 

to HGF/SF and Suramin enhanced cell aggregation, hence suggesting that 

endogenously-produced factor may alter cell shape by an autocrine
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mechanism. Suramin is a polyanionic detergent, which prevents heparin- 

binding growth factors from working, because Suramin can either bind the 

growth factors or dissociate them from their receptors (Hu and Fan, 1995)

The effect of mesangial-derived factor, however, cannot be maximal because 

the addition of 200 pM HGF/SF produced changes of shape of all 4 cell lines. 

This concentration was used because it produces a maximal effect in various 

bioassays: for comparison, cultured fibroblasts secrete 10-100 pM (Stoker et 

al, 1987). Suramin is not specific for HGF/SF but the results obtained back 

up the data provided by the neutralising antibody to HGF/SF. Both conditions 

provide the same effects on the mesangial cells.

The ability of one type of cell to express both MET and HGF/SF is unusual, 

but occurs in renal mesenchymal cells (This Thesis; Woolf et al, 1995) and 

the ndk epithelial strain (Adams et al, 1991). When Tsarfaty and colleagues

(1994) genetically engineered fibroblasts to coexpress HGF/SF and MET, the 

cells acquired some markers of epithelia. My study, however, shows that the 

expression of both genes in a cell does not inevitably lead to an epithelial 

phenotype.
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8.2.4. Possible roles of the mesangial HGF/SF-MET axis in 
health and disease.

The differentiation of mesangial cells, is dependent on PDGF-B chain (Alpers 

et al, 1992), and mesangial cells play an important part in supporting 

glomerular capillary loops, there is evidence to support this. Null mutant mice 

for PDGF B and the PDGFp receptor show that mesangial cells do not grow 

into the glomerulus during nephrogenesis (Leveen et al, 1994; Soriano, 1994). 

Glomerular capillary basement membranes, podocytes and endothelial cells 

develop normally. The absence or lack of mesangial cells results in the 

formation of intraglomerular vascular sacs instead of normal capillary 

networks.

I detected MET in the cleft of the primitive glomerulus (or S-shaped body), an 

area which contains maturing endothelia. These cells may share an origin with 

mesangial cells, a hypothesis based on the intimate relation of these cells in 

the mature glomerulus and the observation that neither cell differentiates in 

organ culture (Bernstein et al, 1981). It is therefore conceivable that MET 

may transduce differentiation signals in the mesangial lineage. Unfortunately, 

death around El 3-14 of both HGF/SF and MET homozygous null mutant mice 

(Schmidt et al, 1995; Uehara et al, 1995; Bladt et al, 1995) precludes 

investigation of the potential effects of these genes on mesangial 

differentiation because mesangial cells develop later in gestation.
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HGF/SF has been implicated in renal hypertrophy after contralateral 

nephrectomy (Nagaike et ah, 1991) and in tubular epithelial regeneration after 

nephrotoxicity (Igawa et ah, 1993). In these contexts, the factor has been 

considered to be produced by fibroblasts located between renal tubules. The 

production of HGF/SF by mesangial cells represents another renal source of 

the factor. Mesangial cells mechanically support glomerular endothelial cells 

(Kriz et al, 1990) and in vitro they contract in response to a wide variety of 

bioactive agents such as angiotensin. It has been argued that if similar shape 

changes were to occur in vivo, then these cells could control the rate of 

glomerular ultrafiltration (Arendshorst and Navar, 1993).

In a variety of human and animal glomerular diseases such as diabetic 

nephropathy and immune-mediated disorders (the glomerulonephiitides) 

growth factors cause excessive mesangial proliferation and matrix production 

(Border et al, 1990; Floege et al, 1993; Throckmorton et al, 1995). It is 

therefore of note that human mesangial cells release increased immunoreactive 

HGF/SF when cultured in high glucose medium, a model which mimics 

diabetes mellitus (Couper et al, 1994).

Furthermore, in immune-mediated mesangiocapillary glomerulonephritis 

mesangial cells extend fine processes around the perimeter of capillary loops, 

hence reducing the rate of production of glomerular filtrate (Nakamoto et al,

1992) (Fig. 35); based on our in vitro observations, HGF/SF should be

250



regarded as a potential candidate for producing this effect. Rat platelets are 

rich in HGF/SF and they could be another important local source of the factor 

because they infiltrate the glomerulus in many inflammatory disorders; human 

platelets, however, make less, if any, HGF/SF and are therefore unlikely to 

play a similar role in patients with glomerulonephritis (Nakamura et al, 1989). 

Finally, it is possible that HGF/SF from mesangial cells could have paracrine 

effects on the growth of glomerular epithelial cells which are known to express 

MET (Ishibashi et al, 1992). It would now seem appropriate to study the in 

vivo expression of HGF/SF in inflammatory and metabolic glomerular 

diseases.
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Figure 35. Schematic diagram representing a mesangial cell in a normal 

state and diseased state. In a disease state such as mesangiocapillary 

glomerulonephritis, mesangial cells extend fine processes around the perimeter 

of the capillary loops, which reduces the rate of glomerular filtrate.
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8.3. Expression of HGF/SF and MET in human 

tissues.

Our Study shows that HGF/SF and MET mRNAs are widely expressed in the 

human embryo during the earliest periods of organogenesis from 6 weeks after 

fertilisation when differentiation proceeds by interaction of mesenchymal and 

epithelial components. Hence HGF/SF maybe an important growth factor 

early in human embryogenesis. The results we obtained extend observations 

from Wangs study (Wang et a l, 1994) which used Northern blots to detect 

HGF/SF and MET mRNA and in situ hybridisation to localise HGF/SF 

transcripts in human fetuses between 10 and 17 weeks gestation.

That report showed that HGF/SF and MET mRNA was expressed by a similar 

range of organs as we have studied. However, some organs, such as the 

metanephros, are already highly differentiated by 10 weeks of gestation while 

the earlier time-frame used in the current study is more likely to be of direct 

relevance to very early organogenesis (Larsen, 1993). Furthermore, the study 

by Wang and colleagues, (1994) did not examine protein expression of 

HGF/SF or the specific cellular localisation of the receptor protein in human 

fetal tissues.
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8.3.1. Expression of HGF/SF and MET in human fetal 

tissues.

It was found that many organs showed a very specific tissue pattern of MET 

using an antibody which was raised against the carboxyterminus, an 

intracellular domain of this membrane-bound receptor tyrosine kinase. In the 

metanephros, the fetal gut and lung expression of the HGF/SF receptor was 

marked in epithelial cells. This pattern is consistent with previous studies in 

developing mice in which it showed mRNA and protein in embryonic epithelia 

of diverse organ systems (Sonnenberg et ah, 1993). MET protein was located 

in the basal plasma membrane of kidney and gut epithelia, where this receptor 

would be well-placed to receive a paracrine signal from HGF/SF which might 

be released by adjacent mesenchymal cells (Sonnenberg et ah, 1993).

Functional animal experiments implicate mesenchymal-derived HGF/SF as 

inducing epithelial morphogenesis in the developing mouse kidney (This 

Thesis; Woolf et ah, 1995) and proliferation and migration of adult gut 

epithelia (Takahashi et ah, 1995). In contrast, it was found that MET 

immunostaining was localised apically in the branching epithelia of the 

developing lung, in which case the ligand would need to access the luminal 

surface. Previous animal experiments have shown that HGF/SF knockout 

mice have abnormal liver development (Schmidt et ah, 1995; Uehara et ah, 

1995) and that the addition of HGF/SF to fetal rat hepatocytes stimulated DNA
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synthesis (DeFrances et al, 1992). Our study confirms that MET mRNA and 

protein were present in very early human hepatogenesis, although we were 

unable to localise HGF/SF and MET expression to specific cells using 

immunohistochemi stry.

In the human embryo, however, we found that MET expression was not 

confined to epithelial cells. Human fetal chondrocytes in lung bronchi and in 

the appendicular skeleton expressed MET, a finding consistent with an animal 

study which showed that HGF/SF stimulated proliferation and proteoglycan 

synthesis of adult chondrocytes (Takebayashi et al, 1995). Similarly, within 

the developing kidney we found low levels of MET expression by renal 

mesenchymal condensates and by fibromuscular mesangial cells, consistent 

with our previous data based on studies of developing mice (This Thesis; 

Woolf et al, 1995; Kolatsi-Joannou et al, 1995). Human fetal endothelia also 

expressed MET and again there is animal evidence that HGF/SF can act as an 

angiogenic factor (Grant et al, 1993).

1 found that it was not possible to obtain a specific immunohistochemical 

signal for HGF/SF in the majority of developing human tissues, although a 

strong positive signal was obtained in sections of human placenta. In contrast, 

1 found that many types of developing human tissues did express HGF/SF 

mRNA as assessed by the sensitive RT-PCR technique and moreover these
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tissues contained HGF/SF protein maybe relatively low in non-placental 

tissues.

8.3.2. HGF/SF and MET in human development.

While classical studies have emphasised that HGF/SF expression is generally a 

property of mesenchymal cells (Stoker et ah, 1987), Wang and colleagues 

found that epithelia of the human fetal gut, tongue and skin expressed this 

gene as assessed by in situ hybridisation (Wang et al, 1994). Although these 

data appear to contradict expression patterns of HGF/SF in mouse 

development (Sonnenberg et al, 1993; Andermarcher et al, 1996), if 

embryonic HGF/SF is indeed made by epithelial as well as mesenchymal cells 

an autocrine and paracrine role is implied for this factor in development.

Chorionic villi synthesise numerous hormones and growth factors including 

chorionic gonadotrophin, human placental lactogen, adrenocorticotrophic 

hormone, growth hormone, p-endorphin, interleukin-2 and insulin like growth 

factor-1 (IGF-1) (Wolf et al, 1991). Our data confirm recent reports of 

HGF/SF expression by the human placenta. Investigators have isolated 

HGF/SF mRNA from a human placental expression library and the protein can 

be purified from the placenta in high yield (Miyazawa et al, 1989; Wolf et al, 

1991).
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Wolf and colleagues found that by polyclonal immunohistochemistry, HGF/SF 

was located in the cytoplasm of the villous syncytium as well as in villous 

mesenchyme and endothelial cells (Wolf et al, 1991). Although I found that 

both components of the trophoblast contain high levels of HGF/SF protein, a 

previous in situ hybridisation study showed that only the syncytiotrophoblast 

expressed HGF/SF mRNA (Wang et al, 1994). In this study I looked at 

chorionic villi of a 5 week human fetus, whereas in Wang studied a full term 

placenta.

MET has been found to be expressed by the cytotrophoblasts and it has been 

reported that HGF/SF stimulates proliferation of human cytotrophoblasts 

(Saito et al, 1995), this is consistent with our observation that MET 

immunostaining was predominant in cytotrophoblastic cells. Since the 

syncytiotrophoblast is formed from the cytotrophoblast, it is possible that 

HGF/SF could have an autocrine role in early placental development to give 

rise to the syncytiotrophblast, and as the placenta matures the cytotrophoblast 

turns off HGF/SF expression and HGF/SF could have a paracrine role in the 

placenta to maintain the syncytiotrophoblast. To prove this hypothesis further 

work is required to look at the expression of HGF/SF in different age 

placenta’s.

HGF/SF appears to circulate in the human fetal blood stream and levels 

increase in late gestation when the concentration is higher than in adult

257



samples. Unlike IGF-1, however, plasma HGF/SF did not correlate with birth 

size (Khan et ah, 1996). The sources of fetal plasma HGF/SF during late 

gestation are not known but might include the placenta, fetus itself or 

transmission from maternal circulation.

Recently, human malformations have been ascribed to mutations of a gene 

coding for a fibroblast growth factor receptor (Reardon et al., 1994); like MET 

this is a member of the receptor tyrosine kinase family. Although human fetal 

deaths or organ malformations have yet to be linked to mutations of either 

HGF/SF or MET, our data show that this ligand and its receptor are expressed 

at a very early stage of human organogenesis.
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9. Summary.

I found that HGF/SF and its receptor tyrosine kinase MET are expressed at the 

inception of mouse nephrogenesis (E ll) and I was able to detect HGF/SF and 

MET in renal mesenchymal cell lines. A subset of these lines expressed both 

HGF/SF and MET whereas others expressed only MET. This implies that 

HGF/SF and MET might have autocrine and paracrine roles in the 

differentiation of the renal mesenchyme. Blocking antibodies to HGF/SF 

perturbed branching of the ureteric bud and increased mesenchymal cell death 

when metanephric rudiments were grown in organ culture. My data suggests 

that HGF/SF is a signalling factor required in nephrogenesis for 

morphogenesis and perhaps survival.

From investigating the expression of HGF/SF and MET in mesangial cells, I 

found that HGF/SF and MET were both expressed. Mesangial cell lines 

expressed MET mRNA and protein and the receptor was phosphorylated when 

exogenous HGF/SF was added to these cells. Upon stimulation with 

recombinant HGF/SF, mesangial cells changed their basal cell shape showing 

a more motile phenotype. HGF/SF therefore seems to have an autocrine role 

in mesangial cell morphogenesis and biology.

In humans, HGF/SF and MET mRNA and protein were found to be expressed 

during critical time points of human organogenesis. Developing branching
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organs such as the kidney, liver and lung expressed both HGF/SF and MET. 

HGF/SF and MET were detected in very early placenta. This data implies that 

HGF/SF has a role in human organogenesis and embryogenesis.
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10. Future work.

A number of areas of further work are suggested by the studies reported in this 

Thesis.

HGF/SF in early nephrogenesis.

1). Since the HGF/SF and MET transgenic mice die early on in embryonic 

development although not from renal defects, the full extent of nephrogenesis 

is not seen. Therefore, experiments need to be designed to investigate the later 

stages of nephrogenesis. One experiment which could be performed is organ 

culture on the metanephroi of these transgenic mice. These null mutant mice 

die between embryonic ages 13.5 and 16.5, so it would be appropriate to 

dissect the metanephroi of these mice earlier on , preferably at El 1 or El 2 and 

grow them in organ culture for 7 days. As controls metanephroi from 

heterozygotes and wild types could also be grown in organ culture and used as 

comparisons. Histological analysis along with expression studies could then 

be carried out.

A more arduous experiment would be to try and ablate HGF/SF and/or MET 

just in the kidney through a transgenic approach without it affecting any other 

organ. This approach was taken up by Gu and colleagues, whereby they 

knocked out the DNA polymerase p gene and then studied the development of 

lymphocytes (Gu et ah, 1994). By this method the mice would not die of liver
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and placental defects as the gene would only be knocked out in the kidney and 

it would enable us to look at the kidneys in vivo.

2). As I have studied the effect HGF/SF has on the metanephros as a whole, 

where complex interactions between many cell types are taking place, a more 

direct look at the effect of HGF/SF on the ureteric bud needs to be 

investigated. The ureteric bud needs to be isolated from the metanephric 

mesenchyme and this can be done by enzymatic treatment of the whole 

metanephros (Perantoni et a l, 1991b). It is then possible to grow the ureteric 

bud in organ culture and add HGF/SF. Another experiment which could be 

attempted is to make ureteric bud cell lines as was done for the renal 

mesenchyme, which would allow functional studies to be performed.

3). It has become evident that some knockout mice have phenotypes which are 

highly dependent on the genetic background conferred by the mouse; one such 

example is the null mutant mouse for the EGF receptor (Sibilia and Wagner, 

1995; Threadgill et al, 1995) in one strain the kidneys were normal yet in 

another strain the collecting ducts developed cysts. The HGF/SF and MET 

transgenic mice could be breed with other strains of mice to see if the effects 

are strain specific.
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HGF/SF in the mesangium.

Considering HGF/SF alters the shape of cultured mesangial cells, future 

experiments should investigate whether this factor is capable of modulating the 

glomerular utrafiltration coefficient in whole animals. The technique of 

micropuncture in rat kidneys would come in use here (Arendhorst and Navar,

1993). If HGF/SF could be implicated in metabolic and inflammatory 

glomerular disorders it might be possible to modulate the course of such 

diseases by, for example, the administration of neutralising antibodies (Border 

et al., 1990).

HGF/SF in early human development.

Further experiments are now required to ascribe specific fimctions to HGF/SF 

in early human development. One experiment which was omitted from the 

human study (owing to lack of time) was in situ hybridisation. This technique 

would allow the visualisation of specific cell types expressing HGF/SF and 

MET in the early human embryo. Unfortunately human embryonic tissues are 

not as readily available as mouse tissues and the way that human embryos are 

removed are not quite adequate to perform organ culture on the kidneys for 

example. But it might be possible to produce human embryonic cell lines as 

was done for the mouse mesenchymal clones (only once the cells were 

established in primary culture they would have to be transfected with a virus 

such as the SV40 T Ag to transform them) and use them to do fimctional
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studies. Since some molecules which are expressed during nephrogenesis are 

also expressed in diseased states such as, WT 1 and, PAX 2 (Winyard et al, 

1996b), it would be interesting to look at the expression pattern of HGF/SF 

and MET in human nephropathies.
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Introduction

The aim of this brief review is to discuss putative 
mechanisms which result in the serial branching of the 
ureteric bud which is the embryonic epithelium that diffe
rentiates into the ureter and collecting ducts of the adult 
kidney (fig. 1 ). The developmental anatomy of the collec
ting duct system has been described in detail by Potter [1] 
and will not be repeated here.

As the bud branches, cell differentiation occurs and 
specialised phenotypes can be identified within the stalks 
and the branching tips of the bud. While it appears that 
principal (K+-secreting) and two types of intercalated (H+- 
handling) cells demonstrate plasticity of their phenotypes 
in vitro, it is currently a matter of debate whether any of 
these cells represent a multipotent progenitor which oc
curs in vivo [2-5].

The mechanisms which determine the differentiation 
of epithelial cells within the ureteric bud may differ from 
those which regulate the branching phenomenon itself. In 
this context it is of note that certain phenotypic changes, 
which may reflect differentiation, occur when collecting 
duct cells are cultured in a non-organotypic fashion [3, 4]. 
A similar dissociation of cell differentiation from mor
phogenesis has been reported in studies of other branch
ing organs; pancreatic acinar cells continue to differenti
ate when they are cultured in a monolayer after separation 
from their native mesenchyme [6].

Interaction between the Mesenchyme and Epithelium

Investigators of nephrogenesis have emphasised the 
role of the ureteric bud as an inducer of nephron forma
tion within the adjacent renal mesenchyme where fibro- 
blast-like precursors differentiate into the epithelia of the 
glomerulus, proximal tubule and loop of Henle [7-11] 
(fig. 1). Since Grobstein [9] documented this effect in the 
1950s most studies of nephrogenesis have attempted to 
investigate the mechanisms which control the fate of the 
renal mesenchyme rather than the branching of the ure
teric bud. Grobstein [9, 10] also discovered that the iso
lated ureteric bud grown on a glass-clot interface failed to 
undergo morphogenesis but instead formed an epithelial 
monolayer or a simple cyst. Branching did occur when the 
bud was recombined with its native mesenchyme. Others 
confirmed this effect and noted that the ability of the 
renal mesenchyme to elicit branching was attenuated if 
the renal mesenchyme was harvested at later develop
mental stages [12]. Additional experiments which perturb 
branching of the ureteric bud are discussed later in the 
review and are listed in table 1.

Epithelial branching is a common morphogenetic 
event and occurs during the development of the lung, pan
creas, thymus, liver, prostate, salivary and mammary 
glands [7, 10, 13]. The specific branching pattern of each 
organ is unique as demonstrated for the kidney, salivary 
gland and lung (fig. 2). The observation that branching is
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Fig. 1. Cell lineage in nephrogenesis. Mu
tual inductions between the ureteric bud 
(shaded) and the renal mesenchyme (white) 
cause the serial branching of the bud and the 
differentiation of mesenchyme into polar
ised epithelia and interstitial fibroblasts.

Cell L ineages in  the M etanephros

Interstitial cells

G lom erulus

M esenchym e

Induction Proxim al tubule  
Loop of H en leEpithelia

M etanephros

U re te r and collecting ductsU reteric  bud

Table 1. Experimental perturbation of ureteric bud branching

In vitro metanephric organ culture 
Removal of the renal mesenchyme [9]
Antibodies to Gps ganglioside [58]
Antibodies to insulin-like growth factors I and IP [25]
Antibodies to transforming growth factor-a [29]
Antibodies to hepatocyte growth factor [38]
Antisense oligonucleotides to nerve growth factor receptor* [26] 
Addition o f P-D-xyloside [66]

In vivo transgenic deletions 
Deletion of the W T l gene [19]
Deletion of the RET  gene [40]

* Transgenic mice with homozygous null mutations of these genes 
have normal kidney development [42,43].

a common developmental phenomenon raises the possi
bility that mechanisms or molecules exist which have a 
common ‘branching function’ in diverse organs and we 
will return to this theme towards the end of this review. 
The embryonic salivary gland has been extensively stud
ied using the in vitro organ culture system and, as with the 
metanephros, the epithelium fails to branch if separated 
from its subcapsular mesenchyme; recombination of

these two elements, if taken from the same developmental 
time point, will result in epithelial branching. This theme 
of mesenchymal dependence is repeated in other develop
ing organs including the embryonic lung and pancreas. 
This review will explore the ‘qualities’ of the mesenchyme 
which induce branching morphogenesis.

Roles of Transcription Factors

It is fashionable to view development as a consequence 
of a program of gene activation and repression which is 
controlled by ‘master genes’ which code for the DNA- 
binding proteins called transcription factors. Although 
many transcription factors are indeed expressed during 
nephrogenesis, little is known of the target genes through 
which they must affect cell proliferation and differentia
tion. Two such genes, PAX-2 and HOX-2.3, are expressed 
within the ureteric bud and its derivatives and might be 
involved in the control of the branching process [14, 15]. 
These genes are members of gene families which contain 
‘paired-box’ and ‘homeo-box’ sequences coding for spe
cific DNA-binding domains. However, the genetic targets 
for these transcription factors have not been identified. 
Clinical syndromes are associated with mutations of
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PAX-3 and PAX-6 (Waardenburg syndrome 1 and an
iridia, respectively) but no mammalian disease has yet 
been associated with spontaneous mutations of PAX-2 or 
any of the HOX genes [16]. However, overexpression of 
the PAX-2 gene in transgenic mice results in renal epithe
lial disorganisation and the nephrotic syndrome. In that 
model the branching of the ureteric bud did not appear to 
be compromised [14]. The biological effects of a genetical
ly engineered abolition or ‘knock out’ of PAX-2 gene 
expression awaits description.

The WTl gene is expressed in the induced renal 
mesenchyme and within epithelia of the nephron [8, 17, 
18]. The WTl transcription factor protein controls differ
entiation by orchestrating the expression of genes which 
code for locally produced growth factors such as insulin
like growth factor (IGF)-II [18]. When WTl expression is 
abolished in mice by the technique of homologous recom
bination the renal mesenchyme does not differentiate and 
it remains physically isolated from the Wolffian duct 
which itself fails to branch to generate a ureteric bud [19]. 
This experiment reiterates in vivo the observations that 
Grobstein [9] made four decades previously when he 
reported that the epithelium of the ureteric bud failed to 
undergo normal morphogenesis if physically separated 
from the renal mesenchyme.

Roles of Paracrine Growth Factors

Organ development involves ‘growth’ but is cell prolif
eration or an increase of cell size strictly necessary for the 
branching process? In the developing salivary gland nor
mal branching does occur under conditions which signifi
cantly impair both DNA and protein synthesis [20] and 
therefore, at least in that organ, growth and branching are 
not inseparable. However, a more profound inhibition of 
cell proliferation does impair branching in the same sys
tem, although cleft formation, the first gross morphologi
cal step in branch formation, is not abohshed [21].

A role for diffusible factors is well established through
out development [22] and we have already alluded to the 
local action of IGF-II [18]. This is but one of many 
‘growth factors’ which are synthesised by the developing 
kidney and which act in a paracrine, autocrine or juxta- 
crine manner. It has recently become clear that the same 
factors which enhance cell proliferation during develop
ment may also prevent programmed cell death by apopto
sis [23]. Cell death is a prominent feature of normal neph
rogenesis [24] but its role, if any, in the process of branch
ing morphogenesis has yet to be investigated.

As discussed above, the mesenchyme appears to pro
duce a signal which enhances the branching of adjacent 
epithelia. Is there evidence for paracrine factors which are 
produced by the renal mesenchyme and which have 
defined cellular targets on the ureteric bud? In organ cul
ture of the whole metanephros the immunological or 
molecular blockade of either IGF-I and IGF-II or the low- 
affinity receptor for nerve growth factor (NGF) cause 
aberrant nephrogenesis with a growth failure of both the 
mesenchyme and ureteric bud [25, 26]. Any agent which 
has a primary effect on either the renal mesenchyme or 
ureteric bud may ultimately cause the secondary failure of 
its neighbour [10] and it is necessary to establish which 
progenitor cells produce specific paracrine factors and 
which possess receptors for these ligands. IGF-II is ex
pressed by non-epithelial cells within the mesenchyme 
and it is feasible, though unproved, that the ureteric bud 
may be a primary target for this mesenchymal-derived 
factor. The low-affinity NGF receptor is expressed by 
nephrons which develop within the mesenchyme [26] so 
that the effect of blockade of the NGF receptor on branch
ing of the ureteric bud is likely to be secondary to disrup
tion of other mesenchyme-derived factors.

A more direct approach with which to implicate para
crine factors in epithelial branching would be to test their 
effects on the ureteric bud when it has been isolated from 
the renal mesenchyme. Takahashi and Nogawa [27] 
found that salivary mesenchyme induced the branching 
of its native epithelium even when the two components 
were separated by a membrane which precluded contact 
between the two cell populations. Perantoni et al. [28] 
found that the addition of epidermal growth factor 
(EGF), the adult homologue of the embryonic transform
ing growth factor (TGF)-a, caused the ureteric bud to 
branch when it was cultured within a gel composed of 
collagen I. Branching was, however, considerably slower 
than in vivo. Although TGF-a is made by the metaneph
ros, and antibodies to the molecule inhibit nephrogenesis 
in organ culture of the whole metanephros [29], it is cur
rently unclear which cells synthesise the molecule. In 
some experimental circumstances EGF can also stimu
late differentiation and prevent apoptosis in the isolated 
renal mesenchyme [30, 31], so that the receptor for EGF/ 
TGF-a cannot be confined to the ureteric bud. EGF has 
also been-implicated in the regulation of lung morpho
genesis [32,33].

In situ hybridisation studies have shown that the ure
teric bud expresses genes coding for tyrosine kinases 
which are considered to be cell surface receptors for 
growth factors. Hepatocyte growth factor (HGF), also
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known as scatter factor, is secreted by various embryonic 
tissues [34, 35] including the renal mesenchyme [35, 36] 
and is the ligand for a cell surface receptor tyrosine kinase 
encoded by the MET gene which is itself expressed in the 
Wolffian duct and the ureteric bud [35]. Not only does 
HGF enhance the in vitro proliferation of target epithelia 
but it also has the remarkable effect of causing the serial 
branching of Madin Darby canine kidney renal epithelial 
cysts when they are cultured within collagen gels [37], a 
morphogenetic event which superficially resembles the 
branching of the ureteric bud. Currently, the cellular 
mechanism for this effect is unknown although the signal 
is transduced by phosphorylation of tyrosine residues of 
the receptor. Preliminary experiments suggest that immu
nological blockade of HGF in metanephric organ culture 
can inhibit the development of both the mesenchymal 
and bud components [38]. HGF and its receptor are 
expressed by mesenchyme and epithelia of diverse organ 
systems including the lung and pancreas. This observa
tion suggests that HGF is a good candidate for a general 
molecule implicated in the branching process [35].

The roles of cell surface receptors encoded by the ROS 
and RET genes are especially intriguing because their 
expression is confined to the actively branching tips of 
ureteric bud derivatives [39, 40]. It is asumed that these 
are also receptors for locally produced growth factors 
although in neither case has the ligand been defined. ROS 
is the mammalian homologue of the Drosophila sevenless 
gene, and mutations of this gene have been implicated in 
aberrant cell differentiation within the embryonic eye of 
the fruit fly [39].

The RET gene has been implicated in the multiple 
endocrine neoplasia 2 syndrome [41]. This disease, which 
is associated with tumours of the thyroid and adrenal 
glands, is transmitted in an autosomal dominant fashion 
and point mutations of a single allele of the RET gene 
have been found in numerous kindreds. Although kidney 
tumours are not a feature of this syndrome, Schuchardt 
et al. [40] have recently reported that abolition of RET 
gene expression by the technique of homologous recombi
nation is associated with renal malformations in mice. 
This renal malformation is especially striking because ani
mals with homozygous null mutations of the IGF-II and 
NGF receptor are reported to have grossly normal kidney 
morphogenesis [42, 43]. As discussed above, these mole
cules had been implicated to play a major role in nephro
genesis based on data from organ culture experiments. 
Clearly, in the intact animal there must be overlap 
between the functions of some paracrine factors or their 
receptors, such as IGF-II and the NGF receptor, while

other molecules, such as the RET protein, perform unique 
functions. Mice bearing null mutations for ROS and MET 
genes are currently being created (E. Gherardi, pers. com
mun.) and their real phenotypes will be of great interest.

Finally, there are ‘growth’ factors which inhbit nephro
genesis when added to cultures of the whole metanephros. 
These include leukaemia inhibition factor [44] and TGF- 
P, although only the latter molecule has been demon
strated to be synthesised within the developing kidney 
[45]. There is also evidence to implicate TGF-P in the ces
sation of branching of the embryonic salivary gland, lung 
and the mammary gland [46-48]. The molecular mecha
nisms for the growth-inhibitory effects of TGF-p have 
recently been reviewed [49, 50] and the interaction of this 
factor with molecules in the extracellular matrix is dis
cussed below. It may be significant that TGF-p can inhibit 
HGF secretion in vitro [51] and this effect may contri
bute to the suppression of branching morphogenesis by 
TGF-p.

Roles of Cell Adhesion and Extracellular Matrix

The physical mechanics of the branching processes are 
poorly understood [7] but must involve alterations of both 
the internal structure of epithelial cells as well as the 
matrices which support these cells. Cell shape is main
tained by the internal cytoskeleton, of which the microfi
laments are major constituents. Theoretically, a purse- 
string contraction of microfilaments at one end of a cell 
could change its shape from cylindrical to conical and, 
because epithelial cells are linked by junctional com
plexes, any local change of shape could affect a wide field 
within the epithelium [52]. This explains how a localised 
contraction would result in an invagination or évagina
tion of the whole epithelium. The interference with mi
crofilament function by cytochalasin B prevents branch
ing in organ culture of the embryonic salivary gland [52, 
53].

Morphogenesis is a three-dimensional process and the 
branching epithelial tree must be supported in space. The 
mesenchyme contains both a cellular and an extracellular 
matrix component. The matrix is composed of structural 
proteins such as collagens together with fibronectin, lam
inin, nidogen/entactin. Matrix molecules interact with 
each other and also with epithelial and mesenchymal cells 
via specific cell surface molecules such as the integrins 
and proteoglycans. The deposition of the molecules of the 
matrix are regulated in space and time during the devel
opment of branching organs [13, 54-59] and some mole
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cules have been linked to morphogenetic events. For 
example, the distribution of fibronectin and its cell recep
tor suggests that it is associated with the stabilisation of 
cleft points in the embryonic lung [55,60].

Experiments performed in vitro have shown that sup
porting material around branching epithelia need not con
tain living cells but that molecules of the extracellular 
matrix may suffice to support morphogenesis. For exam
ple, renal epithelial cell lines, the ureteric bud, mammary 
and embryonic salivary epithelia form branching struc
tures when they are placed within collagen I gels and are 
exposed to specific growth factors [28, 37, 61, 62]. Al
though morphogenesis in these systems is often limited, 
branching of the salivary gland is enhanced if EGF is add
ed and collagen I is replaced by a matrix containing 1am- 
inin, collagen IV, heparan sulphate and nidogen/entactin, 
a composition which more closely resembles the matrix 
found at the base of epithelial cells in vivo [27].

Although depletion of interstitial coUagens by coUage- 
nase prevents branching morphogenesis of the lungs and 
salivary glands in organ culture [63], it is of note that 
embryonic kidneys, lungs and salivary glands from colla- 
gen-I-deficient mice appear to develop normally in organ 
culture [64]. In the latter model it was postulated that colla- 
gens III and V may have substituted for collagen I, because 
their synthesis was upregulated. Fibronectins bind to cell 
surface integrins by virtue of short amino acid sequences 
and blockade of one such sequence reduces branching of 
the lung [60], and branching of the lung is also inhibited by 
immunological blockade of laminin [65]. The situation in 
the kidney appears to differ because neither manoeuvre 
disrupts the branching of the ureteric bud in metanephric 
organ culture, although antibodies to the laminin A chain 
prevent the formation of polarised nephron tubules from 
the undifferentiated renal mesenchyme [59].

Reduced synthesis of chondroitin sulphate proteogly
cans inhibit branching in the salivary gland [6 6 ] and the 
ureteric bud but do not compromise glomerular develop
ment in the kidney [67]. It is becoming clear that certain 
species of proteoglycans can modulate the activity of 
paracrine factors [50]. The binding of fibroblast growth 
factors (FGFs) to heparan sulphate prevents the degrada
tion of the FGFs and facilitates the interaction of the 
growth factor with its cell surface receptor. The proteogly
can syndecan binds FGFs and other molecules of the 
extracellular matrix and its tissue distribution during 
development suggests that it may play an important role 
in epithelial-mesenchymal interactions. The location of 
syndecan on the cell surface and its association with the 
intracellular actin makes it a potentially important link

between the external matrix and the cytoskeleton [6 8 ]. 
Another cell surface proteoglycan, (3-glycan, is known to 
bind TGF-P and this paracrine factor also binds to anoth
er matrix molecule called decorin which itself associates 
with collagen fibrils. The interaction of decorin with 
TGF-P is considered to neutralise the activity of the 
growth factor [50, 55].

Epimorphin is a 150-kD protein located on the surface 
of aggregated mesenchymal cells and the molecule is 
found in a wide variety of tissues which are undergoing 
organogenesis including lung, kidney, intestine and skin 
[69]. In organ culture a monoclonal antibody to epimor
phin perturbed epithelial development in the lung and 
when epimorphin is expressed in an immortalised em
bryonic fibroblast cell line it acquires the ability to induce 
tubule formation when co-cultured with lung epithelial 
cells. Currently, it is not clear whether the molecule has a 
specific function in the branching process or a more gen
eral role such as enhancing the organisation of epithelia 
into tubules [69]. Finally, the addition of antibodies to 
Gd3 ganglioside will prevent branching of the ureteric bud 
in metanephric organ culture [58]. Like epimorphin, this 
molecule is located on the surface of renal mesenchymal 
cells.

Do Common Molecules Cause Branching In Diverse
Organs?

Is it possible that there are common mesenchyme- 
derived molecules which elicit branching in different 
organ systems? This question has been addressed by 
experiments in which the mesenchymes and epithelia of 
different organs were recombined [6 , 9, 10, 70-73]. Pan
creatic epithelium can be induced to branch by a wide 
variety of embryonic mesenchymes and it was found that 
salivary mesenchyme was even more potent at inducing 
pancreatic differentiation than native pancreatic mesen
chyme. Superficially this could be taken as evidence that 
diverse mesenchymes produce a common branching fac
tor. Other epithelia are more demanding regarding their 
mesenchymal requirements. Embryonic lung epithelium 
branches when recombined with metanephric mesen
chyme but fails to undergo morphogenesis with diverse 
other non-lung mesenchymes. Similarly, thymic epithe
lium undergoes limited morphogenesis with renal mesen
chyme but, as with lung epithelium, develops best when 
recombined with its own mesenchyme. Finally, the ure
teric bud and salivary gland epithelia appear to require 
their own mesenchyme for normal branching.
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FIg. 2. Branching morphogenesis. Organotypic growth and differentiation of the mouse embryonic kidney (top 
row), submandibular gland (middle row) and lung (bottom row) at 0, 1 ,2  and 4 days of culture. Note the serial 
branching of the epithelial trees located in the centre of these organs.

Although these results make the existence of a single 
common branching molecule or factor less likely, we sug
gest that three molecules may play a general role in the 
control of branching. The first is HGF [35]. It is widely 
expressed by mesenchymal tissues within diverse branch
ing organs which include the metanephros, embryonic 
lung, pancreas and salivary gland and the MET gene, cod
ing for its cell surface receptor, is expressed in adjacent 
epithelial cells. Thus the mesenchymal source and epithe
lial target of this paracrine factor are well defined. More
over, as discussed above, HGF enhances the proliferation 
and branching of an immortalised renal cell line, a clear

demonstration of the morphogenetic potential of this fac
tor. The second molecule which may play a general role is 
epimorphin [69]. As discussed above, this cell surface pro
tein has been detected in a wide range of mesenchymal 
tissues and therefore would be well-placed to act as a mas
ter molecule synthesised by the mesenchyme. Thirdly, the 
wide distribution of TGF-P, together with its growth- 
inhibiting effects in diverse embryonic organs, would 
make this a suitable molecule to terminate branching.

Not only can the mesenchyme enhance the branching 
process itself but it may also determine the organ-specific 
pattern of the branches. For example, recombination of
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lung or mammary epithelia with submandibular mesen
chyme leads to a branching pattern characteristic of the 
salivary glands [71-73]. An even more striking example is 
provided by the experiment in which skin epidermis is 
recombined with gizzard mesenchyme; instead of form
ing a keratinised epithelium the epidermis differentiated 
into a mucus-secreting, ciliated epithelium [1 0 ].

Branching Morphogenesis and Human Kidney
Diseases

The abnormal development of the ureteric bud can be 
implicated in the genesis of human diseases. One example 
is the infantile (autosomal recessive) polycystic kidney 
disease in which cystic collecting ducts have a poorly dif
ferentiated phenotype with enhanced cell proliferation 
and aberrations of epithelial polarity [74]. In that disease, 
the branching process is normal. In contrast, in the renal 
dysplasias, the branching of the ureteric bud is severely 
limited and superficially resembles the disorganised epi
thelium that forms in vitro when the bud is cultured sepa
rately from the renal mesenchyme [75,76].

Renal dysplasias are morphologically heterogeneous 
and probably have varied aetiologies. Some are associated 
with urethral obstruction and here the renal malforma
tion results from physical damage caused by an increased 
hydrostatic pressure within the urinary tract. Other cases 
of renal dysplasia are not associated with an obstructed 
lower urinary tract and may result from an intrinsic dis

ruption during nephrogenesis. Renal agenesis and dyspla
sias can sometimes occur in kindreds suggesting that there 
is a genetic component to their pathogenesis; in such cases 
the renal disease may occur in isolation or form part of a 
syndrome such as the branchio-oto-renal syndrome [77].

Renal agenesis, either uni- or bilateral, ocurs in 30- 
50% of patients who suffer from the X-linked Kallmann’s 
syndrome [78, 79]. In this disorder, infertility and anos
mia are classic clinical features. These are caused by the 
failure of neurones from the olfactory placode to migrate 
into the brain during embryogenesis. Kallmann patients 
have a mutation of the KAL gene which codes for a puta
tive cell surface or extracellular matrix protein which has 
homology with both neural-cell adhesion molecule and 
fibronectin. In the developing chick and human, KAL 
transcripts are expressed in the developing brain and also 
in the meso- and metanephros [80,81]. These data strong
ly suggest that the KAL protein may be actively involved 
in nephrogenesis, although the exact role of the protein is 
not yet known. Based on this example, it is possible that 
mutations of other genes, including those which code for 
transcription [19] and paracrine factors or their receptors 
[40] will also be implicated in the genesis of human renal 
malformations.
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SUMMARY

Previous studies have demonstrated that hepatocyte 
growth factor/scatter factor (HGF/SF) is secreted by mes
enchymal cells and that it elicits motility, morphogenesis 
and proliferation of epithelia expressing the met receptor. 
We now report that HGF/SF may act as an autocrine factor 
in fibromuscular renal mesangial cells. These cells mechan
ically support glomerular endothelia, control the rate of 
plasma ultrafiltration and are implicated in the pathogen
esis of a variety of chronic renal diseases. We detected met 
protein in the vascular stalk of metanephric glomeruli and 
in the mature mesangium. Mesangial lines from a mouse 
transgenic for a temperature-sensitive simian virus 40 T 
antigen expressed met mRNA and protein, and recombi
nant HGF/SF phosphorylated the met receptor tyrosine 
kinase. Cells were immortal in the permissive condition 
and HGF/SF enhanced proliferation in a defined medium. 
In the absence of the immortalising protein, division ceased

and recombinant HGF/SF caused multipolar cells to 
become bipolar. The factor diminished stress fibres, their 
focal contacts and immunostaining for extracellular 
fibronectin, hence suggesting reduced substratum adhesion 
and enhanced motility. Mesangial lines also expressed 
HGF/SF mRNA and secreted bioactive factor; immuno- 
cytochemistry showed both ligand and receptor in individ
ual cells. HGF/SF blocking antibody aggregated the cells, 
suggesting that mesangial-derived factor affects basal cell 
conformation in an autocrine manner. We conclude that 
mesangial cells express both HGF/SF and met, and the 
factor induces morphogenesis of cultured mesangial cells. 
Therefore HGF/SF may have an autocrine role in 
mesangial biology but further studies are now required to 
investigate the potential importance of the factor in vivo.

Key words: glomerulus, HGF/SF, mesangial cell, met, kidney

INTRODUCTION

Experiments based on bioassays with cultured cells (Stoker et 
al., 1987; Nakamura et al., 1989; Montesano et al., 1991; 
Berdichevsky et al., 1994) and gene expression patterns (Son
nenberg et al., 1993) led to the conclusion that hepatocyte 
growth factor/scatter factor (HGF/SF) is secreted by mes
enchymal cells and that it elicits motility, morphogenesis and 
proliferation of epithelia. These paracrine effects are mediated 
by the met receptor (Bottaro et al., 1991; Naldini et al., 1991; 
Weidner et al., 1993). Met is a heterodimer composed of an a 
(50 kDa), and a p (140 kDa) subunit that, upon binding 
HGF/SF, undergoes autophosphorylation (Longati et al., 1994) 
and transduces growth signals into the cell (Ponzetto et al., 
1994). HGF/SF null-mutant mice die in utero due to impaired 
trophoblast growth and perturbed liver differentiation (Schmidt 
et al., 1995; Uehara et al., 1995). While these experiments 
demonstrate the importance of HGF/SF in mesenchyme-

directed epithelial growth, other studies show that non-epithe- 
lial cells may express met (Rosen et al., 1994).

Fibromuscular mesangial cells support glomerular capillary 
loops and modulate plasma ultrafiltration, the first step in urine 
formation (Kriz et al., 1990; Arendshorst and Navar, 1993). 
Mesangial cells are also implicated in the pathogenesis of renal 
diseases (Floege et al., 1993). We have derived mesangial lines 
from a H-2K -̂tsA58 mouse, transgenic for an interferon-y 
(IFN-y)-inducible, temperature-sensitive simian virus 40 T 
antigen (SV40 T Ag) (Ikxam et al., 1994). They were immortal 
in the permissive condition (33°C + IFN-y) but SV40 T Ag was 
absent at 39°C, the non-permissive temperature. In the non
immortal state they expressed met mRNA and protein, and 
recombinant HGF/SF caused multipolar cells to become 
bipolar. The same cells expressed HGF/SF mRNA and protein 
and secreted bioactive factor, while a blocking antibody to 
HGF/SF aggregated monlayers of the mesangial cells. This 
study demonstrates an autocrine effect of HGF/SF in cultured
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m esangial cells with im plications for glomerular physiology  
and pathology.

M A TER IALS A N D  M E TH O D S  

D erivation o f m esan g ia l ce ll lin es
Unless otherwise stated, all reagents were obtained from Sigma 
(Poole, UK). Kidneys of 6 week old heterozygous H-2K’’-tsA58 mice 
were placed in Hepes-buffered salts solution (pH 7.40; 118.0 mM 
NaCl, 4.7 mM KCl, 1.25 mM CaCh, 1.25 mM MgClz, 1.18 mM 
KH2PO4, 5 mM glucose, 5 mM glycine, 20 mM sodium cyclamate). 
Cortex slices were disaggregated at 37°C for 45 minutes in collage
nase (Worthington type IV: 0.75 g/1) in a 1:1 (v/v) mixture of Hepes 
solution and Ham’s F12/Dulbecco’s modified Eagle’s medium 
(DMEM) with 5 mg/1 transferrin, 5 mg/1 insulin, 50 nM hydrocorti
sone and 50 nM sodium selenite. Tubules were separated by cen
trifuging on a 50% isotonic Percoll density gradient (26,000 g  for 30 
minutes in a Beckman ti60 rotor). The uppermost band of glomeruli 
and distal nephrons (White et al., 1992) was passed through 200-300 
mesh sieves. Glomeruli were cultured in 6 -well dishes in a 5% COi/air 
atmosphere in DMEM with 5% (v/v) fetal calf serum (ECS), L- 
glutamine (4 mM), penicillin (10“̂ i.u./l), streptomycin (10"̂  units/1) 
and amphotericin (500 mg/1) in the permissive condition (33°C with 
4x10“̂ units/1 murine IFN-y). After 2 weeks outgrowths were dissoci
ated with trypsin (10^ units/1) and EDTA (0.02% in Ca^+- and Mg^+- 
free DMEM). Four mycoplasma-free lines (G1-G4) were isolated by 
limiting dilution and investigated at passage 5-15.

Proliferation a s s a y s
Proliferation was examined at 33°C and 39°C, in the presence or 
absence of IFN-y. Cells (5x10^) were plated into 24-well plates and 
viable cells excluding trypan blue were counted after 4 days culture 
in DMEM with 5% ECS. Although low levels of HGF/SF may be 
present in some sera (Gherardi et al., 1989), the serum we used did 
not contain bioactive HGF/SF as assessed by the absence of scatter
ing activity and the inability to phosphorylate met in the assays 
described below (data not shown). In some experiments cells we used 
serum-free defined medium (DMEM supplemented with L-glutamine 
(4 mM), 5 mg/1 transferrin, 5 mg/1 insulin and 50 nM sodium selenite) 
and 20-200 pM recombinant HGF/SF purified by heparin affinity 
chromatography from supernatants of a mouse myeloma line (N50) 
transfected with mouse HGF/SF (Woolf et al., 1995).

Nitric ox id e  (NO) production
Cells ( 10^/cm^) were seeded into 24-well plates and incubated in 
DMEM with 5% ECS for 3 days at 39°C to inactivate the SV40 T Ag. 
They were washed with PBS and 0.5 ml of fresh medium added. NO 
synthase (NOS) was induced using lipopolysaccharide (EPS; 1 mg/1) 
and IFN-y (10^ units/1) while control cells received vehicle only. Con
ditioned medium was harvested at 0-48 hours for measurement of 
nitrite, the stable break-down product of NO (Marietta et al., 1988). 
In some experiments N^-monomethyl-L-arginine (2 mM), a compet
itive inhibitor of NOS activity, or dexamethasone (300 nM), an 
inhibitor of NOS induction, were added. At no time was SV 40 T Ag 
detected by immunocytochemistry (not shown). Nitrite was measured 
with Greiss reagent (Green et al., 1982). Absorbance was measured 
at 570 nm using an MR5000 microplate reader (Dynatech, Billing- 
shurst, UK). The assay was linear over 1-100 |iM using sodium nitrite 
as a standard.

RT-PCR for m ef and HGF/SF
RNA was extracted from tissues by the acid phenol-chloroform 
method (Chomczynski and Sacchi, 1987) and mRNA subjected to 
reverse transcription and PCR amplification (RT-PCR) as described 
(Woolf et al., 1995). Primers were: met sense primer nt 159-179 and

antisense primer nt 866-886  of mouse c-met cDNA (Chan et al., 
1988); HGF/SF sense primer nt 338-358 and antisense primer nt 876- 
896 of rat HGF/SF cDNA (Tashiro et al., 1990). Met and HGF/SF 
RT-PCR products were subcloned in Bluescript XLl Blue (Strata- 
gene) and sequencing confirmed their identities (not shown).

Im m unoprécipitation and w estern  b lotting
Cells (2x10^) were serum-starved for 12 hours and incubated with 300 
pM HGF/SF for 30 seconds to 15 minutes. They were lysed in 1 ml 
of ice-cold RIPA buffer (PBS with 1% Nonidet P40, 0.5% sodium 
deoxycholate, 0.1% SDS, 1 mM phenylmethylsulphonyl fluoride, 10 
mg/1 aprotinin and 1 mM sodium orthovanadate), disrupted by aspi
ration through a 21 gauge needle and cooled on ice for 10 minutes. 
Debris was pelleted by centrifugation at 5,000 g at 4°C for 15 minutes 
and the lysate was precleared with 1.0 |ig normal rabbit IgG and 20 
pi of Protein A-agarose (Santa Cruz Biotechnology, Santa Cruz, CA, 
USA) followed by centrifugation at 2,500 g  at 4°C for 5 minutes. 
Supernatant was mixed with 1.0 pg of anti-mouse c-met rabbit 
antiserum raised against the carboxy-terminal 21 amino acids of 
mouse met (Santa Cruz Biotechnology) and incubated for one hour at 
4°C, followed by addition of 20 pi of Protein A-agarose and incuba
tion overnight at 4°C. Immunoprecipitates were collected by cen
trifugation at 4,000 g  at 4°C for 5 minutes. Pellets were washed with 
RIPA buffer, resuspended in 40 pi electrophoresis buffer (1 ml 
glycerol, 0.5 ml P-mercaptoethanol, 3 ml of 10% SDS, 1.25 ml IM 
Tris-HCl (pH 6.7) and 1 mg bromophenol blue) and heat denatured 
at 100°C for 5 minutes. Proteins were separated by electrophoresis in 
a 6 % SDS-polyacrylamide gel (Laemmli, 1970) and were transferred

Fig. 1. SV40 T Ag immunostaining in conditionally immortal 
mesangial cells. (A) In the permissive condition all cell nuclei stain 
for the SV40 T Ag. (B) After 4 days in the non-permissive condition 
the immortalising protein is undetectable. Bar, 40 pm
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onto 0.45 |im nitrocellulose (Hybond-C Extra; Amersham. UK) (Mat- 
sudaira, 1987). Membranes were incubated in blocking solution (5% 
non-fat milk in TBS) at 4°C overnight and reacted with phosphoty- 
rosine (Upstate Biotechnology, USA) or met antibodies. Primary anti
bodies were detected with horseradish peroxidase-conjugated second 
antibodies and Enhanced Chemi-Luminescence reagent (Amersham, 
UK). Proteins were sized with Rainbow markers.

B io a ssa y s
Cells were cultured at 10̂  cells/cm^ in DMEM with 5% ECS and con

ditioned medium and harvested after 2 days. Scattering bioactivity 
was measured using Madin-Darby canine kidney (MDCK) epithelia 
as target cells as described (Stoker and Perryman, 1985; Stoker et al., 
1987; Woolf et al., 1995). In this assay, a titre of <2 indicates no 
bioactivity. Conditioned medium from the mouse DA-ras NIH3T3 
line was a positive control (Gherardi et al., 1989). In some experi
ments the conditioned medium was incubated for one hour at room 
temperature with a neutralising goat anti serum against human 
HGF/SF (10 mg/1; R and D Systems Inc., MN, USA) before bioassay. 
This antibody shows not cross-reactivity with a wide ranges of

#

Fig. 2. Characterisation of 
mesangial cell lines.
(A-C) Permissive condition;
(D-I) non-permissive condition.
(A and D) Staining with anti
smooth muscle actin antibody;
(B and E) with anti-desmin 
antibody; and (C and F) with anti
myosin antibody. (G-I) Negative 
controls without first antibodies. 
Smooth muscle actin and desmin 
staining are more prominent in the 
non-permissive condition and cells 
are larger in the absence of the 
SV40 T Ag. Bars, 10 pm.



3 7 0 6  M. K olatsi-Joannou and others

cytokines produced by mesangial cells (e.g. TGF-(3, PDGF and 
VEGF) and the blocking ED50 is 2-4 mg/1 for 1 nM recombinant 
human HGF/SF (R and D Systems data sheet). Our preliminary exper
iments (not shown) also established that this antibody blocked MDCK 
scattering induced by recombinant mouse HGF/SF and by D4-ra.y 
NIH3T3 conditioned medium. To study the effects of recombinant 
HGF/SF and its blocking antibody on mesangial shape, we plated cells 
at 10"*/cm- in DMEM and 5% ECS with recombinant HGF/SF (20- 
200 pM) or neutralising serum (10 mg/1), or non-immune IgG at the 
same concentration.

Im m unochem istry
Cells were fixed for 2 minutes in 2% paraformaldehyde or acid-ethanol 
(95% (v/v) ethanol and 5% glacial acetic acid) or methanol. Primary 
antibodies were applied for 18 hours at 4°C: anti-desmin (Sigma, 
D8281 and D1033), anti-endothelial cell antigen (Serotec, MCA 762), 
anti-fibronectin (Sigma F-3648), anti-HGF/SF (raised in goat; R and 
D Systems Inc., MN, USA; raised in sheep, a gift from E. Gherardi, 
ICRF, Cambridge, UK), anti-mouse c-met (Santa Cruz Biotechnol
ogy), anti-myosin (Sigma, M7648 and M7786), anti-pancytokeratin 
(Sigma, C l801), anti-PECAM/CD31 (DAKO M823), anti-smooth 
muscle actin (Sigma A2547 and DAKO, M851), anti-SV40 T Ag 
(Harlow et al., 1981), anti-vimentin (Boehringer Mannheim Biochem
icals, IN, USA) and anti-von Willebrand factor (Sigma). They were 
detected by FITC- or TRITC-conjugated second antibodies. For double 
staining of HGF/SF and met, paraformaldehyde-fixed mesangial cells 
were incubated with rabbit anti-met plus sheep anti-HGF/SF at 4°C for 
18 hours. Secondary antibodies were applied sequentially (Texas Red- 
conjugated goat anti-rabbit IgG followed by FITC-conjugated donkey 
anti-sheep IgG) and examined at appropriate wavelengths with a laser 
scanning confocal microscope (Leica Lasertechnik GmbH, Heidel
berg, Germany). Preliminary experiments showed that no significant 
signal was obtained upon omitting the primary antibodies and the met 
or HGF/SF primary antibodies are no longer immunoreactive after 
respective preincubation with met peptide (Santa Cruz Biotechnology) 
or recombinant HGF/SF. Paraformaldehyde-fixed 10 pm cryosections 
of non-transgenic embryonic and adult kidneys were incubated with 
the ant\-met or anti-HGF/SF antisera as for immunocytochemistry. F- 
actin filaments were stained with FITC-conjugated phalloidin 
(Molecular Bioprobes, Oregon, USA).

E lectron m icroscop y  (EM)
Cells were fixed in 3% glutaraldehyde in 0.1 M sodium cacodylate and 
5 mM NaCl (pH 7.4). Ultrathin sections were cut on an RTC MT6000 
ultramicrotome using a Diatome diamond knife (Agar Scientific Ltd., 
Stansted, Essex, UK). Sections were stained with 25% uranyl acetate 
in 50% methyl alcohol and Reynold’s lead citrate, each for 20 minutes 
and grids examined with a JEOL 1200EX electron microscope.

RESULTS 

Isolation of conditionally immortal m esangial cells
W e isolated 4 lines (G l-4 ) that maintained similar phenotypes

40
p < 0 .05

■® 30
2

I

z

504020 300 10

Tim e (hours)

Fig. 3. NO production by transgenic mesangial cells. Cells were 
maintained in the non-permissive condition to inactivate SV40 T Ag 
and were exposed to EPS to induce NOS. The graph shows nitrite 
production over the course of 48 hours ( • ) ;  stimulation with EPS 
and addition of N'^-monomethyl-E-arginine (A); stimulation with 
EPS and addition of dexamethasone (■ ). Vehicle-treated cells (T).

Proliferation of Conditionally Immortal Mesangial Cells

Permissive Non-Permissive

Fig. 4. Mesangial lines are conditionally 
immortal. (A) At day 0, 5x10-  ̂mesangial 
cells were plated and viable cells were 
counted at 4 days. Under permissive 
conditions (33°C and IFN-y) HGF/SF (20- 
200 pM) enhanced proliferation in serum- 
free medium (shaded) but with 5% serum 
(5% FBS) the factor did not enhance 
proliferation. (B) In the non-permissive 
condition (39°C without IFN y) cells did 
not survive in defined medium, either with 
or without added HGF/SF but serum 
prevented cells from dying. Values are 
means ± s.d. of 8 experiments; *P<0.01 
versus basal medium.
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to passage 15. Ail cell lines stained for SV 40 T A g in the per
m issive condition but this temperature-sensitive protein was 
absent in the non-perm issive condition (Fig. 1). A ll lines 
expressed m esangial markers including sm ooth m uscle actin, 
desm in, m yosin (Fig. 2) and vimentin (not show n). Nitrite pro
duction was undetectable in unstimulated cells but levels rose 
significantly after stimulation with LPS and IFN-y, an effect 
abolished by addition o f  N^-m onom ethyl-L-arginine or dex
amethasone (Fig. 3); these are physiological characteristics o f  
m esangial cells (Shultz et al., 1994). Individual cells were m ul
tipolar and at confluence (Fig. 2) they lacked the cobblestone 
appearance o f  epithelial and endothelial cells. They were 
negative for cytokeratin, an epithelial marker, and for endo
thelial markers (von W illebrand factor, M CA 762 and anti- 
CD 1; data not show n). Proliferation was dependant on the 
presence o f  the SV 40 T A g (Fig. 4), and cells appeared larger 
after withdrawal o f  the im mortalising protein (Fig. 2). In the 
perm issive condition, ce lls continued to proliferate without 
serum (Fig. 4). W hen the transgene was inactivated 5%  FCS 
maintained viability but cells did not proliferate; in the non- 
perm issive condition cells died in defined medium (Fig. 4). 
Thus we had isolated conditionally immortal m esangial cells.

M e sa n g ia l c e l l s  e x p r e s s  met
M et  transcripts were detected by RT-PCR in normal embryonic 
day 16 (E l6) metanephros, in neonatal and in adult organs (Fig.

5). Western blot o f kidney homogenates showed met protein at 
these times (data not shown). At E l6, immunohistochemistry 
detected met  in the vascular stalk within the crevices o f  
primitive glom eruli (Fig. 6), an area that contains endothelial 
and putative mesangial cells (Saxen, 1987; Bernstein et al.,

E16 N eo n a te  Adult 
Kidney Kidney Kidney

GI Cell 
Line

HGF-SF

ACTN

732 bp

559 bp

540 bp

Fig. 5. Expression of HGF/SF and met mRNA by mesangial cells. 
(A) RT-PCR demonstrates met mRNA in F16 metanephros, neonatal 
and adult kidney and in a mesangial cell line (GI). (B) RT-PCR for 
HGF/SF demonstrates mRNA in the same tissues. (C) RT-PCR for 
actin confirms integrity of mRNA. Thirty cycles of PCR 
amplification were performed resulting in products; 732 bp for met, 
559 bp for HGF/SF and 540 bp for P-actin.

Fig. 6 . Met protein in the 
glomerulus. (A) An S-shaped 
body in an F 16 metanephros. Met 
is expressed by the vascular stalk 
of the primitive glomerulus 
(arrowheads). The primitive 
glomerular epithelium (g) also 
stains for met, pt and dt indicate 
the forming proximal and distal 
tubule. Bar, 20 pm. (B) A mature 
glomerulus shows met staining in 
all cells. Mesangial cells are 
indicated (arrowheads). Bar, 20 
pm. (C) No signal when met 
anti serum was preabsorbed with 
met peptide. Bar, 20 pm. (D) High 
power of adult glomemlus. A 
multipolar mcr-positive mesangial 
cell (arrowhead) is observed 
between a cluster of capillary 
loops located in the centre of a 
glomerulus (c). Bar, 5 pm.
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HGF/SF

C ontrolH G F /SF /m et

Fig. 7. Both met and HGF/SF protein are present in 
mesangial cells. (A) HGF/SF immunostaining in 
mesangial cells detected with FITC-conjugated 
second antibody; no staining was observed when anti- 
HGF/SF antibody was preabsorbed with recombinant 
factor (not shown). (B) Met immunostaining in the 
same field of cells detected with Texas Red- 
conjugated second antibody (see Fig. 6C for absence 
of staining when antibody is preabsorbed with met 
peptide). (C) Combined confocal images shows that 
the factor and ligand are present in individual 
mesangial cells but staining for HGF/SF is more 
extensive than for met. (D) No significant signal with 
omission of first antibodies. Bar, 10 pm.

1981). The mature glomerulus is com posed o f  mesangial, endo
thelial and epithelial cells. Met  immunoreactivity was detected 
in mesangial cells that are multipolar and located in the centre 
o f the glomerulus; they are surrounded by capillary loops (Fig.
6). A weaker signal was detected in other glomerular cells. As 
assessed by RT-PCR, cultured mesangial cells expressed met  
mRNA (Fig. 5). Met  protein was detected in these cells by 
immunocytochemistry (Fig. 7), the 140 kDa met  (3-subunit was 
identified on a western blot and recombinant HGF/SF caused  
tyrosine phosphorylation (Fig. 8). In the presence o f the SV 40  
T Ag, 20-200 pM HGF/SF significantly enhanced proliferation 
of mesangial cells in defined medium but the factor did not 
additionally increase cell number in the presence of serum. In 
the non-permissive condition HGF/SF was unable to prevent 
cell death in the serum-free medium (Fig. 4).

H G F /SF  c h a n g e s  m e s a n g ia l  c e l l  s h a p e
Further experiments were performed in the absence on the 
immortalising SV 40 T A g when cells were not proliferating. 
Mulipolar mesangial cells contained prominent F-actin stress 
fibres terminating in focal adhesions (Figs 9-11). Recombinant 
HGF/SF produced striking shape changes in all 4 lines. Cells 
in confluent monolayers separated (not shown) while cells at 
lower density became thin and bipolar, possessing lamellapo- 
dia and long processes at opposite poles (Figs 9 and 10). After 
12-24 hours exposure to HGF/SF, F-actin filaments were main
tained along the perimeter o f cells, in the long processes and 
in the borders o f the lam ellipodia but after 48 hours F-actin 
staining decreased (Fig. 10). In the presence o f  recombinant 
HGF/SF the plasma membrane appeared irregular or ruffled 
and the cytoplasm  contained prominent vacuoles (Fig. 11). No

PERMISSIVE NON-PERMISSIVE

antl-PTyr anti-PTyr

0 30sec 5m ins 15m ins 0 30sec  Bmins ISm ins

M
an ti-m etan ti-m et

220kDa to

p i 40 m et to- 

97kDa to-

220kDa to

p i 40 m et to- 

97kDa to-

Fig. 8 . Mesangial met phosphorlation by recombinant HGF/SF. 
Upper panel: immunoprécipitation o i met and western blot for 
phosphotyrosine in mesangial cells. After overnight serum- 
starvation, recombinant HGF/SF caused the phosphorylation of the 
met receptor (140 kDa (3 chain) in permissive and non-permissive 
conditions. Lower panel: western blot for met shows the (3-subunit.

changes in immunostaining for desmin, myosin or smooth 
m uscle actin were noted after HGF/SF was added (data not 
shown) but extracellular fibronectin was markedly reduced 
(Fig. 12). HGF/SF produced qualitatively similar effects in the 
permissive condition (data not shown).

C u ltu red  ren a l m e s a n g ia l  c e l l s  e x p r e s s  H G F /SF
HGF/SF m RNA was expressed by embryonic and adult 
kidney, and in the mesangial lines (Fig. 5), and a diffuse 
im munostaining was noted in adult glom eruli (not shown). 
HGF/SF was detected in cultured mesangial cells by immuno-
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Fig. 9. Exogenous 
HGF/SF induces 
mesangial shape 
changes. Mesangial 
cells cultured in 
serum in the non- 
permissive 
condition.
(A-D) Mesangial 
cell lines (0 1 -0 4 )  
at low density. Note 
the multipolar 
shape of the 
majority of cells. 
(E-H) The same 
cell lines, 24 hours 
after addition of 
200 pM 
recombinant 
HOF/SF. The 
majority of cells are 
bipolar. Bar, 20 pm.

Fig. 10. Effects of HOF/SF on 
mesangial F-actin. (A-C) Phase- 
contrast photomicrographs;
(D-F) corresponding FITC- 
phalloidin staining.
(A and D) Mesangial cells in the 
non-permissive condition have 
prominent stress fibres.
(B and E) After 12 hours 
exposure to 200 pM HOF/SF, 
cells elongated; F-actin was still 
present in the cell body and in 
long processes (large arrows).
(C and F) After exposure for 24 
hours, stress fibres were less 
prominent and cells became 
attenuated, often with a 
lamellipodium (small arrows) and 
a long process at opposite poles. 
Bar, 15 pm.
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Fig. 11. Ultrastructural effects of HGF/SF.
(A and B) Mesangial cells in non-permissive 
condition show extracellular matrix (A, open 
arrows) and filaments inserting into focal 
adhesions (B, curved arrows). (C and D) After 
exogenous HGF/SF filaments are present in the 
leading edges of cells (C) but are much less 
prominent (curved arrows) in long cell processes 
(D.). Note the irregular plasma membrane and 
numerous vesicles after HGF/SF. Bar, 100 nm.

cytochem istry and double-labelling demonstrated that the same 
cells expressed met  (Fig. 7). Conditioned medium collected  
from confluent mesangial cells in the non-perm issive condition  
scattered M DCK  cells at a titre o f  16-32 (Stoker et al., 1987), 
a bioactivity abolished by pre-incubation with 10 mg/1 o f  
HGF/SF neutralising antibody (data not show n). The D4-ra.v 
N1H3T3 line, which is known to secrete high levels o f  
HGF/SF, produced a titre o f  128-256. The addition o f  the 
above HGF/SF antiserum (10 mg/1) to low -density m esangial 
cells was associated with the formation o f  areas o f  aggregated  
cells after 24 hours, suggesting that HGF/SF o f  m esangial 
origin may contribute to basal cell conform ation (Fig. 13). 
U nspecific pre-immune goat IgG had no effect (not shown).

D IS C U S S IO N  

F ib r o m u s c u la r  m e s a n g ia l  c e l l s  e x p r e s s  met
W e isolated 4 conditionally immortal mesangial lines from  
glom eruli o f  H-2K'’-tsA58  m ice, which are transgenic for an

inducible and temperature-sensitive S V 40 T A g (Ikram et al., 
1994). The ce lls stained for desm in, m yosin, sm ooth muscle 
actin and vim entin, and they made a fibronectin matrix. 
Vimentin and fibronectin are also expressed by renal fibrob
lasts but desm in and m yosin are specific for mesangial cells in 
this context (Ishino et al., 1991). In addition, smooth muscle 
actin expression is characteristic o f  cultured mesangial cells 
(Eiger et al., 1993). Finally, the lines exhibited an important 
physiological characteristic o f  mesangial cells (Shultz et al.,
1994): they released NO when stimulated with LPS, and NO  
production was inhibited by dexam ethasone or N^- 
m onom ethyl-L-arginine.

M esangial cells bind various growth factors that transduce 
signals via receptor tyrosine kinases. These include epidermal 
growth factor (EGF; M axw ell et al., 1993), fibroblast growth 
factor (F loege et al., 1993), insulin-like growth factor (Ohashi 
et al., 1993), nerve growth factor (Alpers et al., 1993), and 
platelet-derived growth factor (PDGF; Alpers et al., 1992; 
F loege et al., 1993). Our study demonstrates that mouse 
m esangial cells express met  in vivo and in vitro. Although a
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Fig. 12. HGF/SF reduces mesangial fibronectin. (A) Mesangial cells show immunostaining for extracellular fibronectin. (B) After 2 days 
exposure to HGF/SF, staining is reduced. (C) No significant staining after omission of first antibody. Bar, 50 pm.

brief report suggested that cultured rat mesangial cells do not 
express met  m RNA (Ishibashi et al., 1992), we suggest that in 
that study met  may have been down-regulated after prolonged  
passaging. Alternatively, there might be a difference in 
expression between mouse and rat cells. Our study broadens 
the known range o f non-epithelial targets for HGF/SF, which  
include nephrogenic m esenchym al cells (W oolf et al., 1995), 
haem opoietic progenitors (Galimi et al., 1994), skeletal m uscle 
precursors (Bladt et al., 1995), endothelial cells (Grant et al., 
1993) as well as neurons, chrondrocytes and Kaposi’s Sarcoma 
cells (Rosen et al., 1994).

Mef transduces a m orphogenetic signal in 
mesangial cells
The effects o f HGF/SF on epithelial cells in monolayer culture 
are w ell documented. The factor induces cell spreading 
follow ed by a loss o f cell-cell contact and scattering (Stoker et 
al., 1987). Early effects include membrane ruffling and 
m icropinocytosis in actin-rich lam ellipodia (Dowrick et al., 
1993), follow ed by a reduction in stress fibres (D owrick et al., 
1991; Ridley et al., 1995). Ras, and the related GTP-binding 
protein, Rac, mediate HGF/SF-induced spreading o f M DCK  
cells, w hile activated Rho, which enhances stress fibres, 
prevents HGF/SF-induced scattering and motility in this model 
(Ridley et al., 1995). M icrotubules have also been implicated  
in these effects (Prescott et al., 1992; Dugina et al., 1995). In 
the current study we found that addition o f recombinant 
HGF/SF caused multipolar mesangial cells to becom e bipolar. 
This was accompanied by a decrease in stress fibres and focal 
contacts, changes consistent with the acquisition o f motility 
(Stossel, 1993). HGF/SF also reduced immunostaining for 
extracellular fibronectin, which could result from decreased  
synthesis o f this matrix m olecule. Another explanation would  
be increased degradation o f fibronectin resulting from  
HGF/SF-induced upregulation o f proteases (Pepper et al.,
1992). Fibronectin is a major component o f the mesangial 
matrix and its loss could contribute to reduced adhesion to the
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Fig. 13. Anti-HGF/SF antibody alters shape of mesangial cells.
(A) Cells in the non-permissive condition. (B) Blocking antibody to 
HGF/SF (10 mg/1) causes aggregation of cells after 24 hours. Bar, 20 
pm.

substratum. Elevations o f cA M P induced by isoproterenol also  
cause dissolution o f  mesangial stress fibres and extension o f  
processes (Kreisberg et al., 1985); although these effects 
resemble those induced by HGF/SF they occur in minutes 
while the HGF/SF-induced changes take 12 hours.

Mesangial cells exp ress HGF/SF
W e found that cultured mesangial cells expressed HGF/SF
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mRNA and secreted bioactive factor; the titre was, however, 
an order of magnitude below that produced by T)A-ras NIH3T3 
fibroblasts (Gherardi et al., 1989). Our observation accords 
with a report in which human mesangial cells released 
immunoreactive HGF/SF (Couper et al., 1994); bioactivity was 
not measured in that study. Mesangial cells mechanically 
support glomerular endothehal cells, a role analogous to that 
of vascular smooth muscle cells (Kriz et al., 1990). It is 
therefore of note that both smooth muscle cells (Rosen et al., 
1989) and mesangial cells secrete HGF/SF. Mesangial cells 
grown in tissue culture do not form tight colonies characteris
tic of epithelia and endothelia. We found that a neutralising 
antibody to HGF/SF enhanced cell aggregation, hence sug
gesting that endogenously produced factor may alter cell shape 
by an autocrine mechanism. The effect of mesangial-derived 
factor, however, cannot be maximal because the addition of 
200 pM HGF/SF produced changes of shape in all 4 cell fines. 
This concentration was used because it produces a maximal 
effect in various bioassays: for comparison, cultured fibroblasts 
secrete 10-100 pM (Stoker et al., 1987). The ability of one type 
of cell to express both met and HGF/SF is unusual, but occurs 
in renal mesenchymal cells (Woolf et al., 1995) and the ndk 
epithelial strain (Adams et al., 1991). When Tsarfaty and col
leagues (1994) genetically engineered fibroblasts to coexpress 
HGF/SF and met, the cells acquired some markers of epithelia. 
Our current study, however, shows that the expression of both 
genes in a cell does not inevitably lead to an epithelial 
phenotype.

P ossib le  roles of the m esangial HGF/SF-mef axis In 
health and d isea se
HGF/SF produced by renal mesenchyme supports cell survival 
and epithelial differentiation in serum-free metanephric organ 
culture (Woolf et al., 1995) but early nephrogenesis appears to 
be normal in mice with homozygous null mutations of HGF/SF 
(Schmidt et al., 1995; Uehara et al., 1995) or met (Bladt et al.,
1995). A caveat here is that the renal phenotype of mice with 
null mutations of another receptor tyrosine kinase, the EGF 
receptor, is highly dependent on the genetic background 
conferred by the mouse strain (Threadgill et al., 1995). Strik
ingly, mice with PDGF-p receptor null mutations lack 
mesangial cells (Soriano, 1994), implicating the PDGF-(3 chain 
in the differentiation of these cells (Alpers et al., 1992). We 
detected met in the cleft of the primitive glomerulus (or S- 
shaped body), an area that contains maturing endothelia. These 
cells may share an origin with mesangial cells, a hypothesis 
based on the intimate relation of these cells in the mature 
glomerulus and the observation that neither cell differentiates 
in organ culture (Bernstein et al., 1981). It is therefore con
ceivable that met may tranduce differentiation signals in the 
mesangial lineage. Unfortunately, death around El 3-14 of both 
HGF/SF and met homozygous null mutant mice (Schmidt et 
al., 1995; Uehara et al., 1995; Bladt et al., 1995) precludes 
investigation of the potential effects of these genes on 
mesangial differentiation because mesangial cells develop later 
in gestation.

HGF/SF has been implicated in renal hypertrophy after con
tralateral nephrectomy (Nagaike et al., 1991) and in tubular 
epithelial regeneration after nephrotoxicity (Igawa et al.,
1993). In these contexts, the factor has been considered to be 
produced by fibroblasts located between renal tubules. The

production of HGF/SF by mesangial cells represents another 
renal source of the factor. Mesangial cells mechanically 
support glomerular endothelial cells (Kriz et al., 1990) and in 
vitro they contract in response to a wide variety of bioactive 
agents such as angiotensin. It has been argued that if similar 
shape changes were to occur in vivo, then these cells could 
control the rate of glomerular ultrafiltration (Arendshorst and 
Navar, 1993). Since HGF/SF alters the shape of cultured 
mesangial cells, future experiments should investigate whether 
this factor is capable of modulating the glomerular utrafiltra- 
tion coefficient in whole animals.

In a variety of human and animal glomerular diseases such 
as diabetic nephropathy and immune-mediated disorders (the 
glomerulonephritides) growth factors cause excessive 
mesangial proliferation and matrix production (Floege et al., 
1993; Border et al., 1990). It is therefore of note that human 
mesangial cells release increased immunoreactive HGF/SF 
when cultured in high glucose medium, a model that mimics 
diabetes mellitus (Couper et al., 1994). Furthermore, in 
immune-mediated mesangiocapillary glomerulonephritis 
mesangial cells extend fine processes around the perimeter of 
capillary loops, hence reducing the rate of production of 
glomerular filtrate (Nakamoto et al., 1992); from our in vitro 
observations, HGF/SF should be regarded as a potential 
candidate for producing this effect. Rat platelets are rich in 
HGF/SF and they could be another important local source of 
the factor because they infiltrate the glomerulus in many 
inflammatory disorders; human platelets, however, make less, 
if any, HGF/SF and are therefore unlikely to play a similar role 
in patients with glomerulonephritis (Nakamura et al., 1989). 
Finally, it is possible that HGF/SF from mesangial cells could 
have paracrine effects on the growth of glomerular epithelial 
cells, which are known to express met (Ishibashi et al., 1992). 
It would now seem appropriate to study the in vivo expression 
of HGF/SF in inflammatory and metabolic glomerular 
diseases. If HGF/SF could be implicated in these disorders it 
might be possible to modulate the course of such diseases by, 
for example, the administration of neutralising antibodies 
(Border et al., 1990).

We thank M. Noble and P. Jat (Ludwig Institute for Cancer 
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Abstract. Several lines of evidence suggest that hepa
tocyte growth factor/scatter factor (HGF/SF), a soluble 
protein secreted by embryo fibroblasts and several 
fibroblast lines, may elicit morphogenesis in adjacent 
epithelial cells. We investigated the role of HGF/SF 
and its membrane receptor, the product of the c-met 
protooncogene, in the early development of the 
metanephric kidney. At the inception of the mouse 
metanephros at embryonic day 11, HGF/SF was ex
pressed in the mesenchyme, while met was expressed 
in both the ureteric bud and the mesenchyme, as as
sessed by reverse transcription PCR, in situ hybridiza
tion, and immnuohistochemistry. To further investigate 
the expression of met in renal mesenchyme, we iso
lated 13 conditionally immortal clonal cell lines from 
transgenic mice expressing a temperature-sensitive mu
tant of the SV-40 large T antigen. Five had the HGF/ 
SF+/met+ phenotype and eight had the HGF/SF /met+

phenotype. None had the HGF/SF+/mef nor the 
HGF/SF“/m ef phenotypes. Thus the renal mesen
chyme contains cells diat express HGF/SF and met or 
met alone. When metanephric rudiments were grown 
in serum-free organ culture, anti-HGF/SF antibodies 
(a) inhibited the differentiation of metanephric mesen
chymal cells into the epithelial precursors of the 
nephron; (b) increased cell death within the renal 
mesenchyme; and (c) perturbed branching morphogen
esis of the ureteric bud. These data provide the first 
demonstration for coexpression of the HGF/SF and 
met genes in mesenchymal cells during embryonic de
velopment and also imply an autocrine and/or para
crine role for HGF/SF and met in the survival of the 
renal mesenchyme and in the mesenchymal-epithelial 
transition that occurs during nephrogenesis. They also 
confirm the postulated paracrine role of HGF/SF in 
the branching of the ureteric bud.

Two types of interaction between epithelial and mesen
chymal cells are widespread during mammalian devel
opment (Bard, 1990). First, the growth of embryonic 

epithelia is often dependent on adjacent mesenchymal cells. 
Using tissue dissociation techniques, Grobstein (1967) dem
onstrated that the embryonic epithelia of the kidney, lung, 
salivary gland, and pancreas failed to undergo branching 
morphogenesis if separated from their native mesenchymes, 
whereas epithelial growth and differentiation was normal 
when the components were recombined in vitro. Secondly, 
conversions between the two types of tissue can occur and 
a transition from a mesenchymal to an epithelial phenotype 
occurs during somite formation, vasculogenesis, and nephro
genesis (Bard and Ross, 1991). It is a major goal of develop
mental biology to identify the molecular mechanisms that 
mediate these tissue interactions (Birchmeier and Birch
meier, 1993).
Address correspondence to Adrian S. Woolf, Developmental Biology Unit, 
Instititute of Child Health, 30 Guilford Street, London WCIN lEH, United 
Kingdom. Tel.: (44) 71-242-9789, ext. 2289. Fax: (44) 71-831-4366.

The mammalian metanephros develops into the adult kid
ney and provides an excellent model for the study of mesen
chymal/epithelial interactions (Saxen, 1987; Bard, 1991; 
Hardman et al., 1994a; Fig. 1). At the inception of the mouse 
metanephros on embryonic day 11 (Ell),' the ureteric bud, 
which is comprised of polarized cytokeratin-expressing epi
thelial cells, contacts the nephrogenic mesenchyme and 
thereafter branches to form the arborial collecting duct sys
tem that drains urine from the nephron tubules (Fig. 1, A 
and E). Simultaneously, vimentin-expressing mesenchymal 
cells that lie adjacent to the branching tips of the bud 
differentiate into the cytokeratin-positive epithelia of the 
nephrons (Lehtonen et al., 1985) or into interstitial fibro
blasts (Weller et al., 1991; Herzlinger et al., 1992). Other 
mesenchymal cells die by apoptosis, or programmed cell 
death (Koseki et al., 1992; Coles et al., 1993). On the first 
day after contact by the ureteric bud (E11-E12), renal mesen-
1. Abbreviations used in this paper. E ll, embryonic day 11; HGF/SF, hepa
tocyte growth factor/scatter 6ctor; RT-PCR, reverse transcription PCR; 
SV-40 T Ag, SV-40 T antigen.
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chymal cells become induced to differentiate (Saxen, 1987), 
and they then express syndecan, a cell surface proteoglycan 
(Vainio et al., 1989). The cells that are destined to convert 
into nephrons aggregate around the branching tips of the ure
teric bud to form condensations that express uvomorulin 
(E-cadherin) (Vestweber and Kemler, 1985; Klein et al., 
1988; Fig. 1 F). From El3 onwards, the cells in the conden
sates develop an apical and basolateral polarity to form im
mature epithelia (Fig. 1, C and G, comma- and S-shaped 
bodies) diat subsequently differentiate into nephrons. The 
proximal ends of the nephrons later differentiate into the 
epithelial podocyte layer that filters the plasma (Figs. 1, D 
and H). Throughout nephrogenesis, sequential layers of 
nephrons are bom with the most immature elements located 
at the periphery of the organ.

Recent descriptive and in vitro studies of kidney organo
genesis have suggested that a variety of molecules play a role 
in mesenchymal-driven epithelial growth, as well as in the 
differentiation of mesenchymal into epithelial cells. These 
molecules include transcription factors (Rothenpieler and 
Dressier, 1993), cell surface and extracellular matrix com
ponents (Platt et al,, 1987; Sariola et al., 1988; Klein et al., 
1988), and cytokines and their receptors (Sariola et al., 
1991; Rogers et al., 1991,1992). Cytokines, including EGF, 
have also been implicated in enhancing survival of renal 
mesenchyme (Koseki et al., 1992) and the growth of intersti
tial stromal cells (Weller et al., 1991) which, with nephron 
epithelia, have a common cellular origin in the renal mesen
chyme (Herzlinger et al., 1992).

Early experiments with cells in culture (Stoker et al., 
1987) and recent studies of expression patterns in mouse em
bryos (Sonnenberg et al., 1993) have suggested that the 
fibroblast-derived protein known as hepatocyte growth fac
tor/scatter fector (HGF/SF) may act as an effector of mesen
chymal/epithelial interactions. HGF/SF is secreted by mes
enchymal cells and, in vitro, it induces epithelial cell 
movement (Stoker et al., 1987), proliferation (Nakamura et 
al., 1989), and branching morphogenesis (Montesano et al., 
1991). All these effects are mediated by a specific membrane 
receptor, the tyrosine kinase encoded by the c-met protoon
cogene (Bottaro et al., 1991; Naldini et al., 1991; Weidner 
et al., 1993). After binding of HGF/SF with met, receptor 
phosphorylation is accompanied by an interaction with SH2- 
(Src homology 2 domains) containing intracellular signal 
transducers (Ponzetto et al., 1994). It was recently reported 
that HGF/SF transcripts are located in the nephrogenic 
mesenchyme, while met is expressed in the ureteric bud and 
its branches, as well as in epithelial cells of the nephron 
(Sonnenberg et al., 1993). The data strongly suggested that 
HGF/SF acts as a cytokine produced by mesenchymal cells 
that elicits the growth and differentiation of the adjacent 
epithelia in the ureteric bud and primitive nephrons (Sonnen
berg et al., 1993).

When the early mouse metanephros is grown in organ cul
ture, tissue differentiation proceeds during 2-4 d (Saxen, 
1987). Moreover, the ability of the metanephros to grow in 
defined, serum-free media has allowed the roles of en
dogenously produced growth factors to be investigated. In 
the current study, we have investigated the role of HGF/SF 
in the interactions of mesenchymal and epithelial cells in 
early nephrogenesis by blocking HGF/SF in serum-free Ell 
and El 2 metanephric organ culture with anti-HGF/SF anti

bodies. Additionally, to characterize the specific cell types 
that may express HGF/SF and met, we derived conditionally 
inunortal clonal lines from Ell metanephric mesenchyme 
of the H-2K'’-tsA58 transgenic mouse, which harbors a 
7 -interferon-inducible temperature-sensitive mutant of the 
SV-40 T antigen (SV-40 T Ag) (Jat et al., 1991; Whitehead 
et al., 1993). These data provide the first demonstration for 
coexpression of the HGF/SF and met genes in mesenchymal 
cells during embryonic development and also imply a para
crine or autocrine role for HGF/SF and met in the pro
liferation and survival of the renal mesenchyme and in the 
mesenchymal-epithelial transition that occurs during neph
rogenesis. They also confirm the postulated paracrine role 
of HGF/SF in the branching of the ureteric bud.

Materials and Methods

Reverse Transcription PCR for HGF/SF and Met
RNA was extracted firom embryonic kidneys and transgenic cell clones by 
the acid phenol-chloroform method (Chomczynski and Sacchi, 1987), and 
300 ng of RNA was subjected to reverse transcription and PCR amplifica
tion. The primers used were as follows: for met, 5 -GAA TGT CGT CCT 
ACA CGG CC-3' (sense primer corresponding to nt 159-179) and 5 -CAG 
GGG CAT TTC CAT GTA GG-3' (antisense primer corresponding to nt 
866-886 of mouse c-met cDNA, Chan et al., 1987); for HGF/SF, 5'-TT 
GGC CAT GAA TTT GAC CTC-3' (sense primer corresponding to nt 338- 
358) and 5 -AC ATC AGT CTC ATT CAC AGC-3' (antisense primer corre
sponding to nucleotides 876-896 of rat HGF/SF cDNA; Ikshiro et al., 
1990). Primers for /3-actin were obtained from Clontech (Palo Alto, CA). 
RNA was incubated with 10 fiM 3' primer for 10 min at 65°C and then re
verse transcribed for 1 h at 42°C with 160 U Moloney murine leukemia 
virus reverse transcriptase in first-strand cDNA synthesis buffer with 1.25 
mM each of dATP, dCTP, dGTP, and dTTP, 20 U RNase inhibitor, and 10 
mM dithiothreitol. Negative controls contained no RNA or no reverse tran
scriptase. After reverse transcription, 15 /xM 5' primer, 5 /xM 3' primer, 
2.5 U Taq DNA polymerase, and polymerase buffer (Promega Corp., Mad
ison, WI) were added and the reaction volume made up to 50 fxl with Tryp
sin EDTA. The PCR machine (Quatro TC-40) was programmed for 30 cy
cles as follows: 94°C for 1 min, 60°C for 1 min, 72°C for 1 min, and finally 
72°C for 7 min. 7 jixl of the reaction product was electrophoresed through 
a 1% agarose gel with ethidium bromide. These protocols resulted in the 
following products: 732 bp for met, 559 bp for HGF/SF, and 540 bp for 
jS-actin.

In Situ Hybridization for HGF/SF and Met
Metanephric rudiments were fixed in ice-cold 4% paraformaldehyde over
night, washed in saline, dehydrated in ethanol, and cleared in xylene. They 
were then embedded in Fibrowax (BDH, Leicestershire, U.K.) and 6- 8-/xm 
sections were cut and placed on slides coated with aminopropylthiethoxy- 
silane (Sigma Immunochemicals, St. Louis, MO). These were kept at 4°C 
until processing for in situ hybridization. RNA probes were prepared with 
^^S-UTP (>1,000 Ci/mmol; Amersham International, Amersham, UK) as 
run-off transcripts of a full-length HGF/SF template and a 2.1-kb met tem
plate (Chan et al., 1988). In both cases, templates were subcloned in the 
vector pBluescript KS—, antisense probes were produced using T3 RNA 
polymerase after linearization with Spel, and sense probes were generated 
using T7 RNA polymerase after linearization with Apal (HGF/SF) and 
Kpnl (met). Probes were purified through Sephadex G50 columns, hydro
lyzed at 60®C for 90 min, and used at 100,000 cpm/slide. Hybridizations, 
washings, and autoradiography were carried out as described in Wilkinson 
et al. (1987).

Metanephric Organ Culture
The morning of the vaginal plug was defined as embryonic day 0 (EO). Non- 
transgenic mouse embryos (CBA/Ca x C57B1/10) were harvested at Ell 
and E12 when the ureteric bud had respectively penetrated (Fig. 1, A and 
E) or branched once (Fig. 1, B and F) within the metanephric mesenchyme. 
Organs were explanted onto transparent, permeable supports (Millicell™ 
CM; Millipore Corp., Bedford, MA) and were cultured essentially as de-
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Figure 1. Early development of the metanephros. Stereomicroscopic images of the mouse metanephros {A-D) and cross-sectional diagrams 
of the metanephros {E-H) on EH {A and E), E l2 {B and F), E l3 (C and G),  and E14 (D and H).  Note that the most primitive structures 
are located in the periphery of the E14 organ. Arrowheads in B indicate the first branch tips of the ureteric bud. u, ureteric bud; m, mesen
chyme; me, mesenchymal condensate; c and s, comma and S-shaped bodies, respectively; g, glomerulus; and w, Wolffian duct. Bar, 50 
fjLTn in A-F. E-H  are not drawn to scale.

scribed in Hardman et al. (1993) in serum-free basal media at 37°C in a 
5 % COz/air humidified atmosphere. The basal medium consisted of Dul- 
becco’s modified Eagle’s medium/Ham’s F-12 (GIBCO BRL, Gaithersburg, 
MD) supplemented with glutamine (1 mM) progesterone (1.5 /xg/liter), in
sulin (1 mg/liter), putrescine (0.4 mg/liter), thyroxine (10 /xg/liter), triio
dothyronine (7 fig/liter), selenium (1 / ĝ/liter), transferrin (100 /ig/liter), 
penicillin G (1,000 U/liter), and streptomycin (1 mg/liter). 15 Ell and 30 
E12 organs were grown for 72 h in each of three conditions: (a) basal media 
alone; (b) basal media and 10 mg/1 IgG Fabz fragments of rabbit anti
mouse HGF/SF antibody to block the bioactivity of HGF/SF (F1B3D see 
“Bioassay for HGF/SF” below; Furlong et al., 1991); (c) basal media and 
10 mg/1 Fabz fragments prepared from nonimmune rabbit IgG (DAKO 
Ltd., Bucks, UK). The same concentration of anti-HGF/SF antibodiy was 
used in preliminary titration experiments to establish the ability of the anti- 
HGF/SF IgG to neutralize the activity of mouse recombinant HGF/SF on 
MDCK cells. At 500 and 250 pM HGF/SF, neither preimmune IgG nor 
anti-HGF/SF IgG had any effect. Anti-HGF/SF IgG, however, substantially 
inhibited the factor at the concentration between 7.8 and 125 pM, which 
is within the range of fibroblasts in culture (Stoker et al., 1987). In a limited 
set of experiments (n = 5 for each condition), the media were supplemented 
with 5% vol/vol heat-inactivated FBS. Media were changed daily and mor
phology was documented with photomicrographs using an inverted micro
scope. Ureteric bud branch tips were counted on day 3, expressed as median 
(range), and groups were compared using unpaired Wilcoxon Rank tests. 
On day 3, the organs were fixed for 2 h in 4% paraformaldehyde in PBS 
(pH 7.0) before being processed for 10-/im thick paraffin-embedded sections 
or for endogenous galactosidase activity by whole-mount histochemistry as 
described by Bard and Ross (1991). The latter technique uses the X-gal re
agent to stain and identify mature renal epithelia.

Confocal Microscopy of Organ Culture Rudiments
Whole Ell metanephric rudiments were cultured as described above in the 
presence of (a) basal media alone; (b) basal media with 10 mg/1 rabbit 
anti-mouse HGF/SF; (c) 10 mg/1 control IgG; or (d) basal media with 100 
pM recombinant HGF/SF. Antibodies were prepared as described below. 
Recombinant HGF/SF was purified by heparin-Sepharose CL 6B chro
matography from the supernatant cultures of the mouse myeloma line NSO 
transfected with a full-length cDNA clone of mouse HGF/SF. After 48 h, 
the inserts were washed with PBS (pH 7.0), and 1.5 ml of ice-cold 4%

paraformaldehyde in PBS was added underneath the insert. After overnight 
fixation at 4°C, the inserts were washed 3 x in PBS, and the rudiments were 
stained with propidium iodide by a modification of the technique of Coles 
et al. (1993). Rudiments were exposed to 4 mg/liter propidium iodide 
(Sigma) and 100 mg/liter RNase (DNase free; Sigma) in PBS. After incuba
tion in the dark for 2 hat 37°C, the inserts were washed with PBS to remove 
excess stain. The membrane with the rudiments was cut from the inserts 
and mounted on microscope slides with Citifluor (City University, Lon
don). Coverslips were sealed with nail varnish and slides were examined 
using a confocal microscope (CSLM; Leica Lasertechnik GmbH, Heidel
berg, Germany). Unless otherwise stated, the x25 objective was used with 
a zoom factor of 1. Within each rudiment, four areas were examined: two 
peripheral areas containing mesenchyme and nephron progenitors, as well 
as two central areas containing branches of the ureteric bud, mesenchyme, 
and nephron precursors. Before scanning, the depth of the rudiment was es
timated and the confocal microscope was programmed to scan each area at 
three optical planes equivalent to the center of the organ and 10 #tm on either 
side of the center. An image of each optical section was created ty averaging 
eight frames. Using this technique, mitotic figures are easily visualized, as 
are apoptotic nuclei that appear small, irregular, and bright (Coles et al., 
1993). Nuclei were counted and the results were expressed as mean ± SEM 
nuclei per area. The effects of different treatments were compared using Stu
dent’s t test.

Metanephric Cell Lines
Homozygous male H-2K -̂tsA58 transgenic mice (Jat et al., 1991) were 
mated with nontransgenic females of the same strain (CBA/Ca x C57B1/ 
10). These along with nontransgenic embryos were harvested at El 1 (Fig. 1, 
A and E). After careful microdissection of the renal mesenchyme away from 
the ureteric bud, fragments of mesenchyme, comprising 100- 1,000 cells, 
from transgenic and nontransgenic embryos were placed into plastic wells 
(Nunc Inc., Roskilde, Denmark) coated with fibronectin (20 militer in wa
ter; Sigma). Fibronectin was used as substrate because it is a major compo
nent of the El 1-El2 metanephric mesenchyme matrix (Saxen, 1987). Ex
piants were incubated in a humidified 5 % COz/air atmosphere in the basal 
medium (see “Metanephric Organ Culture” above) with 1% vol/vol FBS. 
Nontransgenic cells were grown at 37°C without 7 -interferon (nonpermis- 
sive conditions), while transgenic cells were initially expanded under per
missive conditions; these were 33°C with recombinant murine 7 -interferon

Woolf al. Hepatocyte Growth Factor/Scatter Factor in Early Nephrogenesis 173



(40 X  lO^U/liter; Genentech, South San Francisco, CA). Transgenic cells 
were subsequently passaged after enzymatic dissociation (1,000 U/ml tryp
sin, 0.02% EDTA in Dulbecco’s modified Eagle’s medium for 5 min at room 
temperature) and then cloned by limiting dilution. Of 13 lines analyzed for 
HGF/SF and met expression by reverse transcription PCR (RT-PCR), two 
representative clones were selected for further study. The proliferation of 
these two clones was assessed by plating 10̂  cells into each well of a 24- 
well plate (Nunc) and counting viable cells that excluded trypan blue at 4, 
7, and lid . Experiments were performed to determine cell proliferation un
der permissive and nonpermissive conditions in the basal media alone and 
when this was supplemented with either 1% FBS, 50 mg/liter insulin-like 
growth factor I (IGFI) (Genentech), or 1 nM recombinant mouse HGF/SF.

Bioassay for HGF/SF
Confluent monolayers of transgenic renal mesenchyme cells were washed 
twice in serum-free media and covered in basal medium with 1% vol/vol 
FBS. After 2 d, the conditioned medium was harvested, and HGF/SF scat
tering bioactivity was measured using monolayers of the MDCK epithelial 
cell line as a target (Stoker and Perryman, 1985). Briefly, serial doubling 
dilutions of the conditioned medium (0.15 ml) were added to a suspension 
of 3 X  10̂  MDCK cells in 0.15 ml DME with 5% vol/vol FBS in 96-well 
plates. After 18 h, the ability of the conditioned medium to prevent the for
mation of epithelial islands was recorded. The conditioned medium from 
a mouse cell line, T)4-ras NIH3T3, which secretes high levels of HGF/SF, 
was used as a positive control (Gherardi et al., 1989). In addition, before 
the assay, duplicate samples were incubated for 4 h at 4°C with rabbit poly
clonal anti-mouse HGF/SF antibody (FIB3D, IgG fraction, 10 mg/liter) 
(Furlong et al., 1991) to block bioactivity or with the same protein concen
tration of the IgG fraction of rabbit preimmune serum (DAKO). In some 
experiments, Fab̂  fragments were used. These were prepared by digestion 
of the IgG fractions with pepsin in 0.1 M sodium citrate for 1 h at 37 °C 
at an antibody/enzyme ratio of 100:1. Digestion was terminated by addition 
of 3 M Tris-Cl, pH 8.5, and the Fabz fragments were purified by FPLC on 
a Superose 12 column equilibrated in PBS. Antibody concentration was de
termined by A280.

Western Blotting for HGF/SF
Conditioned media from transgenic cell lines was concentrated 20 times 
with ammonium sulphate (80% saturation), resuspended in 10 mM Tris-Cl, 
pH 8.0, and electrophoresed in 8% polyacrylamide gels (Laemmli, 1970). 
Proteins were then transferred electrophoretically onto polyvinyldifluoride 
membranes in 10 mM CAPS, pH 12, essentially as described (Matsudaira, 
1987). Membranes were blocked in 2% BSA for 2 h before overnight 
incubation with the anti-HGF/SF antibody (Furlong et al., 1991), which 
was detected with horseradish peroxidase-conjugated anti-rabbit antibody 
(DAKO).

Immunochemistry
10̂  cells were seeded into each fibronectin-coated well of eight-chamber 
slides (Nunc) and were grown for 1 wk under permissive conditions (33°C 
with IFN-7 ). 10* cells were plated and cultured under nonpermissive con
ditions (39°C without IFN-7 ) to achieve a similar degree of confluence after 
1 wk. Cells were washed twice in PBS and fixed for 5 min with either 2 % 
paraformaldehyde in PBS at room temperature or with ice-cold 100% etha
nol before detection of surface or intracellular antigens, respectively. After 
a blocking step (incubation for 1 h at room temperature wifti 10% goat se
rum), cells were incubated at 4°C with the primary antibodies that were de
tected with appropriate FITC-conjugated second antibodies (DAKO). Pri
mary antibodies were: mouse antipancytokeratin (Sigma), goat anti-human 
HGF/SF (R & D Systems, Inc., Minneapolis, MN), rabbit anti-mouse met 
(NBS Biologicals, Hatfield, Herts, U.K.), mouse anti-SV-40 T Ag 
(PAb 412 from Harlow et al., 1981), rat monoclonal anti-mouse syndecan 
(281-2 from Saunders et al., 1989), rat monoclonal antiuvomorulin 
(DECMA-1 from Vestweber and Kemler, 1985), and mouse monoclonal an- 
tivimentin (1112457; Boehringer Mannheim Biochemicals, Indianapolis, 
IN). The specificity of the anti-met antibody was confirmed by preincuba
tion with a met control peptide (Santa Cruz Biotechnology). To localize met 
and HGF/SF protein within the metanephros, 10-^m cryostat sections of 
mouse kidneys were reacted with the above antibodies using the same pro
tocols as for the cell lines, except that the sections were not fixed. Note that 
for HGF/SF immunohistochemistry, the anti-human antibody was used be

cause it resulted in a stronger signal than the anti-mouse antibody that we 
used in other experiments.

Results

HGF/SF and met Expression in 
Early Nephrogenesis
As assessed by RT-PCR, HGF/SF and met transcripts were 
detected throughout early nephrogenesis (El 1-El4), as well 
as in the kidneys of neonatal (postnatal day 1 [PI]) and adult 
mice (P90) (Fig. 2), In addition, using the same methodol
ogy, isolated Ell mesenchyme expressed both HGF/SF and 
met (Fig. 2). Using in situ hybridization, HGF/SF tran
scripts were detected in the metanephric mesenchyme on 
Ell (Fig. 3 A), and on E14 (Fig. 3 D), they appeared in 
a thin rim in the periphery of the metanephros where 
undifferentiated mesenchymal cells and renal capsular cells 
are located. HGF/SF mRNA was also detected on E14 in the 
interstitial tissues in the hilum of the kidney (not shown). On 
Ell, HGF/SF protein was located between metanephric 
mesenchymal cells but not over the ureteric bud (Fig. 4 C), 
and on E14, both mesenchymal cells and primitive nephrons 
in the outer nephrogenic zone were surrounded by im
munoreactive HGF/SF (Fig. 4 D). The more extensive distri
bution of the HGF/SF protein compared to mRNA is consis
tent with being a secreted protein that is sequestered in the 
extracellular matrix.

Using in situ hybridization, met transcripts were detected 
in the El 1 metanephros both in the mesenchyme and the ure
teric bud (Fig. 3 B). On E14, the highest expression of met 
was noted in the branching tips of the ureteric bud with lower 
activity in the renal mesenchyme and the primitive nephrons 
or S-shaped bodies (Fig. 3 E). Met mRNA was also detected 
on E14 in the epithelium of the ureter and its major branches 
(not shown). On Ell, met protein was clearly identified in 
both the ureteric bud and also in the surrounding renal 
mesenchyme (Fig. 4 A), while on E14, it was detected in the
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Figure 2. RT-PCR of HGF/SF and met during nephrogenesis and 
in mesenchymal cell lines. RT-PCR products for met, HGF/SF, 
and /3-actin were located at 732, 559, and 540 bp, respectively. Met 
and HGF/SF transcripts were detected in isolated El 1 renal mesen
chyme (REM), in the whole metanephros during early (El 1-El4) 
and late (E17) nephrogenesis, and in the whole kidney on postnatal 
days 1 and 90 (PI and P90). M5 and Al are cell lines cloned from 
Ell metanephric mesenchyme. Note that met is expressed by both 
lines, but HGF/SF was only detected in the M5 clone. Ikb, size 
markers; no RTand DW, negative controls (no reverse transcriptase 
and distilled water only, respectively).
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Figure 3. In situ hybridization for metanephric HGF/SF and met. (A) On E ll, HGF/SF mRNA was detected in the nephrogenic mesen
chyme. On E14 (D), HGF/SF transcripts were located in the periphery of the organ (open arrows), where stem cells and capsular cells 
are located, but not in the branch tips of the ureteric buds (w). Met transcripts were detected throughout the E ll organ {B). On E14 {E), 
met mRNA was highly expressed in the branching tips of the ureteric bud {large closed arrows). On E14, lower levels of met transcripts 
were also detected in the mesenchyme in the periphery of the organ {open arrows) and also in S-shaped bodies, which are primitive nephrons 
{small closed arrows). Sense riboprobes for HGF/SF (C) and met {F) reveal no significant hybridization; note lack of signal around the 
periphery of organs {open arrows), m, mesenchyme; u, the ureteric bud or its branches; as, antisense riboprobe and s indicates sense 
riboprobe. Bar, 50 pm.

branches of the ureteric bud, with lower levels in the nephro
genic zone (Fig. 4 B). On E14, the renal interstitium did not 
express met (Fig. 4 B).

Metanephric Mesenchymal Cell Lines
To investigate further the expression of met in the renal 
mesenchyme, we derived cell lines from the El 1 metaneph
ros. Nontransgenic Ell metanephric mesenchyme formed 
primary cultures but, in 10 separate experiments, it ceased 
to proliferate by the second passage. In contrast, transgenic 
cultures grown in the permissive conditions continued to 
proliferate, allowing clones to be isolated by limiting dilu
tion. The clones maintained the same phenotypes for 25 pas
sages and upon subcloning and thus far they been passaged 
more than 40 times, suggesting that they are immortal. When 
cultured in basal media with 1% vol/vol FBS, the continued 
proliferation of the clones was dependent on both 7 -inter
feron and a temperature of 33 °C. Removal of 7 -interferon or 
shifting to a higher temperatures (37°C and 39.5°C) both re
sulted in a cessation of proliferation (Fig. 5). In addition.

transgenic lines did not proliferate under nonpermissive con
ditions in the presence HGF/SF or IGFI. Immunostaining 
for SV-40 T Ag revealed that the protein was present only 
under the permissive condition (results not shown). Of 13 
metanephric mesenchymal lines analyzed by RT-PCR and 
the MDCK bioassay, five were HGF/SF+/met+ and eight 
were HGF/SF /met+. No clones were isolated with the 
HGF/SF /met- or HGF/SF+/meC phenotypes. Two repre
sentative clones were selected for detailed investigation. 
These were the M5 (HGF/SF+/met+) and Al (HGF/SF / 
met+) lines (Figs. 2 and 6 , A and B). Both expressed 
vimentin and syndecan (Fig. 6 , C and D), but they did not 
stain with an anti-pancytokeratin antibody (not shown). 
From these results, we conclude that the M5 and Al clones 
are induced renal mesenchymal cells, and not ureteric epi
thelial cells. The phenotypes of these lines were similar un
der permissive and nonpermissive conditions, except that the 
nonproliferating cells were larger.

The M5 cells had irregular outlines in monolayer culture 
(Fig. 6 A). They expressed HGF/SF as assessed by RT-PCR 
(Fig. 2). HGF/SF bioactivity was detected in M5-condi-
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Figure 4. Immunohistochemistry for metanephric HGF/SF and met. (A) On El 1, both the ureteric bud (m )  and the mesenchyme (m) are 
positive for met. (B) On E14, strong met immunostaining is observed in the branches of the ureteric bud («), and there is a weaker signal 
in the mesenchyme (m) in the periphery of the organ. At this stage, the renal interstitium (/) does not express met. (C) On E ll, HGF/SF 
protein was detected in a patchy distribution in the nephrogenic mesenchyme, whereas the ureteric bud is negative. (D) On E14, HGF/SF 
immunoreactivity was located in the mesenchyme and around comma-shaped nephron precursors (c) in the periphery of the organ. Minimal 
background immunofluorescence was noted when the anti-met antibody was preabsorbed with met peptide (F). Bright fields of C and F  
is shown in E. The ureteric bud is indicated by arrowheads in A, C, and F. Bar, 25 ^m.
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Figure 5. Proliferation of con
ditionally immortal renal mes
enchyme lines. After seed
ing 1(P of Al or M5 cells 
onto fibronectin-coated dishes 
on day 0 , they were grown at 
33°C, 37°C, and 39°C with 
and without y-interferon. Via
ble cells were counted at 4 and 
11 d (n =  3, mean ±  SD). # , 
Al; ■, M5 lines.

tioned medium as assesed by the MDCK assay (one tenth the 
titer of a positive control ras-NIH 3T3 line), and HGF/SF 
immunoreactivity was detected by Western blotting (Fig. 7). 
The bioactivity of M5-condition medium could be abolished 
by preincubation with 10 mg/liter of the anti-mouse HGF/SF 
antibody (not shown). This cell line did not express uvo
morulin (not shown), suggesting that it had not entered a 
mesenchymal to epithelial transition. In permissive condi
tions, both serum and IGFI significantly accelerated cell 
proliferation compared to the basal media, but HGF/SF did 
not enhance proliferation (Fig. 8), even though met tran
scripts were detected by RT-PCR (Fig. 2).

Individual AI cells were cuboidal in shape and they had 
a cobblestone appearance at confluence (Fig. 6 B). They did

not express HGF/SF as detected by RT-PCR (Fig. 2), and AI- 
conditioned media contained neither bioactive nor immuno
reactive HGF/SF, as assessed by the MDCK scattering assay 
and Western blotting, respectively (Fig. 7). Met transcripts 
were detected by RT-PCR (Fig. 2), and the AI cells stained 
positively with antibodies to met (not shown). In the permis
sive conditions, HGF/SF, IGFI, and FBS each significantly 
enhanced proliferation compared to the basal medium (Fig. 
8). The AI clonal line stained positively for uvomorulin 
(Fig. 6 E), suggesting that it had entered a mesenchymal to 
epithelial transition.

These results therefore establish that (a) conditionally im
mortal and phenotypically stable cell lines can be derived 
from the Eli mesenchyme; (b) these cell lines resemble cells
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Figure 6. Phenotype of two metanephric mesenchymal cell lines. The M5 cells had an irregular “fibroblastic” outine in monolayer culture 
(A), while individual Al cells were cuboidal and formed a compact cobblestone appearance at confluence (B). Positive immunostaining 
for vimentin (C) and syndecan (D) by the M5 clone; the Al cells also stained with these antibodies (not shown). Only the Al cells stained 
with antibodies to uvomorulin (E). Bar, 50 jj.m.
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Figure 7. Western blotting for HGF/SF. Immunoreactivity for 
HGF/SF protein was detected at 62 kD in the conditioned media 
of D4 ras NIH 3T3 cells (positive control) and of the M5 clone, but 
it was not present in media from A1 or in unconditioned medium 
(medium alone). The titer of scattering activity from the MDCK 
bioassay is shown below each lane. Less than 2 indicates no detect
able bioactivity.

at distinct stages of mesenchymal-epithelial transition; and 
(c) all cell lines express met and a subset coexpress HGF/SF 
and met.

Gross Effects of Anti-HGF/SF Antibody in 
Metanephric Organ Culture
When Ell organs were explanted, the ureteric bud had pene
trated the mesenchyme but had not branched (Fig. 1, A and
E). After 3 d of culture in basal media alone, (Fig. 9 A) or 
with nonimmune rabbit IgG Fab: (Fig. 9 B), the bud had 
divided to give a median of five branch tips (range = 2-10), 
and mesenchymal condensates were detected around the 
branches of the bud (Fig. 9 D). In contrast, in the presence 
of the anti-HGF/SF antibody (Fig. 9 C), branching was sig
nificantly limited compared to the controls, with only a me
dian of 2 (range = 1-4) tips present after 3 d (P < 0.05). 
These branch tips were often dilated or cystic, and they were 
surrounded by mesenchyme that failed to form condensates 
(Fig, 9 E). With the anti-HGF/SF antibody, we also noted 
cell death in the mesenchyme, as assessed by the presence 
of darkly staining, pyknotic nuclei (Fig. 9 E). These appear
ances were suggestive of apoptosis and were investigated fur
ther as reported below (see “Confocal Microscopy of Meta
nephric Organ Culture” below). When El2 organs were 
explanted, the ureteric bud had branched once (Fig. 1, B and
F), and after 3 d of organ culture a median of 10 (range = 
6-17) branch tips had formed in basal media either alone 
(Fig. 9 F) or when nonimmune IgG was added (Fig. 9 G). 
Between the branches of the ureteric bud, X-gal-positive 
nephron precursors had developed (Fig. 9, I and J). Al
though branching of the ureteric bud did occur in El 2 organs 
in the presence of the anti-HGF/SF antibody, the number of 
branch tips were reduced (median = 6, range = 3-12; P < 
0.05 vs basal media alone; Fig. 9 H). Moreover, this treat
ment prevented the development of X-gal-positive nephron 
precursors (Fig. 9 K), suggesting a lack of mature nephron 
epithelia. Additional experiments demonstrated that concen
trations of nonimmune Fab: IgG 10-fold greater that those 
used above did not inhibit nephrogenesis nor did they cause 
morphological evidence of cell death (data not shown).

33°C + IFNy

m 60

Figure 8. Effects of growth factors on proliferation of renal mesen
chyme cell lines. 10  ̂ cells that were seeded on day 0  were grown 
for 11 d in permissive conditions (33°C with 7 -interferon). After 
11 d, viable cells were counted {n =  4, mean ±  SD). ^Significant 
difference from serum-free basal medium. HGF/SF and IGFI were 
added at 50 mg/liter.

Confocal Microscopy of Metanephric Organ Culture
We investigated the detailed tissue effects of manipulation 
of the HGF/SF/met axis using confocal microscopy of 
propidium iodide stained rudiments. At the time of explanta
tion (Ell), no primitive nephrons (comma or S-shaped bod
ies) were present. After 48 h in the basal media with the 
control antibody, comma-shaped nephron precursors had 
developed in the periphery of the organ, and more mature 
S-shaped bodies were evident in the presumptive renal 
medulla between the branches of the ureteric bud (Fig. 10, 
A and C). Organs cultured in basal medium alone showed 
a similar state of differentiation (not shown). In marked con
trast, when organs were cultured with 10 mg/liter of the anti- 
HGF/SF antibody, there was little or no evidence of a mesen
chymal to epithelial transition (Fig. 10, B and D). Compared 
to organs cultured in control antibody, the anti-HGF/SF anti
body caused significant increase in the incidence of apop- 
totic nuclei after 48 h of culture in the center of the organ 
(Table I and Fig. 10 D) : visual inspection revealed that apop
tosis was prominent in the mesenchymal compartment rather 
than in the ureteric epithelium. The addition of recombinant 
HGF/SF (100 pM) did not produce significant morphologi
cal changes (not shown), nor did the factor significantly alter 
the frequency of apoptosis (Table I). Detailed analysis, how
ever, revealed that HGF/SF caused a small increase in the in
cidence of mitotic figures in the peripheral mesenchyme 
(2.06 ± 0.22 vs 1.50 + 0.18 mitoses per field, P = 0.05).

Discussion
In this study, we have investigated a putative role for HGF/SF 
and its receptor, met, in kidney development. Earlier experi
ments had suggested, based on the mRNA expression pat
terns of HGF/SF and met during kidney development, that 
HGF/SF derived from the renal mesenchyme could play a 
role in the development of the adjacent ureteric epithelia of 
the kidney (Sonnenberg et al., 1993). Consistent with this 
hypothesis, we report that antibodies to HGF/SF inhibit 
branching of the ureteric bud in organ cultures from Ell and 
El2 metanephros (Fig. 9). Our results also suggest that 
HGF/SF and met may be involved in the early development 
of the nephron because the formation of nephron precursors
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Figure 10. Tissue effects of anti-HGF/SF antibody. El 1 metanephric rudiments were cultured for 48 h in the presence of basal serum-free 
medium with control antibody (A and C) or with 10 mg/1 anti-HGF/SF IgG Fabz fragments (B and D), and they were visualized by confo
cal microscopy after staining with propidium iodide. A and B represent outer areas of the organ in the vicinity of the tips of the ureteric 
bud branches, while C and D show inner areas of the explants. In organs grown with control antibody, S-shaped bodies (s) and comma- 
shaped nephron precursors (c) have formed from mesenchyme (m) between the branches of the ureteric bud (u): in C, the open arrows 
indicate the close proximity of the distal end of an S-shaped body with a branch tip of the ureteric bud. In the presence of the anti-HGF/SF 
antibody, no normal nephron precursors formed in the inner part of the organ (D), although occasional deformed vesicle-like structures 
(v) were noted in the outer parts (B). Apoptotic nuclei appear irregular, small and bright (arrowheads) and mitotic nuclei are indicated 
by closed arrows. All fields contain apoptotic nuclei, and the anti-HGF/SF antibody significantly increased apoptosis in mesenchyme in 
the center of the organ (D). Bar, 25 /xm.

Figure 9. Blockade of HGF/SF in metanephric organ culture. Stereomicroscope images of E ll (A-C) and E l2 (F-K) rudiments after 3 d 
of culture in serum-free basal media alone (A, F, and I), basal media and nonimmune rabbit IgG Fath (B, G and J), and basal media 
with rabbit anti-mouse HGF/SF IgG Fabz (C, H, and K ). In I-K , E l2 organs that had been cultured for 72 h were stained with X-gal 
to reveal endogenous galactosidase activity, a marker of mature epithelia derived from both the the urtereric bud and renal mesenchyme. 
Note that ureteric bud branching and nephron formation are limited in organs treated with anti-HGF/SF antibody. Photomicrographs of 
lO-fim paraffin sections stained with haematoxylin and eosin are shown for an E ll rudiment grown for 3 d in basal medium (D) and for 
the same period in the presence of anti-HGF/SF antibodies (E). Note the condensations of mesenchyme around the tips of the ureteric 
bud in D  compared with the cystic appearance of the bud surrounded by loose mesenchyme with pyknotic nuclei in E. Arrowheads indicate 
the tips of the ureteric bud and arrows indicate either mesenchymal condensates (D) or nephrons (Fand I), u, ureteric bud or its derivatives; 
m, mesenchyme. Bars, 100 ^m.
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Table I. Effects of Anti-HGF/SF Antibodies on Apoptosis in 
E ll Metanephros Cultured for 48 h

Whole organ 
(n = 98 fields)

Peripheral 
mesenchyme 

(n = 46 fields)

Medulla of 
metanephros 

(mesenchyme and 
ureteric epithelia) 
(n = 46 fields)

Basal medium 7.44 ± 0.70 6.02 ± 0.76 8.58 ± 1.10
HGF/SF (1(X) pM) 9.35 ± 0.89 7.40 ± 1.10 11.10 ± 1.31
Control Ab 9.24 ± 0.77 8.46 ± 1.09 10.12 ± 1.06
Anti-HGF/SF Ab *12.89 ± 1.01 9.05 ± 1.12 *15.64 ± 1.47

Results are expressed as apoptotic nuclei per high power field as mean ± SEM 
*P < 0.01 vs control antibody and also vs basal medium alone. « = 8 organs 
in each group.

by Ell and E12 explants was inhibited when anti-HGF/SF 
antibodies were added to the organ culture (Figs. 9 and 10), 
Furthermore, on the basis that the addition of antibodies to 
HGF/SF was associated with morphological evidence of cell 
death in the renal mesenchyme, we suggest that HGF/SF may 
act as an endogenously produced cell survival factor in the 
renal mesenchyme.

Expression of Met in E ll Mesenchyme
The results of the RT-PCR analysis (Fig. 2), in situ hybridiza
tion (Fig. 3), and antibody staining (Fig. 4) on Ell organs 
suggested that both HGFISF and met genes are expressed in 
the Ell primitive renal mesenchyme. In a previous study 
(Sonnenberg et al., 1993), it was reported that met mRNA 
expression was confined to renal epithelia or their immediate 
precursors, but the Ell renal mesenchyme contains no 
nephron epithelia, nor their immediate precursors, the 
comma and S-shaped bodies, which do not appear until El 3 
(Fig. 1). The resolution of histological techniques, however, 
can not resolve gene expression at the level of single cells. 
Therefore, to clarify the phenotypes of individual mesen
chymal cells with regard to HGF/SF and met, we generated 
conditionally immortal cell lines from the primitive renal 
mesenchyme using mice carrying a temperature-sensitive 
SV-40 T Ag transgene (Jat et al., 1991). These cells were de
rived from the primitive mesenchyme and not from the ure
teric bud for three reasons: (a) the ureteric bud was removed 
in the original dissection; (b) we have consistently failed to 
establish cell lines from the isolated ureteric bud using the 
same transgenic model (Woolf, A. S., unpublished results); 
and (c) none of the cell lines expressed cytokeratin, a marker 
of Ell ureteric bud epithelium (Lehtonen et al., 1985). The 
pattern of met expression in early nephrogenesis described 
in our study is consistent with the immunochemical data in 
whole organs recently reported by Tsarfaty et al. (1994).

Of 13 clonal lines that we established from the Ell renal 
mesenchyme, all had either the HGF/SF+/met̂  or the HGF/ 
SF"/met+ phenotype. They stained for syndecan and vimen- 
tin, consistent with identities as renal mesenchymal cells that 
had received inductive signals from the ureteric bud (Vainio 
et al., 1989). One line (Al, HGF/SF /met+) expressed uvo- 
morulin, a cell adhesion molecule characteristic of condens
ing renal mesenchyme in vivo, and it formed a cobblestone 
appearance in monolayer culture. Clonality of the line was 
subsequently confirmed by demonstrating a single integra
tion site of a neotransducing retrovirus (Woolf, A. S., M. 
Kolatsi, E. Gherardi, E. Andermarcher, L. G. Fine, R S.

Jat, and M. D. Noble. 1993. J. Am. Soc. Nephrol. 4:480 
[Abstr.]). On the basis of these characteristics, we suggest 
that this line represents a cell that has entered a mesenchymal 
to epithelial transition. This hypothesis is supported by pre
liminary data in which we found that this line formed com
pact aggregates that resembled condensates after transplan
tation into the renal cortex of neonatal mice (Woolf, A. S., 
M. Kolatsi, E. Gherardi, E. Andermarcher, L. G. Fine, P. S. 
Jat, and M. D. Noble. 1993. J. Am. Soc. Nephrol. 4:480 
[Abstr.]), a milieu that supports the growth of transplanted 
metanephric tissue (Woolf et al., 1990). A second clonal line 
(M5, HGF/SF+/met+) did not express uvomorulin and ap
peared to have a more fibroblastic phenotype in monolayer 
culture, suggesting that it was less differentiated than the Al 
line. Recently, Karp et al. (1994) reported the isolation of a 
cell line from a later stage of mouse nephrogenesis (El 3.5). 
The line had some features of an undifferentiated renal mes
enchymal cell and, although these cells expressed met, HGF/ 
SF expression was not investigated (Karp et al., 1994).

Although Tsarfaty et al. (1994) have suggested tiiat expres
sion of met in HGF/SF+ fibroblasts may initiate a program 
of epithehal differentiation, our results with the conditionally 
immortal cell lines suggest a different conclusion. HGF/ 
SF+/met+ lines, such as clone M5, did not have an epithelial 
phenotype in monolayer culture. Conversely, the HGF/SF / 
met+ phenotype of the Al line was associated with charac
teristics to be expected of precursors of nephron epithelia, 
including the expression of uvomorulin. Thus, during kidney 
organogenesis, expression of met in cells expressing HGF/ 
SF is not sufficient to induce the appearance of epithelial 
markers. The reason why cell lines expressing both HGF/SF 
and met (such as clone M5) did not proliferate in response 
to exogenous HGF/SF is not clear. It is worth noting, how
ever, that we have obtained similar results with certain 3T3 
fibroblast lines that express both HGF/SF and met (Moorby, 
C., and E. Gherardi, unpublished results).

Effects of Anti-HGF/SF Antibody and HGF/SF in 
Metanephric Organ Culture
The anti-HGF/SF antibody produced three effects in organ 
cultures of metanephros: it inhibited the differentiation of 
metanephric mesenchymal cells into the epithelial precur
sors of the nephron, it increased apoptosis within the renal 
mesenchyme, and it perturbed branching morphogenesis of 
the ureteric bud. These effects were not observed in cultures 
containing FBS (not shown), suggesting that other cytokines 
in serum can substitute for HGF/SF, and they are distinct 
from those that result from exposure to antibody to the lami- 
nin A chain (Klein et al., 1988). The latter treatment did not 
perturb branching of the ureteric bud or produce mesen
chymal death, but instead it prevented lumen formation by 
condensed renal mesenchyme. Although other antisera 
(e.g., to IGFs and TGF-cx [Rogers et al., 1991 and 1992] also 
perturb nephrogenesis in organ culture, the histology in 
those experiments were not reported in much detail, so com
parison of those experiments with the current study are 
difficult to make. A recent short report by Santos et al. 
(1994) produced preliminary evidence that antibodies to 
HGF/SF could perturb nephrogenesis, but the specific tissue 
effects were not reported, and the cellular source and biolog
ical targets of metanephric HGF/SF were not investigated in 
detail.
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We found that exogenous HGF/SF slightly, but signifi
cantly, increased mitosis within the peripheral mesenchyme, 
but did not alter morphology compared to rudiments grown 
in serum free media. The lesser effects of exogenous HGF/ 
SF compared to immunological blockade of HGF/SF sug
gests that the endogenously produced factor is producing a 
near maximal biological effect during early nephrogenesis.

Putative Roles of HGF/SF in Kidney Development
As discussed in the introduction, it has been suggested that 
a number of molecules, including several cytokines, may be 
involved in nephrogenesis. Genetic analysis in transgenic 
mice carrying targeted null mutations, however, has estab
lished that relatively few genes appear essential for normal 
nephrogenesis in vivo. These include WT-1, a gene encoding 
a transcription factor expressed in the renal mesenchyme 
(Kreidberg et al., 1993) and the ret protooncogene that is ex
pressed in the ureteric bud (Schuchardt et al., 1994). The in 
vivo roles of other genes are less clear. For example, mice 
lacking a functional IGF U gene (De Chiara et al., 1990) de
velop apparently normal kidneys, even though a role for this 
molecule in nephron formation and branching of the ureteric 
bud had been proposed from experiments with metanephric 
organ cultures (Rogers et al., 1991). Similarly, mice with 
null mutations of the gene for the low affinity nerve growth 
factor receptor develop normal kidneys (Lee et al., 1992), 
while the disruption of expression of the same gene in organ 
culture has produced specific aberrations of nephrogenesis 
in the hands of some investigators (Sariola et al., 1991) but 
not others (Durbeej et al., 1993).

On the grounds of the pattern of expression of the HGFISF 
and c-met genes during nephrogenesis and the effects of the 
anti-HGF/SF antibody on organ cultures, we propose that 
HGF/SF and met may play a role both in nephron formation 
and the branching of the ureteric bud. Our experiments in 
organ culture, however, can not demonstrate that HGF/SF 
has a direct activity on these processes because of the com
plex inductive interactions between the ureteric bud and re
nal mesenchyme. Future studies will be required to assess 
the effects of the factor when these tissues are cultured in iso
lation (Perantoni et al., 1991a, b). More important, the 
potential activity of HGF/SF during nephrogenesis remains 
to be investigated in vivo.

Epithelial branching morphogenesis occurs during the de
velopment of the lung, pancreas, thymus, liver, prostate, sal
ivary, and mammary glands, and it requires the presence of 
mesenchymal cells or mesenchymally derived factors (Grob- 
stein, 1967; Bard and Ross, 1991). This observation suggests 
that tiiere exist molecules derived from the mesenchyme that 
regulate epithelial growth and differentiation. HGF/SF may 
be one such molecule based on its pattern of expression 
(Sonnenberg et al., 1993) and the functional data shown in 
Figs, 9 and 10. Another molecule that may enhance epithelial 
morphogenesis is epimorphin, a cell surfeice protein ex
pressed in a wide range of mesenchymes (Hirai et al., 1992). 
On the other hand, the wide distribution of TGF-/3 together 
with its inhibitory effects on morphogenesis (Daniel et al., 
1989; Rogers et al., 1993; Hardman et al., 1994b) suggests 
that TGF-/3 may terminate epithelial morphogenesis. Intrigu- 
ingly, TGF-jS has been reported to inhibit the secretion of 
HGF/SF by adult fibroblasts (Gohda et al., 1992) and also 
to antagonize HGF/SF-induced epithelial branching in cell

culture (Santos and Nigam, 1993). These results indicate 
that expression of these molecules may be important in the 
initiation and termination of epithelial morphogenesis in sev
eral organs, including the kidney.
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