VL

Universit
s of Glasgowy

https://theses.gla.ac.uk/

Theses Digitisation:

https://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/

This is a digitised version of the original print thesis.

Copyright and moral rights for this work are retained by the author

A copy can be downloaded for personal non-commercial research or study,
without prior permission or charge

This work cannot be reproduced or quoted extensively from without first
obtaining permission in writing from the author

The content must not be changed in any way or sold commercially in any
format or medium without the formal permission of the author

When referring to this work, full bibliographic details including the author,
title, awarding institution and date of the thesis must be given

Enlighten: Theses
https://theses.qgla.ac.uk/
research-enlighten@glasgow.ac.uk



http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
https://theses.gla.ac.uk/
mailto:research-enlighten@glasgow.ac.uk

The source of sn-1,2-diradylglycerol in mitogen-
stimulated Swiss 3T3 fibroblasts.

Simon Jonathan Cook, B.Sc.

A Thesis submitted for the degree of Doctor of Philosophy.

Institute of Biochemistry, University of Glasgow,
Scotland, U.K.

© Simon Jonathan Cook, 1991.



ProQuest Number: 10983752

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction isdependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

uest

ProQuest 10983752

Published by ProQuest LLC(2018). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code
Microform Edition © ProQuest LLC.

ProQuest LLC.

789 East Eisenhower Parkway
P.O. Box 1346

Ann Arbor, M 48106- 1346



List of contents.

List of figures.
List of tables.
Abbreviations.
Acknowledgements.
‘Summary,

(vi)
(x)
(xi)
(xiv)

(xvi)



List of contents,

Chapter 1. Introduction: growth factor signal transduction,
1.1 Regulation of the cell cycle.

1.2 Early growth factor-stimulated events in the pre-repiicative phase

of the cell cycle.
1.2.1 Ion fluxes.

1.2.2 Protein phosphorylation.

1.2.3 Transcription of 'immediate-early’ or 'competence’ genes.

1.3 Signal transduction pathways implicated in the control of cell
proliferation.

1.3.1 A class of growth factors bind to receptors which possess
an intrinsic, ligand activated, tyrosine kinase activity.

1.3.2 Growth factors which regulate adenylyl cyclase activity.
1.3.3 Growth factors which activate phosphoinositidase C.
1.3.4 Evidence for a role for polyphosphoinositide hydrolysis in
the control of cell proliferation.

1.3.5 Phosphoinositidase C (PIC).

1.4 Receptor coupled PtdIns(4.5)P,_hydrolysis.

1.4.1 A role for guanine nucleotide regulatory proteins.

1.4.2 Activation of PtdIns 3-kinase.

1.4.3 Phosphorylation of PLC-y1.

1.5 Agonist-stimulated polvphosphoinositide hyvdrolysis generates

w ond messengers.
1.5.1 Ins(1,4,5)P3 and intracellular calcium homeostasis.

1.5.2 The metabolism of Ins(l,4,5)P3; physiological relevance.

1.5.3 The diglyceride/protein kinase C arm of the signalling pathway.

1.5.4 Protein kinase C, an intracellular receptor for the
tumour-promoting phorbol esters.
1.5.5 Multiple isoforms of protein kinase C with distinct properties.

1.5.6 The removal of sn-1,2-DG; physiological relevance.

No.

AN W W W

11
14

15
17
18
19
21
22

23
25
27
29

30
31
23



1.6 Evidence for alternative sources of sn-1,.2-DG in stjmulated cells.
1.6.1 Hydrolysis of PtdIns.

1.6.2 de novo synthesis of DG.

1.6.3 Agonist-stimulated hydrolysis of phosphatidylcholine (PtdCho)
and other phosphoiipids.

1.7 Phospholipase D (PLD).

1.7.1 A distinction between PLD and the base exchange enzymes ?
1.8 A role for PLD activity in signal transduction.

1.8.1 Agonist-stimulated PLD activation.

1.8.2 The product of PLD, PtdOH, is a phospholipid with diverse
biological functions.

1.8.3 PtdOH as a precursor of DG.

1.8.4 Is PLD regulated directly by receptors or is it dependent upon
prior inositol lipid hydrolysis ?

1.9 The Swiss 3T3 mouse ﬁbrgblgst as a model for examining
early signals during mitogenic stimulation,

Chapter 2 Materials & methods.
2.1 Cell lines and materials.
2.2 Buffer composition.

2.3 Ion exchanges resins.
2.3.1 Preparation of Dowex-formate.

2.3.2 Preparation of Dowex-50W-H*.

2.4 Culture of Swiss 3T3 mouse fibroblast cells.
2.4.1 Cell passage.

2.4.2 Cryogenic preservation of cell lines.

2.5 Measurement of stimulated inositol phosphate formation.

2.5.1 Incubation of cells with test reagents.

2.5.2 Preparation of samples for measurment of Ins(1,4,5)P3 mass.
2.5.3 Assay of total inositol phosphates.

2.5.4 Assay of individual inositol phosphate fractions.

36
37

38
42
44
46
46

47
48

49

51

54
57
58
58
58
59
59
60
60
60
61
62
63



2.6 Assay of sn-1.2-diradylglycerol mass.
2.6.1 Cardiolipin/ n-octyl-B-D-glucopyranoside detergent sytsem.

2.6.2 Triton/PtdSer detergent system.

2.6.3 Resolution of DG kinase assay products.

2.7 [3HIDG formation in [2H]palmitate labelled Swiss 3T3 cells,
2.7.1 Labelling of Swiss 3T3 cells with [3H]palrnitic acid.

2.7.2 Assay of [3H]DG formation [3H[pa1mitate labelled Swiss 3T3
cells. |

2.8 Assay of PtdCho hy drolysis.

2.8.1 Incubation of cells with test reagents.

2.8.2 Separation of the major water soluble metabolites of choline.
2.8.3 Analysis of [3H]choline containing lipids.

2.9 Measurement of phospholipase D transferase activity in whole
cells.

2.9.1 Assay of PLD phosphatidyl transferase activity in intact cells.
2.9.2 Assay of PtdBut formation in [3H]pa1mitate labelled Swiss 3T3
cells.

2.9.3 Assay of PtdBut formation using [3H]butan-1-ol as the
phosphatidyl acceptor.

2.9.4 Isolation and identification of phosphatidylbutanol.

2.10 Assay of lipid phosphate/phosphorous mass.

2.10.1 Assay of lipid phosphate.

2.10.2 Assay of lipid phosphorous.

2.11 Analysis and presentation of results.

Chapter 3 Mitogen-stimulated inositol lipid hydrolysis and Ins(1.4.5)P,_

formation in Swiss 3T3 cells.
3.1 Introduction.

3.2 Results.

3.3 Discussion.

3.3.1 Transient accumulation of Ins(1 ,4,5)P3 in bombesin-stimulated

63

65
65

66

67
68
68
69
69

70
70

70

71
72
73
73
74
75

76
78
95



Swiss 3T3 fibroblasts.

3.3.2 Activation of protein kinase C, by administration of PMA, inhibits
bombcsin-étimulated inositol lipid hydrolysis.

3.3.3 Bombesin, [Args]Vp and PGF, ,, stimulate inositol lipid hydrolysis

by a similar mechanism.

Chapter 4 Multiple sources of sn-1.2-diradylglycerol in bombesin-
stimulated Swiss 3T3 cells; evidence for activation of phospholipase D.

4.1 Introduction. |

4.2 Results.

4.2.1 Bombesin- and phorbol ester-stimulated DG formation in Swiss 3T3
cells.

4.2.2 Bombesin and phorbol ester stimulate phospholipase D transferase
activity in [3H]palmitate labelled Swiss 3T3 cells.

4.2.3 What role does a PLD/PPH pathway play in bombesin- and phorbol
ester-stimulated DG formation ?

4.2.4 The mechanism of activation of phospholipase D by bombesin and
phorbol esters.

4.3 Discussion.

4.3.1 Bombesin stimulates a biphasic increase in DG mass in Swiss 3T3
cells. |

4.3.2 Bombesin and PMA stimulate phospholipase D activity in Swiss 3T3
cells.

" 4.3.3 The PLD/PPH pathway makes different contributions to bombesin-
and PMA-stimulated DG formation.

4.3.4 A role for protein kinase C in activation of phospholipase D ?

Chapter 5§ rolysis of phosphatidylcholin

common response to mitogens which stimulate inositol lipid hydrolysis in
Swiss 3T3 cells.

5.1 Introduction.

v

95

102

105

109
112

112

122

130

132
142

142

147

150
152

158



5.2 Results.

5.2.1 Analysis of the water soluble products of PtdCho hydrolysis by

ion-exchange chromatography.

5.2.2 The effect of defined growth factors upon PtdCho hydrolysis in
Swiss 3T3 cells.

5.3 Discussion.

5.3.1 Analysis of the water soluble products of PtdCho hydrolysis by
cation exchange chromatography.

5.3.2 Bombesin and PMA stimulate the hydrolysis of PtdCho by a
phospholipase D catalysed pathway.

5.3.3 A role for PKC in activating Ptd Cho hydrolysis.

534 Bombesin, [ArgS]Vp and PGF, ,, activate PtdCho hydrolysis

by a common mechanism involving protein kinase C.

Chapter 6 Growth factor receptors with tyrosine kinase activity can

ouple to DG formation an ivation of PtdCho-phospholi D.
6.1 Introduction.

6.2 Results.

6.2.1 EGF stimulates an increase in DG mass in the absence of significant

inositol lipid hydrolysis.

6.2.2 EGEF stimulates PtdCho-PLD activity but this does not serve as
a pathway for DG formation.

6.2.3 Regulation of PLD by ligand-activated EGF receptors.

6.2.4 PDGF stimulates a PtdCho-PLD activity in Swiss 3T3 cells.

6.3 Discussion.

6.3.1 EGF-stimulated DG formation in the absence of inositol lipid
hydrolysis.

6.3.2 EGF stimulates the PLD-catalysed hydrolysis of PtdCho but this

does not serve as a pathway for DG formation.

6.3.3 Regulation of phospholipase D by EGF; evidence of a requirement

for the receptor tyrosine kinase.

161

161

167
182

182

183
185

188

190
191

191
195
200
205
212
212

215

218



6.3.4 PDGF can stimulate PtdCho-PLD activity in Swiss 3T3 cells. 221

Chapter 7 Conclusions and perspectives.
7.1 Evidence for multiple sources of DG in mitogen-stimulated Swiss 3T3

. fibroblasts. 227
7.1.1 By which pathway is PtdCho hydrolysed, PLD or PLC ? 229
7.1.2 The role of PtdCho-PLD in sustained DG formation. 231
7.1.3 The implications of PLD/PPH and/or PLC as pathways of DG
formation. - 236
7.2 DG formation and PtdCho hydrolysis: commom elements in mitogenic
lipid signalling pathways ? | 239

7.2.1 The role of PtdCho hydrolysis and sustained DG formation in

mitogenesis. ‘ 243
7.2.2 A role for PLD and PtdOH in mitogenic signal transduction. 247
7.3 Suggestions for further work arising from the studies presented in

this thesis. 249
Appendix I. Protocol for assay of Ins(1.4.5)P3_mass. 253

Appendix II. Publications arising from the work presented in this thesis. 254

References. : 255

List of Figures. Page No.

Fig. 1.1. Schematic representation of the role of inositol lipid hydrolysis
in early mitogenic signalling events. ' 16
Fig. 1.2. The major elements of the hormone-sensitive inositol lipid cycle. 24

Fig. 1.3. Sites of action of phospholipases A, C & D on phosphatidylcholine. 41 |

Vi



Fig. 1.4, The hydrolytic and transferase activities of PLD. 43
Fig. 3.1 (a & b). Time course and dose response curve for bombesin

stimulated total [>HJinositol phosphate formation. 79
Fig. 3.2 (a -c). Time course of bombesin-stimulated increases in total
[3H]InsP, [3H]InsP, and [3H]InsP5. 80

Fig. 3.3 (a-c). Time course of bombesin-stimulated increases in total
(2)[3H]InsP, (b) [3H]InsP, and (c) [*H]InsP3 using a perchloric acid

extracton. 82
Fig. 3.4 (and inset). Time course of bombesin-stimulated increases
in Ins(l,4,5)P3 mass. 84

Fig. 3.5. Dose response curve for bombesin-stimulated increases in
Ins(1,4,5)P3 mass. 85
Fig. 3.6 (a-c). Dose response curves for bombesin-, [Argg]Vp- and

PGF, ,-stimulated [E‘H]InsPt formation in control or PMA treated

(15 min) Swiss 3T3 cells. 87
Fig. 3.7. Time course for inhibition of bombesin-stimulated [3 H]InsP;
formation by PMA. 88

Fig. 3.8 (a-d). Dose response curves for PMA-mediated inhibition

of (a) bombesin-, (b) [Arg8]Vp- and (c) PGF, ,-stimulated 3H] InsP;

formation in Swiss 3T3 cells. - 89
Fig. 3.9. Effects of chronic pre-treatment with 400nM PMA upon
mitogen-stimulated [3H]InsP, formation in Swiss 3T3 cells. 91
Fig. 3.10. Effect of chronic pre-treatment with 400nM PMA on the ability

of acute PMA treatment to inhibit mitogen-stimulated [3H]InsPt

accumulation in Swiss 3T3 cells. ' 93

Fig. 4.1 (a & b). Time course of increases in sn-1,2-DG mass

in bombesin-stimulated Swiss 3T3 cells. 113

Fig. 4.2. Time course of increases in sn-1,2-DG mass in bombesin-stimulated

Swiss 3T3 cells. 114
Fig. 4.3 (a & b). Dose response curves for increases in DG mass in
Swiss 3T3 cells stimulated with bombesin for (a) 5 sec or (b) 15 min. 116

Vii



Fig. 4.4 (a & b). Increases in sn-1,2-DG mass in PMA-stimulated Swiss
3T3 cells.

Fig. 4.5. Time course of incorporation of [3H]palmitic acid into the major
phospholipid classes in Swiss 3T3 cells.

Fig. 4.6. Timé course of increases in [3H]1,2-DG in PMA-stimulated,
[3H]pa1mitate-labelled Swiss 3T3 cells.

Fig. 4.7 (a & b). Resolution and identification of [3H]PtdBut in PMA-

stimulated Swiss 3T3 cells.

Fig. 4.8. The effect of butan-1-0l concentration on agonist-stimulated
[3H]PtdBut formation in [>H]palmitate-labelled Swiss 3T3 cells.

Fig. 4.9 (a & b). Time course (a) and dose response curve (b) for
PMA-stimulated [3H]PtdBut formation in Swiss 3T3 cells.

Fi.g. 4.10 (a & b). Time course (a) and dose-dependence (b) for
bombesin-stimulated [3H]PtdBut formation in Swiss 3T3 cells.

Fig.4.11. The effect of 0.3% (v/v) butan-1-ol upon bombesin- andAPMA-
stimulated sn-1,2-DG mass formation in Swiss 3T3 cells. -

Fig. 4.12. [Arg8]Vp and PGF, , activate PLD transferase activity in Swiss
3T3 cells. .

Fig. 4.13. The effect of a 48 hour pre-treatment with 400nM PMA upon
bombesin- and PMA-stimulated [3H]PtdBut formation in Swiss 3T3 cells.
Fig. 4.14 (a & b). The effect of Ro-31-8220 concentration upon (a) PMA—

and (b) bombesin-stimulated [3 H]PtdBut formation in Swiss 3T3 cells.

Fig‘. 4.15. The effect of Ro-31-8220 upon the time course of bombesin-
stimulated [3 H]PtdBut formation in Swiss 3T3 cells.

Fig. 4.16. The effect of EGTA and Ro-31-8220, alone and in combination,
upon PMA- and bombesin-stimulated [3H]PtdBut formation in Swiss 3T3
cells.

Fig. 4.17. The effect of EGTA and Ro-31-8220, alone and in combination,
on A23187-stimulated [3H]PtdBut formation in Swiss 3T3 cells.

Fig. 5.1 (a-Q). Elution of (a) [?H]GroPCho, (b) [14C]ChoP and (c)

viii

118

120

123

125

126

128

129

131

133

135

136

138

139

140



[3H]Cho from 1 m! Dowex-50-WH* columns.

Fig. 5.2 (a & b). Elution profile of a mixture of [3H]GroPCho,
[14C]ChoP and [3H] Cho loaded in either (a) a synthetic cell extract
(HBG) or (b) in a Swiss 3T3 cell extract.

Fig. 5.3. The elution of [3H]Cho by stepwise increases in HCI
reveals no further [3H]choline labelled peaks in Swiss 3T3 cells.

Fig. 5.4. Elution profile from control and bombesin-stimulated,
[3H]choline labelled Swiss 3T3 cells.

Fig. 5.5 (a-d). Bombesin-stimulated changes in (a) total [3H]Cho,
(b) total [3H] ChoP, (c) total [3H]Cho and (d) cell associated [3 H]Cho
in [3H]choline labelled Swiss 3T3 cells.

Fig. 5.6. Bombesin stimulates a dose-dependent increase in [3H] Cho.
Fig. 5.7 (a-d). PMA-stimulated changes in (a) total [3H]Ch0, (b)
total [3H]ChoP, (c) total [3H]GroPCho and (d) cell associated
[3H]Cho in [3H]choline labelled Swiss 3T3 cells.

Fig. 5.8. PMA stimulates a dose-dependent increase in [3H] Cho.
Fig. 5.9. (a) [Argg]vasopressin stimulates the release of [3 H]Cho from
[3H]choline labelled Swiss 3T3 cells. (b) [Argg]vasopressin and
Prostaglandin F, , both stimulate the dose-dependent accumulation

of [3H]Cho.

Fig. 5.10. Effect of 48 hour pre-treatment with 400nM PMA upon

agonist-stimulated [3H]Cho accumulation.

Fig. 6.1 (a & b). Time course of EGF-stimulated increases in DG mass in

Swiss 3T3 cells. A

Fig. 6.2. Dose-response curve for EGF-stimulated DG accumulation in Swiss

3T3 cells.

Fig. 6.3 (a & b). The effect of EGF upon [3H]InsPt accumulation in Swiss

3T3 cells; a comparison with bombesin.

Fig. 6.4 (a & b). EGF-stimulated [°H]PtdBut formation in Swiss 3T3 cells.
Fig. 6.5 (a & b). EGF-stimulated increases in [3H]Cho and [3H]Ch0P in

i X

162

164

165

170

171
173

174
176

178

180

192

193

194
196



Swiss 3T3 cells. 197
M The effect of butan-1-ol upon EGF-stimulated DG formation. 199
Fig. 6.7 (a & b). Comparison of the effect of Ro-31-8220 upon EGF-,

PMA- and bombesin-stimulated [>H]PtdBut formation in Swiss 3T3 cells. 201
Fig. 6.8 (a & b)., A comparison of the effect of AG18 upon EGF- and
bombesin-stimulated [3H]PtdBut formation. 203
Fig. 6.9. The efect of EGTA upon EGF-stimulated [3H]PtdBut formation

in Swiss 3T3 cells. | 204
Fig. 6.10 (a & b). A comparison of the time course of PDGF- and EGF-
stimulated [3H]PtdBut formation in [3H]palmitate-labelled Swiss 3T3 cells. 206
Fig. 6.11 (a & b). Time course of PDGF-stimulated increases in [3H]Cho

in Swiss 3T3 cells. 208
Fig. 6.12. Dose-response curve for PDGF-stimulated [3H]InsPt

accumulation in Swiss 3T3 cells. 209
Fig. 6.13. The effect of 48 hour pre-treatment with 400nM PMA upon ,
PDGF-stimulated PtdCho-PLD activity in Swiss 3T3 cells. 211
Fig. 7.1. Major elements of a hormone-sensitive PtdCho cycle. 230
Fig. 7.2. The pathway for activation of PtdCho-PLD in bombesin-

stimulated Swiss 3T3 cells. 233
List of Tables. Page No.
Table 3.1. The effect of agonist stimulation on the radioactivity associated

with total InsP; and inositol lipids in the presence of 10mM LiCl 92
Table 4.1. Distribution of [3H]palmitic acid in the major phospholipid

classes in Swiss 3T3 cells. 121
Table 5.1. Analysis of recoveries of, and cross-contamination between,

[3H] or [14C]choline-labelled metabolites separated on Dowex-50W-H. 166
Table 5.2. Effect of bombesin and PMA stimulation on the level of

PtdCho and sphingomyelin in [3H]chotine labelled Swiss 3T3 cells. 169

X



Table 5.3. The effect of acute pre-treatment with staurosporine upon

bombesin- and PMA-stimulated [PH]Cho elevation. 179

Abbreviations.

[ArgS]Vp [ArginineS] Vasopressin.

ATP Adenosine 5'-triphosphate.

Bomb Bombesin.

BSA Bovine serum albumin (fraction V).

cAMP Adenosine 3',5'-cyclicmonophosphate.

[Caz“*]i/0 Calcium concentration (intra or extracellular).

CDP Cho Cytidine 5'-diphosphocholine.

Cho Choline.

ChoP Phosphocholine.

CMP PtdOH Cytidine 5'-monophosphate-phosphatidic acid.

CTP Cytidine 5'-triphosphate

DG sn-1,2-diradylglycerol.

DGK DG kinase (EC 2.7.1.107).

DGL DG lipase (EC 3.1.1.34).

DMBH Serum-free Dulbecco's modified Eagle's medium,
1% (v/v) BSA and 20mM Hepes.

DMEM Dulbecco's modified Eagle's medium.

EGF Epidermal growth factor.

EGTA Ethylene glycol-bis (B-amino-ethyl ether)
N,N,N',N'- tetra acetic acid.

FGF Fibroblast growth factor.

GroPCho Glycerophosphocholine.

HBG Hanks' buffered saline solution with 1% (v/v) BSA

and 10mM glucose.

X i



Hepes

InsP;

Ins(1)P
Ins(3)P
Ins(4)P
Ins(1,3)P,
Ins(1,4)P,
Ins(3,4)P,
Ins(1,3,4)P3
Ins(1,4,5)P3
Ins(1,3,4,5)P4
InsPg

InsPg

PDGF

PGF,

pH;
PIC

PKC
PLA,
PLC
PLD
PMA
PPH
PtdBut
PtdCho
PtdEth
PtdEtm
PtdIns
PtdIns(4)P

N -[2-Hydroxyethyl]piperazine-N'F[2-ethanesu1phonic
acid])

Total D-myo-inositol phosphates.
D-myo-Inositol-1-monophosphate.
D-myo-Inositol-3-monophosphate.
D-myo-Inositol-4-monophosphate.
D-myo-inositol-1,3-bisphosphate.

D-myo-inositol-1,4-bisphosphate.

-D-myo-inositol-3,4-bisphosphate.

D-myo-inositol(1,3,4)trisphosphate.
D-myo-inositol(1,4,5)trisphosphate. |
D-myo-inositol(1,3,4,5)tetrakisphosphate.
Inositol pentakisphosphate (unspecified isomer).
Inositol hexakisphosphate (phytic acid).
Platelet-derived growth factor.
Prostaglandin F, ..

Intracellular pH.

Phosphoinositidase C (PtdIns(4,5)P,
phoksphodicstcrase, EC 3.14.11).

Protein kinase C (EC 2.7.1.37).
Phospholipase A, (EC 3.1.1.4).
Phospholipase C (EC 3.1.4.3).
Phospholipase D (EC 3.1.4.4).
Phorbol-12-myristate-13-acetate.
Phosphatidate phosphohydrolase (EC 3.1.3.4).
Phosphatidylbutanol.
Phosphatidylcholine.
Phosphatidylethanol.
Phosphatidylethanolamine.
Phosphatidylinositol.
Phosphatidylinositol-4-phosphate.

Xii



PtdIns(4,5)P,
PtdOH
PtdSer

SAG

SphM

Phosphatidylinositol-4,5-bisphosphate.
Phosphatidic acid.

Phosphatidylserine.
1-stearoyl-2-arachidonoyl-sn-glycerol

Sphingomyelin.

Xiii



Acknowledgements.

I would like to thank Prof. Miles Housiay and the late Prof. Martin Smellie
for use of the facilities of the Institute of Biochemistry, and Mr. Tom Mathieson
and all the staff of the Dept. office for much help throughout my studies in the
department. I especially thank Hilda Cochrane for her tireless efforts with the lab
glassware and for keeping us all in check.

I thank Mike Wakelam for his "enthusiastic" supervision and guidance and
for putting up with my eccentricities as I put up with his! Thanks also go to Bill
Cushley for his friendship, "auditing", sound career advice and the odd beer or two
as well as Graeme Milligan for his advice on anything from GTP to Jazz (but not
phospholipids !).

The three and a half years spent in the 'Molecular Pharmacology Group'
have been great fun and 'educational’ in all manner of ways. This has largely been
due to the people surrounding me who actually enjoy themselves while they're
working (shocking isn't it!?). In recognition of this I would particularly like to
thank Sandra (the real Boss), Elisabeth (for cinematic advice), Susan Currie (for
fashion tips), Andrew 'Pat' (for advice on DGK assays and a healthy cynicism of
everything), Ian (for the Celtic View), Fergus (Cheers Big Ears!) and every one
else in lab A-20, past and present for putting up with me. Also from A-floor I
would like to thank Brian (for many beers), Mark Bushy (ec#@* !) and other
members of lab A-3 aswell as Gwyn Gould (Yo Dude !). |

In addition there are a number of people who deserve a special mention.
Sooo Palmer has proved a great friend and scientist (if I'm any judge) who I must
acknowledge for everything from Paris buns to Ins(1,4,5)P3 assays and a good
measure of my sanity. Shireen Davies (Mitchell !) who had the misfortune to work
alongside me for 2 years (I hope that wasn't why she left science ?) and was a great
source of fun, chocolate cake and advice. Robin Plevin, with whom were
performed some of the [3H]InsP3 assays, for many discussions and for teaching
me a great deal including the Big Country back-catalogue and how to do dose
response curves properly (!). Gayl Wall for her friendship and encouragement.
Colin & Susy for their friendship, advice, encouragement, meals and 'many

1
3

Xiv



bevvies'. And last but not least, on the domestic front, Fi-Fi Mitch, 'Big' Tim
(mines a Guiness and you're buying it) Palmer and Mark S. for putting up with me
in the flat as well as the lab. ’

I thank the SERC for financial support, despite the efforts of the incumbent
government to the contrary, and Chris Pogson and all at Wellcome, Beckenham for
the CASE side of the studentship (the beer money and the Washington trip!).
Special thanks go to Lawrie Garland, my supervisor at Wellcome, Roger Randall,
Neil Thompson and particularly Bob Bonser, for advice on assays, support in all
ways and above all for interest and enthusiasm in the project; not forgetting my

temporary Landlady, Caz.

I especially thank Margaret for her friendship, advice, patience and sense of
humour (over everything !) all of which have been tested at least once and probably

more.
Finally, I would like to thank my family, Mum, Dad & Sarah, for all the
encouragement, support and love which they have given me throughout my

education but particularly during the last three and a half years.

I dedicate this thesis to them.

Simon J. Cook. February, 1991.

XV



Summary. |

The aim of the work in this thesis was to characterise thé formation of sn-
1,2-diglyceride (DG) in the Swiss 3T3 fibroblast, a model system for mitogenic
signalling, and to assess the source of that DG. |
| The generation of inositol phosphates was assessed using isotopic and mass
assays in Swiss 3T3 cells stimulated with bombesin. The generation of [3H]InsP3
was rapid and essentially transient, whilst the elevatipn of [3H]InsP2 and [3H]InsP
was consistent with the rapid metabolism of [3 H]InsP3. In additionl Ins(1,4,5)P;
mass rose to peak aftef 5 sec stimulation and returned to pre-stimulated levels by 30
seconds. The accumulation of total [3HJinositol phosphates (InsP;) and Ins
(1,4,5)P5 mass stimulated by bombesin was dose-dependent with similar, though
not identical, ECs values (0.58 £ 0.34 nM and 5.88 £ 3.66 nM respectively).

The phorbol ester phorbol-l2-myn’state-13-écetate (PMA) did not stimulate
[3I-I]InsPt accumulation but inhibited by 50% [3 H]InsP; accumulation stimulated
by bombesin, [Args]vasopressin ([ArgS]Vp) and prostaglandin F o (PGF, ).
Prolonged treatment of Swiss 3T3 cells with 400nM PMA to down-regulate protein
kinase C (PKC) resulted in the potentiation of maximum [3H]InsPt accumulation
stimulated by bombesin, [Args]Vp and PGF, ,; in addition these responses were
no longer inhibited by acute PMA pre-treatment.

The generation of DG mass in response to bombesin was biphasic; the first
phase corrcsponded with the elevation of Ins(1,4,5)P3 mass but the second,
sustained elevation from 30 seconds up to 30 min was dissociated from
Ins(1,4,5)P3 mass accumulation; the net generation of DG mass in the first phase
exceeded that of Ins(1,4,5)P5 by at least four-fold. Stimulation of Swiss 3T3 cells
* with PMA resulted in the accumulation of DG mass which exhibited similar kinetics
to the second phase of bombesin-stimulated DG formation and was dose-
dependent; the ECs( (2 nM) was similar to the IC5 for PMA-mediated inHibition
of bombesin-stimulated [3 H]InsP; accumulation (5.58 * 3.84 nM). PMA-
stimulated [3H]1,2-DG formation was also observed in Swiss 3T3 cells labelled

with [3H]palmitic acid in which the fatty acid was preferentia]ly incorporated into
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phosphatidylcholine (PtdCho).

Stimulation of [3H] palmitate labelled Swiss 3T3 cells with bombesin or
PMA in the presence of 0.3% (v/v) butan-1-ol resulted in the formation of
[3H]phosphatidylbutanol ((3H]PwdBut) indicating that both agents were activating
phospholipase D. The ECs for [3H]PtdBut formation was essentially identical to
that for DG formation for both bombesin and PMA. For PMA and bombesin, the
onset of PLD activity preceded that of the sustained phase of DG formation
suggesting that phosphatidic acid (PtdOH), the normal lipid product of PLD, might
actually serve as a precursor of DG via a coupled PLD/PtdOH phosphohydrolase
pathway. Use of butan-1-ol to 'trap' phosphatidate moieties as the metabolically
stable PtdBut inhibited 75% of PMA-stimulated DG formation but only 30% of
bombesin-stimulated DG formation indicating different roles for a PLD/PPH
pathway in contributing to DG formation by bombesin and PMA.

Down-regulation of PKC resulted in the complete loss of bombesin- and
PMA-stimulated PLD activity suggesting an absolute requirement for PKC.
Studies with the PKC inhibitor Ro-31-8220 confirmed the PKC-dependency of
PMA-stimulated PLD activity. However, Ro-31-8220 only inhibited bombesin-
stimulated PLD activity by 45% suggesting that there might be PKC-independent
regulation of PLD.

Chelation of extracellular [Ca2*] to approximately 150 nM with EGTA
resulted in 50% inhibition of bombesin-stimulated PLD activity; the PMA response
was unaffected. The combination of Ro-31-8220 and EGTA was less than additive
in inhibiting bombesin-stimulated PLD activity; at least 30% of the response to
bombesin remained intact in the presence of both agents. The ionophore, A23187,
stimulated PLD activity though to a lesser extent than bombesin or PMA. This
response was inhibited by chelation of extracellular Ca2+, though not completely,
and also by the PKC inhibitor Ro-31-8220; combination of both treatments
inhibited the majority of A23187-stimulated PLD activity.

A simple ion-exchange system was developed to resolve choline (Cho),
phosphocholine (ChoP) and glycerophosphocholine (GroPCho). This technique

was used to assay changes in the level of [2H]choline metabolites in radiolabelled

XVi i



Swiss 3T3 cells. Bombesin and PMA elicited an increase in [3H]Cho prior to any
significant increase in [3H]ChoP; the kinetics and dose dependency of [3H}Cho
formation were the same as those for [3H]PtdBut formation indicating that PtdCho
was a major substrate for bombesin- and PMA-stimulated PLD activity., [Args]Vp
and PGF, , also stimulated the same apparent PtdCho-PLD activity with 'ECSO
values corresponding to those for accumulation of [3H]InsPt in each case. The
ability of PMA, bombesin, [Args]Vp and PGF,, to stimulate accumulation of
[3H]Cho was completely abolished in cells which had been treated with 400nM
PMA for 48 hours to ‘down-regulate’ PKC.

Epidermal growth factor (EGF) stimulated an increase in DG mass which
was sustained above control for up to 60 min but was of smaller magnitude than the
response to bombesin or PMA. Half-maximal effects of EGF were obtained at
doses at which EGF elicited no significant acqumulation of [3H]InsPt. EGF did
stimulate PtdCho-PLD activity as measured by the release of [3H]Cho and the
formation of [3H]PtdBut. However, butan-1-ol did not inhibit EGF-stimulated DG
formation suggesting that it did not arise by a PLD/PPH pathway. EGF-stimulated
PLD activity was not inhibited by the PKC inhibitor Ro-31-8220 but was inhibited
by the EGF-receptor tyrosine kinase inhibitor, AG 18. Platelet-derived growth
factor (PDGF) was also able to stimulate the formation of [3H]PtdBut and the
release of [3H]Cho indicating that it also activates a PtdCho-PLD activity. PDGF-
stimulated [ZH]PtdBut formation was apparent after 30 seconds and therefore
occurred at least as quickly as increases in Ins(1,4,5)P; mass. PDGF-stimulated
release of [3H]Cho and [3H]PtdBut formation were abolished in cells which had
been depleted of cellular PKC.

The results are considered in terms of the role of inositol lipid and PtdCho
hydrolysis in mitogen-stimulated DG formation in Swiss 3T3 cells and the role of
sustained DG formation as an early signal in mitogenesis. In the light of potential
messenger functions for PtdOH the regulation of PLD activity by growth factors is
discussed.
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Chapter 1.

Introduction; growth factor signal transduction.



1.1 Regulation of the cell cycle.

Cells grow and divide by progressing through the 'cell cycle', a
programmed series of events involving synthesis of proteins and DNA which
culminates in mitosis and division into two daughter cells. This proceés is under
rigorous control such that the majority of higher eukaryote cells exist in vivo in a
fully viable but non-proliferating state known as quiescence. Progress through the
cell cycle is controlled both from within and outside the cell. Within the cell, the
products of a number of cell division cycle (CDC) genes such as CDC2HS, the
human homologue of the yeast cdc2 gene, play vital regulatory roles in controlling
the transition between different phases of the cell cycle (reviewed by Nurse, 1990).
Outwith the cell, proliferation is controlled by extracellular signals, known
collectively as growth factors, which produce chemical messages within the cell
resulting ultimately in activation of CDC gene products and initiation of the cell
cycle. These growth factors can include neuropeptides, polypeptides, hormones,
prostaglandins, and immune complexes depending on the type of recipient cell.

The mechanisms by which these factors stimulate cells are one of the keys
to our understanding the whole pfocess of cell division in normal cells and may
allow us to identify lesions and thus potential sites of intervention in cancer cells
gxhibiting unrestrained growth in the absence of a functional requirement for cell
division.

The study of many of the biochemical events culminating in cell division has
been facilitated by the use of homogenous clonal cell populations grown in vitro in
biochemically defined growth medium i.e. the process of cell culture. Many cell
types can be cultured in a balanced salt solution containing serum which is rich in
growth factors. Cultured cells can be made quiescent by allowing them to reach
confluency, thereby depleting serum growth factors and contact inhibiting growth,
or by replacing the growth medium with serum-free or low-serum containing
medium; by adding back whole serum or defined growth factors DNA synthesis
can be re-initiated. Such approaches have allowed the identification of distinct
phases of the cell cyéle and the biochemical signals controlling initiation of these

phases. The main disadvantage of using these 'immortal’ cell lines in vitro is that



cells are maintained and handled in an unnatural state and 'immortal’ cell lines are
prone to spontaneous 'transformation’ to tumour-like cells during extended culture
periods. Indeed, 'immortality' is considered one of the stages in the progression
from a 'normal' to a 'transformed' phenotype. As such, their use in probing the
normal processes of cell division is a necessary compromise.

A typical mammalian cell cycle can be anything from 10-30 hours long.
G, represents the gap between the previous nuclear division (M for mitosis) and
the beginning of DNA synthesis (S-phase) and is the major variable whereas G, is
the gap between DNA synthesis and nuclear division (M). Quiescent cells are
generally considered to be in a distinct physiological state- Gy, though some
consider quisecence to be an extension of G in slow growing cells. In this latter
model, rapidly growing cells have a very short G; whilst terminally differentiated
cells such as striated muscle fibres or neurones have an infinite G .

Addition of exogenous growth factors to quiescent 3T3 fibroblasts results in
a transition from Gy into a series of events culminating in DNA synthesis and
mitosis. A model in which cells, given an initial stimulus, become ‘competent’ to
further stimulation and enter the cell cycle, has been proposed in the Balb/c 3T3 cell
line but is not universally applicable (Pledger ez al., 1978; O'Keefe & Pledger,
1983). Quiescent Balb/c 3T3 cells, stimulated with a ‘competence factor', will
remain 12 hours from S phase but will complete G, transit and initiate DNA
synthesis when stimulated by factors in platelet-poor plasma. In CCL39 cells a-
thrombin is required to be present for the entire prc-replicati?e phase (8-10 hours)
for DNA synthesis to subsequently occurr (Van Obberghen-Schilling ez al., 1982).
What is clear is that, after a given time (between 8-12 hours), cells are said to be
‘committed' to progression through the cell cycle and traverse through this variable
pre-synthetic phase of G is independent of the presence of serum or growth
factors (Zetterberg & Larson, 1985). Whilst cells still remain responsive to various
growth factors through the cell cycle, it seems likely that the regulation of entry into
and exit from mitosis as well as the committment to DNA synthesis come
increasingly under the control of CDC gene products, especially the pp34 product
of the CDC2 gene (reviewed by Nurse, 1990). |



1.2 Early growth factor-stimulated events in the pre-replicative
phase of the cell cycle. »

Some of the early biochemical and molecular signals initiated following
stimulation with growth factors include ion fluxes, changes in the phosphorylation
state of key regulatory proteins and activation of the so-called ‘early’ CDC genes

such as c-fos, c-myc and c-jun |

1.2.1 Ion fluxes. ‘

The addition of serum or defined growth factors to quiescent Swiss 3T3
cells and other cells in culture leads to a rapid increase in the intracellular free Ca2+
concentration ([Ca2+]i) (Hesketh et al., 1985; 1988), typically from 100-200nM
up to as much as 1puM. |

Different growth factors exert different effects upon [Ca?+ J; as defined by
the kinetics of the response and its dependency upon extracellular Ca2* ([Ca2+]0) .
In Swiss 3T3 cells, bombesin or vasopressin elicit a biphasic increase: an initial
'spike' apparent within a few seconds and largely independent of [Ca2+]0 followed
by a smaller, sustained rise which is dependent upon [Ca2+]0 (Hesketh et al.,
1985 & 1988; Lopez-Rivas er al., 1987; Hasegawa-Sasaki et al., 1988; Bierman
et al., 1990). In contrast, EGF induces a slower rise in [Caz'*']i which is
absolutely dependent upon the presence of external Ca2* (Hesketh et al., 1985;
1988).

Mitogen-stimulation of a variety of quiescent cells, including Swiss 3T3
cells and thymocytes (Hesketh et al., 1985) results in a gradual, sustained
elevation of intracellular pH (pH;), the so-called 'alkalinisation' signal. This pHj
increase can also be achieved by addition of the CaZ+ ionophore, A23187, as well
as the tumour promoting phorbol ester phorbol-12-myristate-13-acetate (PMA),
which act synergistica]ly to stimulate early gene transcription prior to DNA
synthesis (Kaibuchi et al., 1986). The cytoplasmic alkalinisation is a result of
stimulated Na*/H* exchange by an electroneutral, amiloride sensitive antiporter
(reviewed by Pouysségur, 1985a). The resulting rise in [Na*]i may be buffered by

a oubain sensitive Na*/K+ pump so that the early changes in monovalent ion fluxes
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and pH; may be integrated into a [Na*}; equilibrium cycle (reviewed by Rozengurt,
1985).

The purpose of the [Ca2+]i and pH; changes in mitogenesis is still not fully
understood. The transient rise in [Ca2+]i followed by the sustained alkalinisation
of the cytosol are obligatory for progression to DNA synthesis in the fertilised sea
urchin egg (Whitaker & Steinhardt, 1982). In Swiss 3T3 cells, addition of A23187
to artificially elevate [Ca2+]i actually stimulates a subsequent alkalinisation
(Hesketh et al., 1985 ) and can mimic EGF and PDGF induced c-myc expression
(Tsuda et al., 1985). Elevation of [Ca2+]i will certainly contribute to the assembly
of Ca2*-calmodulin (CaM) complexes and the subsequent activation of Ca2+-CaM
dependent processes such as activation of cyclic AMP phosphodiesterases (Tanner
et dl., 1987; Whitfield et al., 1987; reviewed by Wang ez al., 1990). This may
contribute to thé initial drop in [cAMP] seen in a variety of cell lines upon mitogenic
stimulation (Pastan et al., 1975). Furthermore, [Ca2+]i increases are implicated in
various non-mitogenic responses to growth factors including cytoskeletal
reorganisation, fluid endocytosis and chemotaxis. In sea urchin eggs, [Ca2+]i is
clearly implicated in cortical granule secretion and the raising of a 'fertilization
envelope' after sperm entry; indeed every parameter of normal activation by sperm
is also observed when eggs are exposed to A23187, including the respiratory burst
and pH; increases (Whitaker & Steinhardt, 1985). in‘addition to its role as an early
signal, Ca?* is very important at later stages in the cell cycle iricluding S and M
phases, particularly in construction of the mitotic spindle and the migration of
condensed chromosomes (reviewed by Whitfield et al., 1987).

The increase in pH; associated with growth factor stimulation, typically of
0.2 units, is thought to have a permissive rather than a triggering role. In sea
urchin eggs, pH; must rise by 0.2 units to permit DNA synthesis to begin
(reviewed by Whitaker & Steinhardt, 1982). By using mutant fibroblasts which
lack a functional Na*/H* antiporter, Pouysségu: and colleagues have shown that
below a threshold of pH 7.2, pH; is limiting for cell proliferation and one major pH

dependent step is the mitogenic stimulation of protein synthesis (Pouysségur et al.,



1985a & b). In this regard, it is interesting to note that the ribosomal protein S6
kinase may be activated by increases in pH; (Pouysségur er al., 1982) as can
another early mitogenic signal, protein phosphorylation (Martin-Pérez et al.,

1984).

1.2.2 Prot’ein phosphorylation.

Phosphorylation of proteins upon serine, threonine and tyrosine residues |
appears to be a common consequence of mitogenic stimulation by growth factors.
Regulation of protein function by phosphorylation/de-phosphorylation cycles is
recognized as a common feature of biologically responsive sytems, the
phosphorylation state of target proteins being determined by the action of specific
kinases and phosphatases. The enzymes responsible for regulating protein
phosphorylation during mitogenic stimulation vary according to the signal
transduction pathway employed by the growth factor and as such will be considered
when the relevant pathways are discussed. However, a number of elements
involved in controlling cell division are regulated by changes in phosphorylation
state.

One example is the Na*/H* antiporter which is responsible for the early
increase in pH;. Recent studies have shown that the antiporter is phosphorylated
upon serine residues in a Qaricty of cells upon stimulation with serum, phorbol
esters, thrombin and EGF with a stoichiometry of 1 mol of phosphate per mole of
anti porter (Sardet et al., 1990).

Another common substrate for growth factor-stimulated phosphorylation is
pp42, a mitogen activated protein kinase (MAP-2 kinase, formerly termed
microtubule-associated protein), a mitogen-activated, serine- and threonine- directed
kinase (Rossomand et al., 1989). It has been shown that activation of MAP-2
kinase requires its phosphorylation upon both threonine and tyrosine residues and,
as such, it may function as an important integrator of distinct signal transduction
pathways (Anderson et al., 1990b).

A variety of proto-oncogene products are phosphorylated in response to
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mitogenic stimulation, though it is not clear in all cases what physiological
relevance these events have. The c-raf proto-oncogene product, Raf-1, a serine-
and threonine-directed kinase, is phosphorylated by activated PDGF P receptors in
3T3 cells and CHO cells whilst PDGF stimulated phosphorylation of Raf-1 on
tyrosine residues correlates with a 4-6 fold increase in activity (Morrison et al.,
1989). Oncogenic activation of Raf-1 can occur by amino-terminal truncation
(Rapp et al., 1987a) and injection of this truncated form of Raf-1 into serum-
starved NIH3T3 cells results in the initiation of DNA synthesis (Rapp et al.,
1987b). Clearly, phosphorylation and activation of Raf-1 in response to defined
growth factors may play a role in mitogenesis. In addition, the product of the c-src
proto-oncogene, a membrane associated tyrosine kinase is also phosphorylated
(Gould & Hunter, 1988) and activated (Kypta et al., 1990) by growth factors such
as PDGF.

Activation of protein synthesis is an early, obligatory step in mitogenesis
and is regulated in part by multiple phosphorylations of the 40S ribosomal protein,
S6 (Duncan & McConkey, 1982; Martin-Pérez er al., 1984). A mitogen-
stimulated S6 kinase has been purified from Swiss 3T3 cells which catalyses an
identical phosphorylation pattern to that obtained in vivo (Jeno et al., 1988) and is
highly specific for S6 (Jeno et al., 1989). It is activated in vivo by serine and
threonine phosphorylation (Ballou ez al., 1988) and this may be stimulated by a
variety of growth factors including EGF, insulin and PGF, ;, (Martin-Pérez et al.,
1984) as well as a kinase closely related to MAP-2 kinase (Ahn ez al., v1990).

Finally the activity of pp34°d°2, the product of the cdc2 gene, is regulated
by the phosphorylation/de-phosphorylation of Tyr 15 which dictates, in part, the
entry into mitosis (Gould & Nurse, 1989; reviewed by Norbury & Nurse, 1989
and Nurse, 1990).

1.2.3 Transcription of 'immediate early' or 'competence' genes.
A common response to many growth factors is the transcription of the so-

called 'early-response’ or ‘competence’ genes such as the nuclear proto-oncogenes
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c-fos and c-myc.

Transient expression of c-fos and c-myc mRNA occurs in Swiss 3T3 cells
in response to stimulation with PDGF, FGF, PMA and A23187 (Kaibuchi et al.,
1986) and bombesin (Palumbo et al., 1986; Rozengurt & Sinnett-Smith, 1987).
Expression of c-fos mRNA typically precedes c-myc; for example, in bombesin-
stimulated Swiss 3T3 cells c-fos mRNA is elevated after 15 minutes, maximal at
30 minutes and declines after 60 minutes whereas c-myc mRNA is only apparent
after 60 minutes and is maintained for upto 6 hours (Palumbo et al., 1986;
Rozengurt & Sinnett-Smith, 1987). The product of the c-fos gene is thought to act
asa trqns-acting fabtor, capable of stimulating gene expression by interaction with
the transcription factor c-Jun/AP1 (Chiu et al., 1988) though it has no intrinsic,
specific DNA-binding properties of its own.

Expression of c-fos and c-myc, whilst generally associated with the
transition from G, is not confined to quiescent cells. Thus, PDGF induced c-fos
expression has been demonstrated in Balb/c 3T3 cells undergoing synchronous
transit through S phase and G, (Morgan & Pledger, 1989) and in serum-stimulated
NIH 3T3 cells synchronized in S phase by hydroxyurea treatment (Bravo et
al.,1986). The precise role of c-fos and c-myc in the transition from quiescence
is still unclear; in Swiss 3T3 cells in the presence of insulin, bombesin stimulated
DNA synthesis at sub-nanomolar concentrations which had little effect upon ‘early
gene' tr anscription. Furthermore, when PKC was depleted from the cells
bombesin was still co-mitogenic with insulin at sub-nanomolar concentrations
which had no effect upon 'early gene' induction (Rozenguﬁ & Sinnett-Smith,
1987). Despite this, c-fos is thought to act as a'third messenger in mitogenesis,
involved in transmitting signals encoded by second messengers to the

transcriptional machinery.



1.3 Signal transduction pathways implicated in the control of cell
proliferation. |

Like many hormones and neurotransmitters, growth factors bind to specific
plasma membrane receptors and activate signal transduction pathways within the
cell to exert their effect. Growth factor receptors exhibit many of the properties of
classical hormone receptors such as saturable binding with characteristic K values
for a given growth factor and target cell, amplification of the signal by transducing
elements and effector systems and the generation of second messengers which
initiate a chain of events leading to the physiological response. The difficulty in
studying growth factor action is that since the physiological response, DNA
synthesis or cell division, occurs at least 18-20 hours after stimulation with a
growth factor the chain of events may be very long and difficult to dissect.

The majority of known growth factors can be broadly divided into three
categories based upon cognate receptor structure and post-receptor signalling
pathways. These are:

(i) Growth factors which bind to receptors possessing intrinsic, ligand-activated .
tyrosine kinase activity (receptor tyrosine kinase or RTK-type)

or growth factors which bind to receptors coupling to a separate effector enzyme
such as

(ii) Adenylyl cyclase or

(iii) Polyphosphoinositide phospholipase C (or Phosphoinositidase C).

By analogy with many hormones and neurotransmitters, growth factors in
the second and third class bind to receptors and activate an effector system through
the mediation of a guanine nucleotide regulatory protein (G-protein) (Pouysségur,
1990). Such growth factors (Receptor-G-protein-Effector or RGE-type) are
exemplified by bombesin, vasopressin, o-thrombin, PGF, ,, Substance K and
endothelin and the receptors for these mitogens typically possess seven
transmembrane domains (Masu et al., 1987; Battey et al., 1991).

These three signal transduction pathways have been implicated in the control
of cell proliferation and are now described in further detail with particular emphasis

on the role of inositol lipid hydrolysis and the generation of DG in proliferation.
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However, these transduction pathways cannot be considered in isolation and so the

role of other signalling pathways in mitogenesis is also reviewed.

1.3.1 A class of growth factors bind to receptors which possess an
intrinsic, ligand activated, tyrosine kinase activity.

A class of growth factors, typified by EGF, PDGF and FGF, bind to
plasma membrane spanning receptors whose intracellular domains exhibit an
intrinsic, ligand activated, tyrosine kinase activity. The study of mutant EGF and
PDGEF receptors, constructed by site-directed deletions and insertions, has provided
a great deal of information concerning the mechanism of action of the activated
receptor (reviewed by Ullrich & Schlessinger, 1990).

These receptors typically possess a single external domain for ligand
binding; a single membrane spanning domain and a cytosolic, catalytic domain.
Growth factor receptor binding induces oligomerization either by receptor-receptor
interactions (EGF) or by dimerization of neighbouring receptors. Oligomerization
leads to activation of the receptors intrinsic tyrosine kinase and an enhanced ligand
binding affinity. A common consequence of growth factor binding is receptor
autophosphorylaiion catalysed by its own tyrosine kinase activity; in the case of
EGF and insulin receptors, this takes the form of cross-phosphorylation of rcceptor‘
dimers (Ullrich & Schlessinger, 1990). Autophosphorylation of the insulin
receptor P subunit increases the Vax Of the kinase activity and maintains itin the
active state (Rosen et al., 1983). In the case of the PDGF and EGF receptors,
autophosphorylation in the kinase insert domain (Tyr 751) and on a C-terminal
cluster of tyrosines respectively, may dictate interactions with and phosphorylation
of substrates (Kazlauskas & Cooper, 1989).

Activation of the tyrosine kinase activity of EGF and PDGF receptors
absolutely requires the Lys in the ATP binding site consensus sequence Gly X Gly
X X Gly X(15-20)Lys. Furthermore, the kinase activity itself is a prerequisite for

signal transduction and initiation of early and late mitogenic responses including



Ca?* influx, Nat/H* exchange, c-fos and c-myc expression, S6 kinase activity
and DNA synthesis (Honegger et al., 1987a, b; Chen et al., 1987, Moolenéar et
al, 1988). In the case of the PDGF and FGF receptors, the kinase domain is
divided into two halves by a kinase insert sequence containing the
autophosphorylation site (Tyr 751). Site directed mutagenesis studies have
suggested that this insert region may be the site of interaction between the receptor
and cellular substrates and effector proteins (Kazlauskas' & Cooper, 1989).

Whilst it has long been assumed that growth factor receptor tyrosine kinases
exert their effects by tyrosine phosphorylation of target proteins, the identity of
some of these substrates is only now becomihg apparent. Interestingly, many of
them are proteins implicated in the control of cell proliferation and include proto-
oncogene products, their allosteric modulators and enzymes controlling signal
transduction pathways known to be involved in mitogenesis. PDGF and EGF can
induce the tyrosine phosphorylation (Meisenhelder et al., 1989) and activation
(Nishibe et al., 1990) of phospholipase C-yl, an enzyme controlling
polyphosphoinositide hydrolysis which is also involved in mitogenesis (Ullrich &
Schlessinger, 1990). In addition, the activated PDGF receptor is capable of
phosphorylating and associating with a type I PtdIns kinase the enzyme responsible
for the synthesis of inositol lipids phosphorylated upon the 3' position of the
inositol ring whose function in mitogenic signalling remains unclear (see section
1.4.2). The PDGF receptor is also able to phosphorylate and activate the Raf-1
serine/threonine kinase, (Morrison et al., 1989) and both the PDGF and EGF
receptors are also able to phosphorylate the p217%% GTPase activating protein
(GAP) (Kaplan er al., 1989; Molloy et al., 1989; Ellis et al., 1990) though the
functional relevance of this event remains unclear. Finally, a recent report has
shown that the PDGF receptor is able to associate with and activate the pp60¢-57¢,
p59¥" and pp626-Y€S proteins all of which are members of the src family of
non-receptor tyrosine kinases (Kypta et al., 1990). In the case of pp60°-57C,
PDGEF treatment also results in tyrosine phosphorylation of the protein though this

has not been shown to be the case for the others as yet.
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1.3.2 Growth factors which regulate adenylyl cyclase activity.

A variety of hormones and neurotransmitters bind to plasma membrane
receptors and stimulate an elevation of adenosine 3'5'-cyclicmonophosphate
(cAMP) by activating adenylyl cyclase (Ad.Cyc.). Transduction of the extracellular
signal to activation of Ad.Cyc. is mediated by a specific stimulatory G-protein, Gq,
which is a substrate for cholera toxin-catalysed ADP-ribosylation. Inhibition of
Ad.Cyc. by activated receptors occurs via an inhibitory G-protein, G;, whichisa
substrate for pertussis toiin-catalyscd ADP-ribosylation. Cyclic AMP is a second
messenger which binds to the regulatory subunit of protein kinase A (PKA),
thereby relieving the inhibitory effect upon the catalytic domain which is then able
to phosphorylate distinct substrates upon serine and, occa sionally, threonine
residues.

Receptor coupled activation and inhibiti’on of adenylate cyclase is the best
understood signal transduction system and has been reviewed extensively (e.g.,
Levitski, 1990b). Perhaps the best example of the system is the action of
adrenaline at the B-adrenergic receptor (e.g., Bahouth & Malbon, 1988). Briefly,
the levels of cCAMP are regulated by a combination of the following:-

(1) receptor and G mediated activation of Ad.Cyc.,

(2) receptor and G; mediated inhibition of Ad.Cyc.,

(3) activation of cAMP specific phosphodiesterases, to remove cCAMP,

(4) competition between Gg & G; for shared By subunits, and

(5) covalent modification of receptors, G-proteins and/or Ad.Cyc. as a means of
desensitization/cross talk.

These facets of the adenylate cyclase system have been studied in a variety
of model systems (reviewed by Casey & Gilman, 1988). Dcspitc this, the role of
cAMP as a second messenger in the regulation of cell proliferation remains unclear.
During the 1970s, a body of evidence accumulated to suggest that cCAMP was a
negative modulator of mammalian cell proliferation: cAMP analogues or cAMP
elevating agents inhibited growth (Johnson & Pastan, 1971; Rozengurt & Pardee,
1972); elevation of cAMP did not correlate with proliferative status (Otten et al.,
1972; Bannai & Sheppard, 1974); raising cAMP levels in 3T3 cells inhibited serum
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stimulated DNA synthesis (Kram et al., 1973) and cAMP levels dropped when
growth arrested cells were stimulated with mitogenic agents (Sheppard, 1972;
Seifert & Rudland, 1974). |

This issue has been been examined extensively by Pouysségur and co-
workers (reviewed by Pouysségur, 1990) in a-thrombin-stimulated CCL39 cells.
Chambard et al. (1987) have shown that o-thrombin-stimulated proliferation was
entirely blocked by pretreatment of the cells with pertussis toxin and yet o-
thrombin-stimulated inositol lipid hydrolysis is only inhibited by approximately
50% (Paris & Pouysségur, 1986). Furthermore, o-thrombin induced a 30%
reduction in PGE1- and cholera toxin-stimulated cAMP levels, an effect which was
100% pertussis toxin sensitive (Magnaldo et al., 1988). The dose-dependency of
the effects of pertussis toxin on cCAMP levels, mitogenesis and ADP-ribosylation of
G;-like protein were identical. In the same cell line pertussis toxin completely
abolished the mitogenicity of 5-HT. Using selective 5-HT antagonists Seuwen ef
al.(1988a) showed that inositol lipid hydrolysis (via the 5-HT, receptor) could be
abolished without inhibiting mitogenesis, but that 5-HT; g antagonists prevented
both inhibition of adenylate cyclase and mitogenesis. Thus a major pathway for a-
thrombin and 5-HT mitogenicity may be via G; mediated inhibition of Ad.Cyc.
Similar conclusions have recently been reached for the mitogenic effects of lyso-
phosphatidic acid (van Corven et al., 1989).

Despite this, there is some evidence of a role for cAMP in mitogenesis in
certain cell types. Cholera toxin treatment of Swiss 3T3 cells, to raise cAMP,
promoted serum-stimulated DNA synthesis with similar dose dependencies for both
effects; the effects of cholera toxin being potentiated by inhibitors of cAMP-specific
phosphodiesterases (Rozengurt et al., 1981). B-adrenergic agonists, acting
through cAMP generation, stimulated the proliferation of rat parotid cells in vivo
and in culture (Tsang et al., 1980) and the regenerating rat liver also employs this
pathway (reviewed in Whitfield et al., 1987; Dumont et al., 1989). Stimulation of
Swiss 3T3 cells with partially purified porcine PDGF and highly purified human
PDGEF resulted in an elevation of intracellular cAMP which was maintained for up

to four hours (Rozengurt et al., 1983 ). The use of cAMP phosphodiesterase
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inhibitors resulted in a slight leftward shift in the dose response curve for PDGF
stimulated [3H]thymidinc incorporation suggesting that elevated cAMP facilitates
the mitogenic effect of PDGF. However, the elevation of cAMP by PDGF is an
indirect effect mediated through autocrine production of E-type prostaglandins.

The conflicting results obtained when considering a role for cAMP in
mitogenesis may be due to the variety of tissues studied since CAMP clearly acts as
a mitogenic signal in certain cell types (reviewed by Dumont et al., 1989). In this
regard, a number of growth hormone-secreting pituitary tumours are associated
with GTPase-abolishing mutations in Gg. These cell types exhibit constitutive
activation of Gg and Ad.Cyc. as well as elevated cAMP levels (Vallar ez al., 1987;
Landis ez al., 1989). Not only does this implicate cAMP in the regulation of cell
growth and proliferation but it also confers the status of oncogene upon the mutated
G gene, Gsp. Furthermore, transfection of the same Gy mutant (Glut 227->Leu
o) into Swiss 3T3 cells resulted in elevated basal Ad. Cyc. activity, enhanced
cAMP accumulation and increased mitogenic responsiveness to forskolin and the
phosphodiesterase inhibitor Ro-20-1724 (Zachary et al., 1990). |

In addition to cell type variations, there may be a number of explanations for
the opposing results obtained when studying the mitogenic effects of cAMP. One
of these relates to temporal variations in cAMP levels during the cell cycle. In
quiescent fibroblast cell lines, Boynton & Whitfield (1983) identified three distinct
phases where cAMP levels decline, rise and again fall during the pre-replicative
phase; the characteristic early drop in total cCAMP content after mitogenic stimulation
may correlate with suggestions that an early inhibition of Ad.Cyc. is required for
mitogenesis (Pouysségur, 1990).

A second reason for the confusion may stem from the fact that depending on
the dose’ the same mitogen may inhibit or stimulate Ad.Cyc.; thus, in CCL39
fibroblasts low concentrations of o-thrombin inhibit cholera toxin, forskolin and
PGE; stimulated Ad.Cyc. whilst higher concentrations fully activaté inositol lipid
hydrolysis and PKC which can then stimulate Ad.Cyc activity thereby increasing
[cAMP]; (Magnaldo et al., 1988).

A third possible explanation of the cAMP paradox is the existence of two
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distinct isozymes of cAMP dependent PKA, sharing identical catalytic subunits but
having different regulatory subunits. It has been suggested that selective
modulation of the two isozymes may be a function of cAMP in regulating cell
proliferation. Use of site specific cCAMP analogues has led to suggestions that Type
IT PKA may be associated with inhibition of the growth of human cancer cell lines,
Type II levels being elevated and Typé I decreased (Katsaros et al., 1987). Thus,
some of the conflicting results obtained for cCAMP as a mitogenic second messenger
may reflect temporal variations in [CAMP]; during the cell cycle or variations in the

target A-kinase activated by cAMP.

1.3.3 Growth factors which activate phosphoinositidase C.

A large number of growth factors, neurotransmitters and hormones bind to
plasma membrane receptors and stimulate the hydrolysis of polyphosphoinositides,
a process which is coupled to the subsequent increase in [Ca2+]i (Michell, 1975).
Phosphoinositides are minor components of total cellular lipid: phosphatidylinositol
(PtdIns) constitutes approximately 10% of total phospholipids and is distributed
throughout all cellular membranes whereas phosphatidylinositol-4-phosphate
(PtdIns(4)P) and phosphatidylinositol-4,5-bisphosphate (PtdIns(4,5)P,) make up
only 1-2% of total inositol lipids and are confined to the plasma membrane
(reviewed by Michell, 1975; Downes & Michell, 1985). The three lipids are
interconverted by specific kinases and phosphatases which are active even in
unstimulated cells. It has been estimated that the half life for metabolic renewal of
the 4- and 5- phosphate groups in polyphosphoinositides is no more than 5 min in
unstimulated, isolated rat hepatocytes (Palmer ef al., 1986). Binding of a Ca2+-
mobilizing ligand to its receptor (e.g. acetylcholine acting at the M; muscarinic
receptor) results in the activation of phosphoinositidase C which catalyses the
phosphodiesteric hydrolysis of PtdIns(4,5)P,. The products of this reaction are the
two second messen ger molecules, inositol(1,4,5)trisphosphate (Ins(1,4,5)P3) and
sn-1,2-diacylglycerol (DG), which mobilize Ca2* from an intracellular store and

activate protein kinase C (PKC) respectively.
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1.3.4 Evidence for a role for polyphosphoinositide hydrolysis in the
control of cell proliferation.

The observation that a variety of growth factors stimulate the hydrolysis of
PtdIns(4,5)P, and generation of Ins(1,4,5)P; and DG implicates stimulated
inositol lipid hydrolysis as an early signalling pathway in mitogenesis (reviewed by
Whitman & Cantley, 1988; see Fig. 1.1). The resulting second messengers are
able to activate effector systems which are clearly involved in the transition from G,
through G, to S phase. Ins(1,4,5)P3 increases [Caz"']i (see section 1.5.1 & 1.5.2)
which is implicated in the control of proliferation (section 1.2) and DG activates
PKC (see section 1.5.3-1.5.5) which regulates Na*/H* antiporter activity, S6
kinase activity and c-fos and c-myc expression (section 1.2). Micro-injection of
DG stimulates Balb/c 3T3 cells to enter the cell cycle (Suzuki-Sekimori et al.,
1989), whilst micro-injection of antibodies to PtdIns(4,5)P, abolishes PDGF- and
bombesin-stimulated mitogenesis (Matuoka ei al., 1988). Over-expression of
PKC in 3T3 cell lines causes disordered growth patterns and increased
tumorigenicity of cells whcn injected into nude mice (Persons e? al., 1988; Housey
et al., 1988) and PKC itself is now recognized as the receptor for the tumour
promoting phorbol esters (Castagna et al., 1982) which are structural analogues of
DG (see section 1.4). Phosphorylation of nuclear lamin B is stimulated by
bryostatin-1 “and dioctanoylglycerol, both activators of PKC, and correlates with
translocation of PKC activity to the nuclear envelope in FDC-P1 cells and HL-60
cells (Fields er al., 1989; Hocevar & Fields, 1991). The eukaryote initiation factor
complex, eIF-4F, is phosphorylated by addition of PMA to [32Pi]-labelled rabbit
reticulocytes and the 2-D phosphopeptide map generated by proteolytic digestion of
elF-4F is the same as that obtained from the purified protein after incubation with
PKC in vitro (Morley & Traugh, 1989), though to date it is not known what effect
this has upon the eIF-4F activity. In addition, expression of a variety of proto-
oncogenes and oncogenes, including ras, src, ros, and abl, in fibroblasts causes
increases in the basal rates of inositol lipid hydrolysis and levels of inositol
phosphates and DG (reviewed by Whitman & Cantley, 1988). This may not be a

direct effect of the oncogene products but there is certainly a strong correlation
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Figure 1.1 Schematic representation of the role inositol lipid
hydrolysis in early mitogenic signalling events.

Binding of a growth factor of the RGE class, such as bombesin, to its
cognate receptor results activation of phosphoinositidase C (PIC) (Heslop et al.,
1986); this appears to be mediated by a guanine nucleotide regulatory protein, Gp
(Plevin et al., 1990). PIC-catalysed hydrolysis of PtdIns(4,5)P, results in the
formation of the second messengers Ins(1,4,5)P3 and sn-1,2-DG. 1Ins(1,4,5)P3
binds to a specific receptor thereby releasing stores of intracellular Ca2*, whereas
sn-1,2-DG binds to protein kinase C (PKC), forms a complex with PtdSer and
CaZ* and thereby activates the serine/threonine phosphorylation of key target
proteins. These two signals, increased [Ca2+]i and protein phosphorylation,
cooperate in initiating many of the early events associated with the transit from
quiescence (Gg) into the cell cycle (G and ultimately DNA synthesis). PKC is the
receptor for the tumour promoting phorbol esters (Castagna et al., 1982) and is
involved in the regulation of a Na*/H* antiporter and, thereby, pH;. In addition,
PKC is implicated in the regulation of S6 kinase, MAP-2 kinase, Raf-1 kinase
activities as well the expression of the '‘competence’ proto-oncogenes such as c-fos

and c-myc.
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between enhanced growth rates and elevated levels of Ins Ps and DG. ]

In contrast, there are a number of growth factors which exert their effect
without enhancing inositol lipid hydrolysis such as EGF in Swiss 3T3 cells
(Hesketh et al., 1985; 1988; Taylor et al., 1988) and PDGF in IIC9 cells (Pessin
et al., 1990). Clearly, for many growth factors, hydrolysis of inositol lipids is
neither necessary nor sufficient for a full mitogenic signal, but it may play an
important role in generating signals for the transition to a state analagous to
‘competence’ (Whitman & Cantley, 1988). Thus, in cooperation with other

pathways the generation of Ins(1,4,5)P3 and DG will constitute a potent mitogenic
signal (Fig 1.1).

1.3.5 Phosphoinositidase C (PIC).

‘PIC catalyses the hydrolysis of PtdIns(4,5)P, to generate the second
messengers Ins(1,4,5)P3 and DG (reviewed by Downes & Michell, 1985). The
first inositol lipid specific PLC purified to homogeneity was a 68 kDa form from rat
liver (Takenawa & Nagai, 1981), now referred to as PLC-o according to the
nomenclature of Rhee et al. (1989). Antibodies to this protein were able to
recognize a 62 kDa form in guinea pig uterus (Bennett & Crooke, 1987) and a 65-
68 kDa form in sheep seminal vesicles (Hofmann & Majerus, 1982). It seems
likely that these are isoforms or proteolytic products of PLC-a which are certainly
immunologically distinct from the three isozymes which have been purified, cloned
and sequenced from bovine brain: PLC--1 (mol.wt. 150 kDa), PLC-y (145 kDa)
and PLC-0 (85-88)kDa. They are distinct gene products but exhibit primary
sequence homology particularly in two regions, designated X and Y (Suh ez al.,
1988 a & b), which are thought to be involved in catalytic function although these

.regions are missing from PLC-a. PLC-a is also unique in possessing a 24 amino
acid N-terminal membrane anchoring sequence (Bennett et al., 1988) and
exhibiting significant activity in the absence of CaZ*. In addition to the described

classification there are reported to be three forms of PLC-B of molecular weights
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150 kDa (B-1), 140 kDa (B-2) & 100 kDa (B-3) (Rhee et al., 1989) though the -3
form may be a pr'oteolyticvproduct. In addition, there are known to be two forms of
PLC-y, (Rhee et al., 1989; Emori et al., 1989).

Unique amongst the PLC isozymes identified to date PLC-y possesses three
regions of homology to the non-receptor tyrosine kinases, A, B & C, which divide
the X and Y sequences. These sequences, termed SH (src homology) regions, are
found in c-src and the crk oncogene product and suggest the possibility of
interactions with various receptor and non-receptor tyrosine kinases (Mayer et al.,
1988; Suh er al., 1988 a & b ; Stahl ez al., 1988; Anderson et al., 1990a). This
is supported by the observation of tyrosine phosphorylation of PLC-y1 by growth
factor receptor tyrosine kinases (Meisenhelder et al., 1989; discussed in 1.4.3).
However, this is not the case with other isozymes of PLC and these may be the
forms involved in the 'classical' coupling of receptors to PIC via G-proteins or
other as yet unidentified regulatory mechanisms.

The PIC isozymes possess in common the ability to hydrolyse PtdIns,
PtdIns(4)P and PtdIns(4,5)P; but not PtdCho or PtdEwn. Their preferred substrate
differs as Ca2+ and pH are varied but at low Ca2* concentrations PtdIns(4,5)P;, is
the preferred substrate.

Phosphorylation of PLC is a candidate machanism for PKC-mediated
feedback inhibition of PtdIns(4,5)P, hydrolysis (Brown et al., 1987).
Phosphorylation of PLC by PKC has been demonstrated in vivo for PLC-a.
(Bennett & Crooke, 1987) and in vitro for the o, B, ¥ and § isozymes (Rhee et
al., 1989). However, this has not been shown to affect PLC activity as yet;
alternatively it may affect the ability of PLC toA interact with positive (G, see

section 1.4.1) and negative regulatory elements.

1.4 Receptor coupled PtdIns(4,5)P, hydrolysis.
Unlike receptor tyrosine kinases where ligand binding, transducihg and

catalytic domains reside in the same molecule, receptors do not possess an intrinsic

18



PIC activity. Rather, they interact with PIC directly or via transducing elements
such as guanine nucleotide regulatory proteins. These various methods of coupling

between receptors and PIC are reviewed.

1.4.1 A role for guanihe nucleotide regulatory proteins.

Guanine-nucleotide binding proteins (G-proteins) play a central role in the
transduction of a variety of extracellular stimuli to effector systems as diverse as
adenylyl cyclase, guanylyl cyclase and ion channels (reviewed by Gilman, 1987;
Birnbaumer et al., 1990). The classical, high molecular weight, G-proteins are
heterotrimers consisting of an a-subunit of molecular weight 39-52 kDa and a By-
subunit complex of molecular weights 35-36 kDa and 9-13 kDa respectively. They
function in a cyclical manner with binding of an agonist to its receptor stimulating
exchange of GTP for bound GDP on the a-subunit. In the presence of Mg2+, the
o-GTP complex may dissociate from the Py-subunit complex and is then able to
modulate an effector system. The signal is terminated by the intrinsic GTPase
activity of the a-subunit and the cycle is completed by the recomplexing of the
subunits to form the heterotrimer. Since it is the a-subunit which is the site of
guanine nucleotide binding and interacts with both receptor and effector entities it is
likely to confer individuality and specificity upon the G-protein.

The high molecular weight G-proteins have been classified on the basis of
their sensitivity to pertussis (G;) and cholera toxins (Gg). In addition there are a
number of G-proteins which are hot substrates for toxins e.g., G,. Finally there are
an increasing group of G-proteins, identified by PCR cloning and low stringency
hybridization (Strathmann et al., 1989), for which there remains no known
function.

The proposal that receptor-activated inositol lipid hydrolysis may be
modulated by a G-protein, Gp, was first made by Cockcroft (1987). This was
based on the observation that ligand-stimulated Ins(1,4,5)P3 or InsP; formation
was potentiated by non-hydrolysable guanine-nucleotide analogues such as GTPyS
or guanosine 5'-[By-imido]triphosphate (GppNHp) and inhibited by GDPBS in
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various perrhcabilizéd cells (e.g., Geny et al., 1989; Plevin et al, 1990). In
addition, fluoroaluminate ions (A1F4 7) which bind to GDP in the nucleotide binding
~site of G-proteins mimicking the terminal phosphate of GTP but are non-
hydrolysable, can elevate inositol phosphate formation in the absence of ligand
(Cockcroft & Taylor, 1987).

Despite the number of systems where guanine nucleotide-dependent InsP,
formation has been identified, the molecular identity of G, remains unresolved.
Recent reports have described the purification of a G-protein a-subunit which is not
a bacterial toxin substrate and appears to exhibit the properties of Gp in a
reconstituted system (Taylor et al., 1990; Pang &Sternweiss, 1990). Other reports
have suggested that, in some cell lines where InsP formation is inhibited to varying
degrees by pre-treatment with pertussis toxin, Gp may actually be a member of the

- G; family (Lad et al., 1985; Pfeilschifter et al., 1986) but again the identity of
such a protein remains unknown. _

A second and rapidly expanding family of guanine nucleotide regulatory
proteins comprises the low or small molecular weight G-proteins (reviewed by
Sanders, 1990) which differ markedly from the classical afy heterotrimers. This
group is exemplified by the members of the ras gene super family; protein products
of the cellular ras proto-oncogene. Ras genes encode proteins of molecular
weight 21kDa (p217%%), possessing a single subunit with an intrinsic GTPase
activity. Like the classical G-proteins, ras undergoes a GDP/GTP exchange cycle
but this is not modulated by interaction with a By complex. Indeed, ras proteins
possess a much lower intrinsic GTPase activity than the classical G-proteins and in
vivo and this is normally controlled by a ceuulgr ‘protein known as GTPase
activating protein (GAP) (Trahey & McCormick, 1987) which stimulates GTP
hydrolysis by ras. The majority of transforming mutations found ih ras-induced
tumors are due to point mutations in the GTP-binding domain or at the site at which
GAP interacts with ras preventing GTP hydrolysis, with the result that ras
remains permanently in the GTP-bound, active state.

It is proposed that in its constitutively active state ras generates an

uncontrolled proliferative signal resulting in transformation; by analogy with other
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G-proteins this would suggest that normal c-ras is involved in a signal transduction
pathway which regulateé mitogenesis. Mammalian ras proteins exhibit extensive
sequence homology with the yeast RAS genes which function in the regulation of
the mating pathway and adenylate cyclase, but in higher eukaryotes ras genes do
not regulate adenylate cyclase (reviewed by Hall, 1990). A number of observations
have suggested a role for p2174S as Gp, the G-protein controlling inositol lipid
hydrolysis (Fleischmann et al., 1986; Wakelam et al., 1986; Lloyd et al., 1989).
For example, elevated InsP levels correlate with transforming mutations of ras
which abolish GTPase activity (Hancock et al., 1988). Furthermore, in the T15%
clone of NIH3T3 cells, containing the p21N-74S gene under the control of a steroid-
inducible promoter, expression of the p21N-7as gene confers responsiveness to
bombesin resulting in the stimulated formation of Ins(1,4,5)P3 and elevation of
[Caz"']i which is negligible in the control cell line T15™ (Lloyd et al., 1989).
However, other studies have been unable to show similar effects (e.g., Seuwen et
al., 1988b), whilst elevated InsP levels have been reported in cell lines
transformed by a variety of oncogenes and may simply reflect elevated growth rates
and/or overexpression of growth factor receptors in transformed cells (Downward
et al., 1988). Clearly, expression of the p21N-725 gene in the T15% cell line does
increase bombesin receptor-PIC coupling either directly or indirectly, but it is

unlikely that ras simply acts as Gp.

1.4.2 Activation of PtdIns-3-kinase.

PtdIns 3-kinase was first demonstrated in immunoprecipitates from
polyoma middle T-transformed cells (Whitman et al., 1988) and has recently been
purified from rat liver (Carpenter et al., 1990). The enzyme consists of an 85kDa
protein, the same as that found to associate with activated PDGF receptors and the
middle T antigen (Kaplan et al., 1987), and a 110kDa protein which form a native
complex of 190kDa (Carpenter et al., 1990). Since the 85kDa subunit is
phosphorylated extensively upon association with PDGF receptors (Kaplan ez al.,

1987) whilst the 110kDa subunit has not been shown to associate with receptors to
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date it is possible that the smaller subunit exerts a regulatory role upon the catalytic
activity of the holoenzyme. Non-transforming mutants of Middle T antigen and
tyrosine kinase-negative mutants of the PDGF receptor which do not transduce a
mitogenic signal do not have an associated PtdIns 3-kinase activity suggesting that
this pathway does produce a signal involved in mitogenesis. However, the nature
of this signal is unclear (Majerus et al., 1990); it is not yet known if PtdIns(3)P is
the precursor for the two novel polyphosphoinositides, PtdIns(3,4)P, and
PtdIns(3,4,5)P3 (Auger et al., 1989), but none of the 3-phosphate containing
inositol lipids are good substrates for phosphoinositidase C from liver or brain
(Serunian et al., 1989). Recent reports have implicated this pathway in the
response to some extracellular ligands (Auger et al., 1989; Traynor-Kaplan et al.,
1989), but its relevance to either second messenger generation or a physiological

response remains to be rigorously defined.

1.4.3 Phosphorylation of PLC-y1.

Immunoprécipitation of activated growth factor receptors followed by
blotting wi;h anti-phosphotyrosine or anti-PIC antibodies has shown that a PIC
subtype, type II or PLC-v1, associates with and is phosphorylated upon tyrosine
residues in a ligand-dependent manner by .PDGF and EGF receptors (Meisenhelder
et al., 1989). The receptor tyrosine kinase activity is essential for growth factor-
induced PLC activation, énd it has recently been shown directly that this tyrosin¢
phosphorylation results in the activation of PLC-y1 as well as its translocation to the
plasma membrane wherein resides its substrate (Nishibe e? al., 1990; Todderud et
al., 1990). Such coupling of growth factor receptors to PLC-yl is fundamentally
different to that for mitogenic peptides such as bombesin (Plevin et al., 1990) since
it is not modulated by guanine nucleotide analogues. These results are consistent
with what is known about the primary structure of PLC-y1 since it contains two
SH2F regions which are thought to play a regulatory role in directing specific
interactions with cellular components (Anderson et al., 1990a; reviewed by Rhee

et al., 1989).
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This apparent diversity of coupling mechanisms for activation of PIC
presumably reflects some evolutionary advantage in having multiple pathways for
regulating inositol lipid hydrolysis. Such speculation will await the identification of
Gp, if such a function can be attributed to a single molecular species. The
physiological significance of the PLC-y1 pathway remains to be fully defined since
overexpression of PLC-yl does not result in increased PDGF-stimulated
mitogenesis (Margolis et al., 1990). However different modes of regulation of
PIC activity may account for the diversity of responses seen to different agents in
the same or different cell lines such as the differing effects of bombesin and PDGF

in Swiss 3T3 cells (Nanberg & Rozengurt, 1988; Blakeley et al., 1989).

1.5 Agonist-stimulated polyphosphoinositide hydrolysis generates
two second messengers.

A major feature of the signal transduction pathway involving the hydrolysis
of the polyphosphoinositides is that both the products of PIC activity are second
messengers with distinct cellular functions. Consequently this bifurcating signal
constitutes a flexible pathway for initiating diverse effects within the cell (reviewed
by Downes & Michell, 1985; Berridge, 1987a) including many of the early events
associated with proliferation (Berridge, 1987b; Whitman & Cantley, 1988). The
major elements of the hormone sensitive inositol lipid cycle are outlined in Fig. 1.2.
This figure does not include details of the metabolism of the 315hosphétecontaining
inositol lipids since thelr physiological relevance remains unclear; however, this
issue has recently been reviewed extensively by Majerus et al. (1990) and Cantley

et al. (1991).
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Figure 1.2 The major elements of the hormone-sensitive inositol
lipid cycle. | ‘

A summary of the major elements of the hormone-sensitive inositol lipid
cycle is shown; details of the 3' phosphate-containing inositol lipids and the higher
phosphorylated forms of inositol (InsP5 ) are not shown since their physiological
relevance remains unclear. The enzymes are (1) PtdIns synthetase (CMP-PtdOH;
inositol phosphatidyltransferase); (2) PtdIns-4-kinase; (3) PtdIns(4)P
phosphomonoesterase; (4) PtdIns(4)P-5'-kinase; (5) PtdIns(4,5)P,
phosphomonoesterase; (6) phosphoinositidase C; (7) DG kinase; (8) CMP-PtdOH
synthetase; (9) Ins(1,4,5)P5-5'-phosphatase; (10) inositolpolyphosphate-1'-
phosphatase; (11) Ins(x)P phosphatase; (12) Ins(1,4,5)P3 -3'-kinase; (13)
Ins(1,4,5)P3/Ins(1,3,4,5)P4-5'-phosphatase; (14) inositolpolyphosphate-4'-
phosphatase; (15) Ins(1,3)P2-3'-phosphatase; (16) Ins(1,3,4)P3-6"-kinase. All
inositol phosphates are numbered as the D-myo-inositol configurations as

described by Berridge & Irvine, (1989).
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1.5.1 Ins(1,4,5)P3 and intracellular calcium homeostasis.

Whilst agonist-stimulated inositol lipid turnover was first documented in
1953 (Hokin & Hokin, 1953) it was not until 1975 that Michell (1975) identified
stimulated inositol lipid turnover as the common denominator for a variety of
agonists which elicit a rapid increase in intracellular free calcium concentration
([Ca2+]i). JIndeed, it was 1983 before it was recogniséd that PtdIns(4,5)P, is the
major precursor (Creba er al., 1983) and Ins(1,4,5)P3 is the initial product
(Bcrridgé, 1983) of agonist-stimulated inositol lipid hydrolysis, whilst Streb et al.
(1983) showed that Ins(1,4,5)P3 was effective in releasing Ca2* from
permeabilized pancreatic acinar cells. Such observations have now been repeated in
a variety of cell types including Swiss 3T3 cells, GHj pituitary cells, hepatocytes
and vascular smooth muscle cells (reviewed by Berridge, 1987a). To satisfy the
role of 'Ca2t mobiliser’ Ins(1,4,5)P3 must, and indéed is, produced very rapidly
upon stimulation of responéivc cells. Relatively few studies have looked at
timepoints below 10 seconds but in bradykinin-stimulated NG115-401L cells
[3H]Ins(l,4,5)P3 lcvels are significantly above control at two seconds (Jackson et
al., 1987).

In permeabilized cells, the reponse to Ins(1,4,5)P3 takes the form of
saturable release of between 30 and 70% of sequestered CaZ* with an ECjs( in the
range of 0.1-1uM. There is marked selectivity for inositol phosphate induced CaZ+
release with orders of potency of Ins(1,4,5)P3> GroPtdIns(4,5)P, = Ins(2,4,5)P3>
Ins(4,5)P, suggesting an absolute réquiremant for vic inal 4' and 5' phosphate
groups with a 1' phosphate enhancing the effect. These observations of saturability
and selectivity are consistent with Ins(1,4,5)P5 exerting its effect by binding to a
specific receptor. Consequently, it is now accepted that Ins(1,4,5)P3, released by
hydrolysis of PtdIns(4,5)P,, binds to an intracellular receptor mediating the release
of Ca2* from an intracellular store into the cytosol.

The Ins(1,4,5)P3 receptor has now been purified from brain homogenates
(Supattapone et al., 1988) and cloned from cerebellar Purkinje neurons (Furuichi
et al., 1989). The receptor is a glycoprotein with predicted molecular weight of

313 kDa which probably exists as a tetramer in vivo and when solubilized giving a
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molecular weight of around 1000 kDa. In overall topography as well as at the C-
terminus, the Ins(1,4,5)P; receptor exhibits significant homology with the
ryanodine Ca2* channel from the sarcoplasmic reticulum of skeletal muscle
(Takeshima et al., 1989). |

The subcellular location and identity of the Ins(1,4,5)P3 sensitive Ca2+
store remains to be rigorously defined and indeed may be different depending on
the nature of the cell or tissue concerned. However, it is clear that the Ins(1,4,5)P3
sensitive store is not part of the mitochondria (Burgess et al., 1984; Volpe et al.,
1987; Ross et al., 1989) which constitutes a major store of intracellular CaZ+,
| Recent immunocytochemical data suggest that the rough E.R. and the nuclear
envelope are principal sites of the Ins(1,4,5)P3 receptor as is peripheral smooth
E.R., close to the plasma membrane (Ross ef al., 1989). The more uniform
labelling of the E.R. reported by Mignery et al. (1989) would seem to argue
against a role for a specialized Ins(1,4,5)P3-responsive organelle such as the
'calciosome’ proposed by Volpe ez al. (1988).

The transient release of Ca2* from the Ins(1,4,5)P3-sensitive store is not
due to the desensitization of the Ins(1,4,5)P3 receptor since use of the non-
metabolised analogue inositol(1,4,5)trisphosphorothioate results in a sustained
Ca?* efflux from hepatocytes with no net re-sequestration suggesting that the
Ins(1,4,5)P3-gated channel remains open (Taylor ez al., 1990).

Phosphorylation of Ins(1,4,5)P3 by a 3' kinase (see Fig. 1.2) may serve to
generate another second messenger molecule, Ins(1,3,4,5)P4. The sustained,
though smaller, elevation of [Ca2"‘]i represents Ca2* entry into the cell and it has
been suggested that this may be due to a second messenger-operated Ca2* channel
(reviewed by Berridge & Irvine, 1989; Irvine, 1990). The precise role of
Ins(1,3,4,5)P,4 in regulating Ca2+ entry is unclear since it exerts no effect unless a
Ca2+-mobilizing InsP; (Ins(l,4,5)P3 or Ins(2,4,5)P3) is present (Irvine et al.,
1988). Irvine (1990) has speculated that there are three 'players' in the regulation
of Ca2 *entry: the intraluminal [Ca2+] in the E.R., Ins(1,4,5)P3 and
Ins(1,3,4,5)P4. He argued that Ins(1,4,5)P5 binding to its receptor discharges
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Ca2* from the E.R. lumen and this results in the dissociation of the Ins(1,4,5)P3
receptor from an Ins(1,3,4,5)4 receptor at the plasma membrane, thus removing a
tonic inhibition of Ca2+ enti’y. Ins(l,'3,4,5)P4 may also contribute to this by
binding to its receptor and promoting dissociation of the Ins(1,4,5)P3 receptor. In
support of this Irvine cited the example of the proposed commurication between the
- ryanodine receptor on the sarcoplasmic reticulum and the sarcolemma but
confirmation of such a model must await the purification and identification of the

Ins(1,3,4,5)P4 receptor.

1.5.2 The metabolism of Ins(1,4,5)P3; physiological relevance.

The transient nature of many CaZ+ responses suggests that InS(1,4,5)P3 is
rapidly removed and/or responses are rapidly desensitized at the receptor-Gp-PIC
level. It is well established that, in eukaryotes, Ins(1,4,5)P3 may be removed
rapidly by two pathways (see Fig. 1.2) and there is some evidence to suggest that a
rise in [CaZt J; may actually facilitate the removal of Ins(1,4,5)P3, thereby ensuring
the transient nature of the response. | ’

The first pathway involves the rapid dephosphorylation of Ins(1,4,5)P3 by
a 5'-phosphatase to yield Ins(1,4)P, (Downes et al., 1982; Storey et al., 1984)
which, lacking the 4' and 5' vic' inal phosphate groups, is unable to release Ca2t
- from the internal store. The observation that Ca2* activates the 5'-phosphatase in a
variety of cells (Kikita er al., 1986; Sasaguri ef al., 1985) thereby ensuring the
removal of the second messenger is attractive but not universal (Connolly etal.,
1987). Ins(1,4)P, then undergoes a de-phosphorylation reaction to InsP. It would
appear that the favoured reaction is a 1'-phosphatase giving Ins(4)P as the product;
less than 5% of Ins(1,4)P, is metabolized by the 4'-phosphatase (Morris e al.,
1988). It is known that a single enzyme de-phosphorylates Ins(1)P, Ins(3)P and
Ins(4)P to yield myo-inositol (Gee et al., 1988). The Ins(x)P-phosphatase is
inhibited in an uncompetitive manner by millimolar concentrations of Li™,
providing a useful block in the de-phosphorylation of inositol phosphates. ' This

allows a convenient measure of receptor-mediated inositol livid hydrolysis to be
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made in terms of the accumulation of total inositol phosphates (InsPy) (Bérridge et
al., 1982).

The second pathway for the removal of Ins(1,4,5)P3 is its rapid
phosphorylation to inositol(1,3,4,5)tetrakisphosphate (Ins(1,3,4,5)P4) by a 3'-
kinase. This reaction was first observed in parotid gland (Batty et al., 1985) and
has subsequently been demonstrated in a variety of tissues. Again, in terms of
removal of a Ca2+—mobi1ising second messenger, the 3' kinase is activated by
elevation of [Ca2+]i and, in brain and neural tissues, by Ca2*-calmodulin
complexes (Biden et al., 1987; Morris et al., 1987), allowing fine control of
intracellular Ca2+ elevation. Ins(1,3,4,5)P,4 is rapidly de-phosphorylated by a
Mg2+-dependcnt 5'-phosphatase which is probably the same enzyme which de-
phosphorylates Ins(1,4,5)P3 (Connolly et al., 1987). Ins(1,3,4)P3 is ineffective
at mobilizing intracellular Ca?* and is probably de-phosphorylated by the same 1'-
phosphatase which acts on Ins(1,4)P, (Inhorn & Majerus, 1987) The product,
Ins(3,4)P, may be de-phosphorylated by a Mg2+-independcnt 4'-phosphatase
(Bansal et al., 1987).

The complex metabolism of inositol phosphates, including the higher
phosphorylated forms (e.g., InsPg and InsP¢) has been reviewed by Shears (1989)
and is not considered here but recent articles by Stephens & Downes (1990) and
Stephens & Irvine (1990) provide new insights.

The rapid decline in Ins(1,4,5)P3 levels may not simply reflect metabolism
but also a negative feedback. In Swiss 3T3 cells it has been proposed that DG, the
other product of PtdIns(4,5)P, hydrolysis may, through the activation of protein
kinase C lead to the inhibition of further PtdIns(4,5)P2 breakdown (Brown et al.,
1987). This inhibition of responses can be mimicked by pre-treating cells with the
phobol ester, PMA, for 10 minutes prior to stimulation with bombesin, but is
abolished in Swiss 3T3 cells where PKC activity has been down-regulated by

- prolonged exposure to phorbol ester (Brown et al., 1987).
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1.5.3 The diglyceride/protein kinase-C arm of the signalling
pathway. ,

The term sn-1,2-diradylglycerol refers to all forms of diglyceride with the
sn-1,2- configuration and includes ester-linked diacyl species (DAG) and ether-
linked 1-O-alky-2-acyl and 1-O-alk-1'enyl-2-acyl species (AAG). Unless
referring to a diglyceride with a particular linkage the abbreviation DG will be used
as a general term encompassing sn-1,2-diglycerides.

DG is a neutral lipid which remains in the inner leaflet of the plasma
membrane when formed as a result of stimulated inositol lipid hydrolysis. Itis the
endogenous activator of the Ca2*- and phospholipid-dependent serine/threonine
directed phosphotransferase, protein kinase C (PKC), isolated in Nishizukas
laboratory in 1977 (Inoue et al., 1977; Takai et al., 1979a & b; Kishimoto et al.,
1980; reviewed by Nishizuka, 1984). The mechanism by which DG activates PKC
is well documented. Briefly, DG acts by lowering the enzymes' K, for Ca2+ by
as much as one thousand-fold (Kishimoto et al., 1980; Kaibuchi et al., 1981);
PKC may be activated by millimolar concentrations of CaZ* in vitro, but inclusion
of DG allows activation at [Ca2*]; in the range 0.1-1uM. Since these CaZ*t
concentrations are attained in cells as a consequence of Ins(1,4,5)P3-induced Ca2t
mobilisation, this represents cooperation between the two arms of what is
essentially a bifurcating signal pathway. It is only the sn-1,2- forms of DG
(derived from phospholipid hydrolysis) which activate PKC; neither 1,3-DG or
rac-1,2-DG (sn-2,3-DG) are able to support PKC activity (Rando & Young,
1984; Boni & Rando, 1985; Nomura e al., 1986). There is some debate as to
whether the AAG forms of DG are able to activate PKC (Ganong et al., 1986;
Daniel et al., 1988), but a recent report shows quite clearly that naturally occurring
plasmalogenic diglycerides do support rabbit myocardial PKC activity (Ford &
Gross, 1990a).

It is proposed that, upon stimulation, soluble PKC translocates to the
plasma membrane (Kraft et al., 1982; Kraft & Anderson, 1983) where it combines
with its endogenous activator (DG) forming an active quaternary complex of PKC,

DG, Ca2+ and PtdSer (Ganong et al., 1986). However, quite how PKC rapidly
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moves from an aqueous, hydrophilic environment to associate with the plasma
membrane is unclear, though increased [Ca2+]i may play a role. Perhaps a more
realistic model envisages PKC normally loosely associated with the plasma
membrane, with this association strengthened by complexing with DG and PtdSer
‘in stimulated cells. This model will still allow for the appearance of soluble PKC in
control cells since the looser association would result in displacement from the

membrane during subcellular fractionation.

1.5.4 Protein kinase C, an intracellular receptor for the tumour-
promoting phorbol esters.

In 1982, Castagna et al. (1982) demonstrated a crucial link between tumour
induction and a signal transduction pathway by showing that the phorbol ester-type
tumour promoters could activate PKC and that this activation correlated with their
tumour promoting ability (Castagna et al., 1982; Niedel et al., 1983). As a result
protein kinase C is now considered to occupy a central role in the pathways
proposed to control cell division and proliferation (reviewed by Berridge, 1987b;
Whitfield et al., 1987; Housey et al., 1988; Persons et al., 1988; Whitman &
Cantley, 1988). '

Phorbol esters, typified by phorbol-12-myristate-13-acetate (PMA) act as
structural homologues of the diradylglycerols; the "diradyl" portion of PMA is
structually analagous to the‘sn-1,2-DGs and studies have shown that, like DG,
PMA activates PKC by increasing its Ca2+ sensitivity (Castagna et al., 1982). In
addition, PMA and DG compete for binding to PKC with a stoichiometry of 1 mol
per mol of protein (reviewed by Downes & Michell, 1985). The potent tumour
promoting properties of PMA can be explained by the fact that unlike DG it is not
readily metabolized within cells and so accumulates, resulting in the prolonged
activation of PKC. This is reflected in the potentcy of the phorbol esters in
activating PKC; PMA is active at nanomolar concentrations whereas cell permeant

diglycerides, which are metabolized, require micromolar concentrations.
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Phorbol esters, being membrane permeable, have proved to be useful tools
for dissecting the involvement of DG production and PKC activation in cell
responses and, being poorly metabolized, accentuate and lengthen normal
responses. Their use, coupled with that of membrane permeable DG analogues,
such as 1-oleoyl-2-acetyl-glycerol (OAG), has allowed the identification of PKC
dependency in a variety of signal-response systems (reviewed by Nishizuka, 1984;
Kikkawa et al., 1989; Parker et al., 1989).

In addition, for some cells, most notably the Swiss 3T3 fibroblast,
prolonged exposure to super-maximal concentrations of PMA (400nM) for up to 48
hours depletes cellular PKC as measured by binding of [3HIPDBu (Collins &
Rozengurt, 1984), histone phosphorylation (Rodriguez-Pena & Rozengurt, 1984)
and western blotting for the protein itself (Brown et al., 1990). This loss of PKC
activity, known as 'down-regulation', has allowed the identification of PKC-
dependent events in a number of hormone and growth factor-stimulated cell lines
such as the inhibition of DNA synthesis in down-regulated Swiss 3T3 cells

(Rozengurt & Sinnett-Smith, 1987).

1.5.5 Multiple isoforms of protein kinase C with distinct properties.

The relatively simple model of DG and Ca?+ cooperating in the activation of
PKC is now no longer sufficient to account for the complexity revealed by the
purification and cloning of at least seven different isozymes of protein kinase C
(reviewed by Kikkawa et al., 1989; Parker et al., 1989). The a, BI, BII and y
forms exhibit the same general structural organization (Kikkawa et al., 1988;
Parker et al., 1989) being divided into cysteine-rich regulatory and catalytic
domains; the BI and BII subspecies are derived by alternate splicing of a single
RNA transcript (Coussens ef al., 1987; Kubo et al., 1987). In the last two years
cDNAs for at least three further subspecies of PKC (8-, €- and {-PKC) have been
isolated using a mixture of a-, BII and y- cDNA clones as probes ﬁnder low
stringency conditions (Ono et al., 1987; 1988). These novel forms exhibit

extensive clusters of sequence homology to a-, B- & Y- species in their catalytic
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domains and in cysteine-rich clusters in the regulatory domains, whilst their overall
molecular weights are of a similar order. Calpain-catalysed proteolysis results in
the cleavage of PKC into separate regulatory and catalytic domains and, under such
conditions, the catalytic domain is fully active in a manner independent of PtdSer or
DG, suggesting that the regulatory domain exerts a negativc influence over the
catalytic site which is overcome by complexing with DG, CaZ+ and PtdSer.

In terms of activation, a-type PKC is most sensitive to 1-stearoyl-2-
arachidonoylglycerol, derived from PtdIns(4,5)P, hydrolysis, whilst BI and BII
exhibit substantial activity without raised CaZ* levels. The Y¥-subspecies is less
sensitive to DG but is activated by relatively low concentrations of arachidonic acid;
indeed, activation by arachidonic acid does not appear to require Ca?*, DG or
phospholipid (reviewed by Kikkawa et al., 1989). Recently nPKC (Ohno et al.,
1988), PKC-¢ (Schaap & Parker, 1990) and PKC-L (Bacher et al., 1991) have
been characterised as CaZ*-independent, DG/PMA activated PKCs.

The various isbzymes appear to have distinct substrate specificities aswell as
distinct specific activities against well defined PKC substrates such as histone IIIS
(Schaap & Parker, 1990; Ohno et al., 1988). Furthermore, what was previously
considered to be a homogenous PKC substrate, the 80k phosphoprotein, is now
known to consist of at least two isoforms (Morris & Rozengurt, 1988; Hirai &
Shimizu, 1990) phosphorylated to different extents by a-, B- & ¥-PKCs. Digestion
with trypsin generated different phosphopeptide maps (Hirai & Shimizu, 1990) and
one isoform (80K-H) was substartially phosphorylated in the absence of CaZt,

Theée data suggest that different cells may possess a number of PKC '
subspecies which may be differentially activated during different phases of a
cellular response under conditions in which DG levels or other phospholipid
metabolites are elevated in the presence or absence of increased [Ca2+]i, such as
stimulated hydrolysis of PtdIns(4,5)P, or PtdCho (and other phospholipids) by
phospholipases A, C or D. This potentially broad ll;épfértdiréof PKC activities may
result in different substrates being phosphorylated at vaﬁsus stages of the response
and may be of relevance in long term effects such as smooth muscle contraction,

long term potentiation and cell proliferation.
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1.5.6 The removal of sn-1,2-DG; physiological relevance.

As with Ins(1,4,5)P3, the primary function of the rapid removal of DG is
the termination of the physiological response, that is PKC activation. Two major
pathways exist for the removal of DG, catalysed by DG kinase and DG lipase.
However, it is becoming increasingly apparent that the products of both of these
reactions, PtdOH and free fatty acids (particularly arachidonate), may themselves
have potent biological effects (Putngy et al., 1980; Moolenaar et al., 1986; van
Corven et al., 1989; Tsai et al, 1989; 1990).

The phosphorylation of DG to yield sn-1,2-diradylglycerol-3-phosphate,
i.e. phosphatidic acid (PtdOH), is probably the most quantitatively significant
pathway for the removal of DG (Bishop et al., 1986). It is catalysed by the
enzyme diacylglycerol kinase (ATP:1,2-diacylglycerol 3-phosphotransferase), a
Mg2+ and ATP dependent kinase first described by Hokin & Hokin (1959). Until
recently, there have been few detailed studies of this enzyme in higher eukaryote
cells; the realisation of its role as a major 'switch' which turns off protein kinase C
activity has focussed attention on what is, by analogy with the cyclic nucleotide
phosphodiesterases, likely to prove a major control point in PKC mediated signals
(reviewed by Kanoh et al., 1990).

In common with PKC, there is an increase in DG kinase activity recovered
from the plasma membrane and a loss from the cytosol when cells are stimulated
with Ca2+ -mobilizing agonists which cause hydrolysis of inositol lipids or phorbol
esters (Ishitoya er al., 1987; Maroney & Macara, 1989). This may represent an
important control point since DG is produced in, and confined to, the plasma
membrane. Coupled with this, recent reports suggest that porcine DG kinase
activity may be enhanced at the physiological [Caz“"]i attainable in stimulated cells
(Sakane et al., 1990). Indeed, the primary sequence for the 80kDa form of DG
kinase purified from porcine thymus cytosol and cloned from a porcine thymus
cDNA library contains two Ca2*-binding EF hands as well as homologies to PKC,
calmodulin and other CaZ* regulated proteins (Sakane et al., 1990). Interestingly,

this form of DG kinase also possesses two cysteine-rich motifs which are
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conserved in a variety of proteins which bind phorbol esters such as PKC and n-
chimaerin (Ahmnd et al., 1990); consequently this region may represent the
DG/phorbol ester binding region. Cysteine-rich, zinc-finger-like motifs are
implicated in DNA binding though there is no evidence of DG kinase activity in the
nucleus to date. However, recent reports of insulin-like growth factor 1-stimulated
phospholipid metabolism in the nucleus of Swiss 3T3 cells (Cocco et al., 1988)
may be of relevance to reports of PKC activity in the nucleus (Fields et al., 1989;
1990; Hocevar & Fields, 1991).

Studies of the substrate specificity of DG kinase from Swiss 3T3
membranes (MacDonald et al., 1988) has demonstrated the presence of an isoform
which exhibits greatest activity against the arachidonoyl! containing diglycerides. In
particular, 1-stearoyl-2-arachidonoyl glycerol (SAG) is an especially good substrate
for the DG kinase of Swiss 3T3 membranes and this specificity may provide a
means by which inositol lipids become enriched in arachidonoyl containing
diglycerides (MacDonald et al., 1988). Furthermore, rabbit brain microsomal DG
kinase exhibits 30-fold greater activity against diacylglycerols (DAG) than alkyl-
acyl (Alkyl AG) and alkenyl acyl glycerols (AAG) (Ford & Gross, 1990b). This
may explain why increases in plasmalogenic diglycerides are more sustained than
the increases in DAG in those cells which produce significant quantities of
plasmalogenic DG upon stimulation e.g., neutrophils and HL60 cells (Truett et al.,
1989a; Bonser et al., 1989; Billah et al., 1989b).

These observations can be brought together in a model to explain the 'rapid
removal of DG. The increase in 1-stearoyl-2-arachidonoyl glycerol (SAG)
accompanying stimulated inositol lipid hydrolysis will result in the translocation’
and activation of an arachidonoyl-diglyceride specific DG kinase. This activation
might be enhanced by the concomitant rise in [Caz"”]i as a result of Ins(1,4,5)P3
elevation. These factors, combined with the potentsubstrate-induced activation
reported by MacDonald et al. (1988) would result in the rapid removal of SAG.
Until recently the accumulation of PtdOH was taken to infer this, but observations
of agonist-stimulated phospholipase D activation may also contribute to this

elevation of PtdOH and ultimately DG (see section 1.8).
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The second major pathway for removing diglyceride is its deacylation at
either the sn-1, or particularly, the sn-2 position. This reaction is catalysed by
DG lipase. Despite relatively little evidence, it is thought that DG lipase is of less
quantitative importance in removing DG than DG kinase (Bishop et al., 1986).
However the enzyme may be of qualitative importance in generating free
arachidonic acid which serves as the precursor for the eicosanoids, leukotrienes,
and thromboxanes and may well have second messenger properties of its own
(reviewed by Kikkawa et al., 1989; Smith, 1989; Millar & Rozengurt, 1990).
Consequently the DG lipase reaction may be of importance in generating a variety
of other biologically active compounds such as the prostaglandins (reviewed by
Smith, 1989).

The use of the putative inhibitors of either DG lipase (RHC 80267) or DG
kinase (R 59022) has been reported to raise both control énd stimulated levels of
diglyceride. However the efficacy of both compounds has been questioned and the
former is no longer commercially available. Clearly a thorough study of the
contributions of DG lipase and DG kinase in DG and arachidonate homeostasis is
required, especially since arachidonate has recently been reported to be an activator
of PKC (reviewed by Kikkawa et al., 1989). The purification, cloning and
expression of these enzymes in a model system should go some way towards
addressing these issues.

Following phosphorylation of DG by DG kinase the PtdOH so produced is
combined with CTP to form CMP-PtdOH (CMP-PtdOH synthetase, Fig. 1.2)
which serves as the immediate lipid precursor for PtdIns by the action of PtdIns
synthetase (Fig. 1.2). In this way the cycle is completed and inositol moieties are

recycled for replenishing of inositol lipids.
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1.6 Evidence for alternative sources of sn-1,2-DG in stimulated
cells. |

In the last three or four years, a number of observvations have suggested that
sn-1,2-diglyceride can be generated either in the absence of Ins(1,4,5)P;
accumulation or from non-inositide sources in response to a variety of mitogenic
and non-mitogenic stimuli (reviewed by Billah & Anthes, 1990). In particular
some agonists which stimulate the rapid generation of Ins(1,4,5)P3 and DG also
elicit a slower sustained elevation of DG which is not accompanied by Ins(1,4,5)P3
formation (Wright et al., 1988; Truett et al., 1989a; Reibmann et al., 1988).
Other agonists can apparently stimulate an increase in DG which is completely
divorced vfrom inositol lipid hydrolysis (e.g., Wright et al., 1990). Three major
alternative sources of DG which have been considered and are outlined below, but
recent attention has focussed particularly on a possible role for hydrolysis of
phosphatidylcholine in generating diglyceride and this is therefore reviewed in

greatest depth.

. 1.6.1 Hydrolysis of PtdIns.

Agonist-stimulated formation of Ins(1)P or Ins(1,4)P; or Ins(1,4,5)P3
from PtdIns, PtdIns(4)P and PtdIns(4,5)P, respectively must be accompanied by
DG formation since PLC-catalysed cleavage of these lipids attacks the ester bond
between the 1' phosphate and the diglyceride moiety leaving the phosphate group
on the inositol ring. Consequently, PLC-catalysed hydrolysis of any
phosphoinositide, or indeed any glycerophospholipid, can conceivably give rise to
DG formation. A number of studies have suggested a role for the hydrolysis of
PtdIns in signalling events. In vascular smooth muscle cells labelled with
[3Hlinositol, Griendling er al. (1986) have argued that hydrolysis of
PtdIns(4,5)P, is the primary, but transient, event which is followed by a later
calcium-dependent hydrolysis of PtdIns to yield InsP. PIC catalysed hydrolysis of
PtdIns would generate diglyceride for activation of protein kinase C, but in the

absence of elevated [Caz"']l since the water soluble products would not include
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Ins(1,4,5)P5. However, the results of radiochemical changes in the specific
activity of individual (3Hlinositol lipids are difficult to interpret as hydrolytic
events. Since PtdIns(4,5)P; is such a minor component of the inositol lipid pool,
changes in its associated radioactivity are readily seen (Creba et al., 1983; Takuwa
et al., 1987a). In contrast, PtdIns, the major inositol lipid, needs to undergo much
greater changes before differences in its radioactivity can be detected.

Imai & Gershengorn (1986) also suggest a similar temporal relationship
between primary PtdIns(4,5)P, hydrolysis and secondary, sustained PtdIns
hydrolysis in TRH-stimulated GH; pituitary cells. They observed that in GHg cells
labelled with 32Pj for only 1 min and then stimulated with TRH the increase in
labelling of PtdIns(4,5)P, was transient, lasting less than 2 min, whereas the
increase in labelling of PtdIns and PtdOH was sustained. Furthermore, if GHg
cells were stimulated with TRH for 4 min and then exposed to 32p; there was a
sustained increase in 32Pi labelling of PtdOH and PtdIns without any labelling of
PtdIns(4,5)P, at all suggesting that hydrolysis of PtdIns(4,5)P, was finished but
that PtdIns hydrolysis was continuing.

| In a variety of systems, Ins(1,4,5)P3 levels return rapidly towards control
after stimulation and this has been taken as an indication that the cells are
desensitized and PtdIns(4,5)P; is diminished. Whilst this may well be the case in
some cells, an additional explanation is likely to be the high activity of Ins(1,4,5)P3
5'-phosphatase and 3'-kinase which quickly remove Ins(1,4,5)P3. Thus, the low
levels of Ins(1,4,5)P3 may represent a new 'steady state' where stimulated
formation is effectively matched by rapid removal. Therefore, in the presence of
Li*, the prolonged accumulation of InsP may reflect a simple shunting of inositol

moieties from Ins(1,4,5)P3 to InsP.

1.6.2 de novo synthesis of DG.
Relatively few reports have described de novo synthesis from glycerol as a
pathway of stimulated DG formation. In the main these studies have looked at the

stimulated incorporation of [3H]g1ycerol into DG and attributed this to synthesis.
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However, it seems likely that even a short labelling period, under these conditions,

will result in significant incorporation into the major phospholipids, so that the

appearance of [PHIDG may be potentially explained by phospholipid hydrolysis.

Despite this caveat, Farese and co-workers have been able to demonstrate insulin-

stimulated increases in [3H]DG in rat diaphragms (Ishizuka et al., 1990) when the

[3H] glycerol was added at the same time as the insulin. However, the increase in

labelling of DG was preceded by significant increases in the labelling of PtdOH at 5

minutes therefore suggesting that the increase in DG is due to enhanced synthesis of
PtdOH de novo followed by its conversion to DG. In BC3H-1 niyocytes, the case

is less clear (Farese et al., 1988): whilst there is a good correlation between the

time courses of insulin-stimulated increases in DG mass and [3H]glycerol
incorporation into DG, it is not clear if some of the increase in [3H]DG may reflect

hydrolysis of pre-existing phospholipids such as PtdCho and PtdEtn which |
incorporate significant [3H] glycerol over a 2 hour exposure.

It seems likely that in those sytems where de novo synthesis of DG may
play a role in stimulated DG formation, the onset of the response may be slower
than that for the classical pathway for DG formation from phospholipid hydrolysis
which is apparent within seconds of addition of the appropriate stimulus. Thus, it

may be that de novo synthesis may be of relevance to long term increases in DG.

1.6.3 Agonist-stimulated hydrolysis of phosphatidylcholine
(PtdCho) and other phospholipids. | \

A role for phosphatidylcholine metabolism in signal transduction dates back
to a number of observations made in the late 1970s and carly 1980s. In cultured
chick embryo myoblasts Grove and Schimmel showed that addition of the phorbol
ester, PMA, stiinulated the synthesis PtdIns, PtdCho and an elevation of PtdOH
and 1,2-DG levels (Grove & Schimmel, 1982). The fatty acid composition of this
DG was similar to that of PtdCho. A number of studies have demonstrated

incorporation of [32P]Pi and [3 Hicholine into PtdCho over a matter of minutes in
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response to a variety of stimuli (Grove & Schimmel, 1982; Kolesnick, 1987; Muir
& Murray, 1987; Monaco et al., 1988). Furthermore, many hormones, growth
factors, cell permeant DGs and phorbol esters can stimulate PtdCho synthesis
through the activation of choline kinase (Warden & Friedkin, 1984; 1985) and
CTP:phosphocholine cytidylyltransferase (Kolesnick, 1987; Muir & Murray,
1987). However, in considering a role for PtdCho hydrolysis in generating DG, a
primary hydrolytic event must be identified; even then assaying the secondary event
of PtdCho resynthesis provides little kinetic or mechanistic information.

One of the earliest reports of stimulated PtdCho hydrolysis was by Mufson
et al. (1981) who demonstrated that addition of PMA to [3I-I]choline labelled
C3H10T1/2 mouse embryo fibroblasts resulted in the release of choline and
phosphocholine. Similar effects of PMA have subsequently been identified in a
variety of cell types in the last few years including cultured human epidermal
keratinocytes (DeLeo et al., 1986), NG108-15 neuroblastoma x glioma hybridoma
cells (Liscovitch ez al., 1987),Swiss 3T3 fibroblasts (Muir & Murray, 1987; Price
et al., 1989) and REF52 fibroblasts (Welsh er al., 1988; Cabot et al., 1989).
Furthemore, agonist-stimulated hydrolysis of PtdCho and generation of choline and
phosphocholine has been demonstrated in reponse to a variety of agonists which
bind to plasma membrane receptors including bradykinin (Martin & Michaelis,
1988), bombesin (Muir & Murray, 1987; Price et al., 1989), PDGF (Besterman
et al., 1986b; Price er al., 1989) and carbachol (Martinson et al., 1989). Perhaps
the most convincing evidence for ~ PtdCho hydrolysis serving as a source of DG
has come from the studies of Raben and co-workers (Pessin & Raben, 1989;
Pessin et al., 1990). By comparing the fatty acid composition of DG derived from
stimulated cells with that of the individual cellular phospholipids, they showed that
only at early time points (15 seconds) were inositol lipids making a significant
contribution to DG in a-thrombin-stimulated IIC9 cells. At later times (5 and 60
min), the DG has a fatty acid profile similar to that of PtdCho. These results
correlate well with the biphasic increase in DG mass seen in these cells when
stimulated with a-thrombin (Wright er al., 1988); the early phase parallelled

increases in InsP3 whereas the later phase was divorced from InsP3 formation.
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Hydrolysis of PtdCho to generate DG could occur by two distinct
mechanisms: activation of a PtdCho specific phospholipase C activity to yield DG
and phosphocholine (ChoP) (Fig. 1.3) or activation of a PtdCho specific
phospholipase D to generate PtdOH and choline (Cho) (Fig. 1.3) followed by de-
phosphorylation of PtdOH to DG by 3-sn-phosphatidate phosphohydrolase (PPH)
(a PLD/PPH pathway, Fig. 1;4). It is certainly necessary to define which of these
two pathways is activated since, whilst both can provide DG, PPH may de-
phosphorylate the PtdOH produced by DG kinase: thus, activation of both enzymes
could constitute a futile cycle wasting ATP. As such, thé PLD/PPH coupled
pathway might have major ramifications not only for lipid metabolism but also for
cell function and cellular ATP conservation.

With this in mind, it is interesting to note that, to date, the majority of
reports of stimulated PtdCho breakdown have identified the PLD-catalysed route
(discussed in section 1.7 & 1.8). There are relatively few accounts which provide
strong evidence for stimulated PtdCho hydrolysis occurring by a PLC pathway.
Thus, Besterman et al.(1986b) in 3T3-L1 cells and Larrodera et al. (1990) in
Swiss 3T3 cells reported that PDGF stimulated an increase in DG which was
accompanied by release of phosphocholine but not choline. However, in the latter
case, the earliest timepoint at which the increase in ChoP was obsérved was 4 hours
after addition of PDGF. Since, in Swiss 3T3 cells, Price et al. (1989) have shown
that PDGF can stimulate increases in Cho within 20 minutes, the later elevation of
ChoP may be explained by phosphorylation of liberated Cho by Cho kinase
(Warden & Friedkin, 1984; 1985). There are a number of instances where DG
formation is accompanied by the release of both Cho and ChoP and, in these cases,
it is not clear which is the pathwéy responsible for the DG generation (Martinson et
al., 1989; Price et al., 1989; Wright et al., 1990).

In addition to the hydrolysis of PtdCho there is also some evidence that
phorbol esters can stimulate the hydrolysis of phosphatidylethanolamine (PtdEtn) in
NIH3T3 fibroblasts and HL-60 granulocytes (Kiss & Anderson, 1989). This may
represent another potential source of lipid-derived second messengers and future

studies are likely to make a more thorough analysis of this phenomenon.
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Figure 1.3 Sites of action of phospholipases A, C & D on
phosphatidylcholine.

A simplified structure of PtdCho is shown in which the ester linked fatty
acid groups are represented by R and R,. Phospholipase A; hydrolyses the ester
linkage at the sn-1 position to produce free fatty acid and 1-lyso-2-acyl-PtdCho;
there is no evidence, to date, of a hormone-sensitive or receptor-activated PLA;
activity. Phospholipase A, hydrolyses the ester linkage at the sn-2 position to
produce free fatty acid and 1-acyl-2-lyso-PtdCho; there is increasing evidence for a
hormone-sensitive PtdCho-PLA, activity which may serve as a major source for
free arachidonic acid. Phospholipase C, by analogy with PIC, hydrolyses the
phospho-ester bond linking the DG moiety to the phosphocholine (ChoP) group;
the products are sn-1,2-DG and ChoP. Phospholipase D catalyses the release the
choline head group by attacking the phospho-ester bond between the head group
and the phosphatidate moiety; the products are phosphatidic acid (PtdOH) and
choline (Cho). There is now significant evidence, discussed in the text, to suggest
that PtdCho-PLC and PLD activity may be regulated by hormones and growth
factors as well as phorbol esters (reviewed by Billah & Anthes, 1990).
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1.7 Phospholipase D (PLD).
Phospholipase D (PLD) catalyses the cleavage of the terminal
phosphodiester bond of phospholipids, according to the following general reaction

scheme :-
Phosphatidyl-X + X'-OH = -------s=-ve--- >  Phosphatidyl-X' + X-OH.

The enzyme catalyses a transphosphatidylation reaction (Fig. 1.4) in which the
phosphatidyl moiety liberated by choline release is transferred on to an accepting
nucleophile, X'-OH. The so-called hydrolytic activity is the normal reaction in
vivo but can be considered a specific example of transphosphatidylation where the
acceptor is water (i.e. when X' = H); the products are phosphatidic acid (PtdOH)
and the free, polar head group (i.e. choline, ethanolamine). However, in the
presence of relatively low concentrations of primary, short chain, aliphatic alcohols
(0.1-1%, v/v) the enzyme catalyses a so-called transferase reaction in which the
phosphatidyl moiety is transferred on to the alcohol to form the corresponding
phosphatidylalcohol (e.g., PtdEthanol (PtdEth), PtdButanol (PtdBut), etc.).
Originally studied extensively in plant and bacterial systems (e.g., Dawson,
1967) PLD activity has been reported in a variety of mammalian tissues since its
first description in a 'solubilized' rat brain preparation (Saito & Kanfer, 1973). The
transferase activity of PLD was discovered fortuitously by Dawson & Hemington
(1967) by the inclusion of glycerol in an incubation containing cabbage PLD and
PtdCho. In addition, phosphatidylethanol formation has been reported in a variety
of rat organs after ethanol intoxication (Alling et al., 1984). More recently, both
the hydrolytic and transferase activities have been demonstrated in rat brain
microsomes (Witter & Kanfer, 1985) and rat brain synaptosoﬁxes (Kobayashi &
Kanfer, 1987) and the rat brain enzyme has been partially purified (Taki & Kanfer,
1979). The precise reaction mechanism is unclear but Saito & Kanfer (1975) have
shown that PLD activity from a rat brain particulate fraction is inhil;ited by p-
chloromercuriophenyl sulphonate and this is in turn :ieliévédi by dithiothreitol

suggesting a role for a sulphydryl group in formation of an enzyme-substrate
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Figure 1.4 The hydrolytic and transferase activities of PLD.

The precise mechanism of action of phospholipase D (PLD) remains
unknown but the evidence to date is consistent with the scheme shown opposite.
Transphosphatidylation can be considered as the general reaction with hydrolysis
being a specific case in which the acceptor for the phosphatidate moiety is water.
However, because the phosphatidyl alcohols are unique to PLD activity but distinct
from PtdOH in terms of subsequent metabolism, the two are often considered as
products of different activities of the same enzyme. It is thought that the first step
in the reaction is the PLD-catalysed head goup release and the formation of a
~ phosphatidyl-PLD intermediate. This species is then the target for nucleophilic
attack by water (the hydrolytic function) giving rise to the normal product
phosphatidic acid (PtdOH). PtdOH may then be de-phosphorylated by the enzyme
phosphatidate phosphohydrolase (PPH) to yield DG (Billah et al., 1989b; the left
hand scheme) and this represents the coupled PLD/PPH pathway of DG formation.
In the transphosphatidylation reaction short chain primary alcohols (e.g., ethanol,
butan-1-ol) are stronger nucleophiles and compete with water to accept the
phosphatidyl moiety (i.e., a phosphatidyltransferase activity) giving rise to the
phosphatidylalcohol (Pai er al., 1988a & b; the right hand scheme). The formation
of phosphatidylalcohols serves as a useful diagnostic tool in whole cells since they
~ are not formed by other metabolic pathways and require only low concentrations of
alcohol (0.1-0.3%, v/v) which are not cytotoxic. Furthermore, they allow
intervention in a PLD/PPH pathway of DG formation since the
phosphatidylalcohols are poor substrates for PPH (Metz & Dunlop, 1991; right

hand scheme).
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