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Concanavalin A, provoked a 35-fold increase in the rate of proliferation of 

rat thymocytes. Insulin (10-6M), and insulin-like growth factor I (10-10M) 
approximately doubled the rate of DNA synthesis. Both of these structurally 
related molecules acted through the type I insulin-like growth factor 
receptor. The sequential addition of Concanavalin A and insulin, promoted 
a much greater proliferative response than to either of the two agonists 
alone. 

Insulin also increased the uptake of glucose and amino acids by the cells. 
Glucose uptake was enhanced at insulin concentrations of 10°6M and 
10-10M. Amino acid uptake was more strongly affected at the higher 
concentration. Insulin-like growth factor I (10-11M) also enhanced amino 

acid uptake. The effects of insulin on metabolism were mediated by both 
insulin and type I insulin-like growth factor receptors. These effects were 
greatly enhanced after a pre-treatment with Concanavalin A. 

Concanavalin A provided a primary mitogenic signal to the cells. 
Amongst the responses was an increased expression of.insulin and/or type I 
insulin-like growth factor receptors. The consequent enhanced cellular 
sensitivity to these agonists, enabled them to facilitate the passage of the cells 
through the cell cycle by: i) providing a secondary mitogenic signal, and ii) 
promoting the uptake of raw materials and energy substrates. The initiation 
of DNA synthesis and passage through the cell cycle was thus punctuated by 
the sequential expression of various cell surface receptors. This regulated 
cellular sensitivity, enabling them to react in a precisely orchestrated fashion 
to hormones and other molecules in their environment. 

The intracellular mechanism of insulin action remains an enigma. 
Although the presence of extracellular calcium was essential for insulin 
stimulation of amino acid uptake and DNA synthesis, the cation did not 
subserve a direct mediator function. Insulin promoted an increase in 
intracellular pH, which was mediated by the Na+/H+ antiport. Other 
mechanisms were probably also involved in mediating the full cellular 
response to insulin. 
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I. INTRODUCTION. 

1.1. Cell Growth Control. 

1.1.1 The Cell Cycle. 

The cell cycle is the period between the division of a cell, and the 

subsequent division of its daughter progeny. Implicit in this concept is the 

idea of progression through a regularly recurring sequence of events, 

leading to division. The cell cycle is generally characterised by two types of 

metabolic activity: growth, the doubling of cellular constituents between 

subsequent divisions, and DNA replication and division. These two 

parallel sets of activities, the growth cycle and the DNA division or 

nuclear cycle (Baserga, 1984), can be uncoupled under some circumstances, 

and this results in unbalanced growth (Ross,1983; Zetterberg and 

Engstrom,1983). However, under physiological conditions they remain 

closely linked, and for most practical purposes the proliferative continuity 

of a clone of cells can be defined by such things as bursts of synthesis of 

certain proteins, fluctuations in the concentrations of some small 

molecules and ions, changes in susceptibility to certain drugs, as well as 

periods of DNA synthesis and division. Based on measurements of such 

parameters, the cell cycle has been divided into four consecutive phases: 

G1, preparation of cells for DNA replication, S, replication of genetic 

material, G2, preparation of cells for mitosis, and M, mitosis. (Howard and 

Pelc, 1953; Pardee et al., 1978; Wille and Scott, 1984; Ronot and Adolphe, 

1986; Rabinovitch et. al., 1988). 

After mitosis some cells permanently leave the cell cycle and undergo 

maturation and differentiation. Other cells may temporarily leave the 

proliferative cycle and enter into a quiescent state termed Go. Conditions 

which induce cells to arrest in Goin vitro include serum starvation 

(Martin and Stein, 1976; Larrson et al., 1986) and nutrient deprivation 
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(Holley and Kiernan, 1973). When optimal conditions are restored to such 

cultures, the cells re-enter the cycle after a certain "lag" period (Baserga, 

1976; Larrson et al., 1985). Differences in the duration of the "lag" phase, 

and the possible necessity for a different group of stimuli to reinitiate 

division after long term residence in Gp (Whitfield, 1982), have led to the 

suggestion that cells held for progressively longer times in Go fall into 

progressively deeper states of arrest (Baserga, 1976; Wille and Scott, 1982). 

(See Figure 1). 

There is considerable variability in the transit times of different cell 

types through a cell cycle. Most of the asynchrony, however, appears to be 

generated during the G; phase (Prescott, 1968). This fact, coupled with the 

observation that Go arrested cells re-enter the cycle via G;, forms the basis 

for the conclusion that events occuring in G; determine the regulation of 

proliferation and the control of the initiation of DNA synthesis (Baserga, 

1976; Whitfield, 1982; Larsson et al., 1985, Pardee, 1987). It has been 

proposed that the decision whether to divide, is made at a single point in 

Gy, termed the restriction point (Pardee, 1974). Other workers however, 

claim that a number of distinct Gj arrest states exist dependent on what 

method is used to induce cessation of growth (Wille and Scott, 1984). 

In Swiss 3T3 cells, Zetterberg and Larsson (1985) have found that the 

intermitotic period can be extended by 8 - 12 hours after only 1 hour's 

exposure to serum free medium. The delay, which possibly represents a 

transient entry into Go , was only observed in cells younger than 3.5 

hours, measured from the last mitosis. The authors thus divide G; into 

two parts: a G;pm (post-mitotic) phase, during which a cell is susceptible 

to growth factors and may, in their absence, enter Go, and a Gips (pre-S) 

phase where a cell is growth factor independent and goes on to divide 

even if incubated in serum free medium. The Gps phase is, however, 

highly variable in length, and differences in its duration are responsible 
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for most of the variability in transit times of the G; phase, and also of the 

whole cell cycle. 

The proposal for the existence of exclusive control point(s) in G; is not 

however without challengers. Cooper (1987) suggests that the relevant 

regulatory events occur continuously during the period between 

successive S phases. His proposed "Law of Cell Age Invariance" states that 

no batch treatment of cells can reverse their order of division. This is at 

variance with the inference from Zetterberg and Larsson's work (1985), 

since exposure to low serum conditions for 1 hour would delay division, 

by 8 - 12 hours, of only that subset of cells in the Gipm phase of the cycle. 

Cells in other phases would remain unaffected, and progress through the 

cycle with no delay, hence catching up with, or overtaking their Go 

arrested counterparts. 

Clearly, ordered, controlled growth is essential for the development and 

maintenance of a normal animal, and an understanding of the processes 

involved is a prerequisite for the understanding of abnormal growth, of 

which the various types of cancer are the most common examples. It 

therefore becomes pertinent to ask what regulates the extent of cellular 

proliferation? Although there is, as yet, no definitive answer to this 

question, it seems probable that it depends on a) the environmental 

signals, and b) the genes and gene products that interact with and respond 

to these signals. The following sections are a brief review of these aspects 

of cellular growth control. 

1.1.2 Growth Factors. 

The cells of many tissues and organs in the adult, where there is no net 

growth, retain the capacity to respond to extracellular signals such as 

hormones, growth factors and antigens, by re-entering the cell cycle and 

increasing their rate of proliferation. In this way, due to the selective 
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response of different cell types to different factors, cycling of individual 

cells is regulated according to the needs of the whole organism. The 

mechanisms regulating proliferation of cells in vivo are very complex in 

order to balance the growth and differentiation states of the various cell 

types in an animal. Cell culture techniques are therefore employed to 

study aspects of proliferation in relatively well defined conditions. 

Early investigations showed that in order for normal cells to proliferate 

in vitro , not only must temperature, pH and nutrient conditions mimic 

those in vivo, but the presence of whole serum was also required 

(Todaro et. al., 1965; Holley and Kiernan, 1968; Holley, 1975). Later 

experiments, using nutrient media and purified growth factors, have 

elucidated those components of serum which are necessary to support 

growth for some specific cell types (Rozengurt, 1980; Shipley and Ham, 

1981 and 1983), and shown that these specific requirements are relaxed in 

the case of neoplastic cell proliferation (Holley, 1975; Paul, 1985; Wahl and 

Carpenter, 1987). 

The proliferation of normal cells in vitro can be regulated, positively or 

negatively, by a large number of physiological and pharmacological 

agents, some examples of which are given in Table 1. Even in this small 

selection, it can be seen that a wide range of chemically diverse factors 

may contribute to the control of proliferative processes. Clearly, a number 

of these are unlikely to be relevant under most physiological 

circumstances, although they may be useful in defining the biochemical 

mechanisms taking place in vitro . It seems likely that, in vivo , a subtle 

interplay between numerous agents determines the proliferative status of 

a given cell or cell type. 

Very little is known about negative regulators of cell growth, though 

some have been purified from normal tissue (Assoian et. al., 1983), and 

from the conditioned medium from cultured cells (Holley et. al., 1980). 
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Table 1: Examples of Growth-Regulating Agents. 

  

  

  

  

  

  

    

Positive or 

Agent Negative Reference 
Regulator 

Growth Factors: 

Platelet Derived Growth +ve Stiles, 1983 
Factor (PDGF) 

Interleukin 2 (IL-2) +ve Robb, 1984 

Erythropoietin +ve Stanley and Jubinsky, 1984 

Insulin-Like Growth Factors +ve Froesch et. al., 1985 
(IGFs) 

Epidermal Growth Factor (EGF) +ve Cohen, 1986 

Fibroblast Growth Factor (FGF) nye Gospodarowicz et. al., 1987 

Transforming Growth Factor B -ve/+ve | Moses et. al., 1987 
(TGF-B) 

Fibroblast Growth Regulator -ve Wang and Hsu, 1986 
(FGR) 

Hormones and RegulatoryAgents: 

Insulin +ve Straus, 1984 

Bombesin +ve Zachary et. al.,1985 

Prostaglandins -ve Baker et. al., 1981 

Interferons ENG Taylor-Papadimitriou et. al., 1985 

Microtubule-Disrupting Agents: 

Colchicine -ve/+ve Friedkin and Crawford, 1983 

Tumour Promotors: 

Phorbol Esters +ve Tsakov et. al., 1985 

Neurotransmitters: 

Acetylcholine +ve Morgan et. al., 1984 

Plant Lectins: 

Concanavalin A (Con A) VE Metcalfe et. al., 1985 

Phytohaemagglutinin (PHA) +ve Serke et. al., 1987       
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Factors that appear to inhibit proliferation of certain cell types include 

Interferon-B (Wang and Hsu, 1986), Fibroblast Growth Regulator (FGR) 

(Steck et. al., 1982) and Transforming Growth Factor-B (Sporn and Roberts, 

1985). 

In contrast much more progress has been made in our understanding 

of the structure and activities of growth stimulatory factors. Some 

molecules are required for division of all cell types, and may be regarded 

as permissive in nature. These include insulin and transferrin (Barnes 

and Sato, 1980), which have been found to be ubiquitous requirements for 

cell proliferation in serum-free medium (Gospodarowicz and Moran, 

1976). Others are more specific and are required for growth of particular 

cell types. These include the polypeptide growth factors such as Epidermal 

Growth Factor (EGF) and Platelet-Derived Growth Factor (PDGF). Most of 

the polypeptide growth factors act in a paracrine manner in vivo , being 

manufactured in a specific cell type(s), and travelling very short distances 

to their target cells by diffusion. There are however important exceptions 

such as the Insulin-Like Growth Factors (IGFs), which are conveyed in the 

blood (endocrine), and Interleukin-2 and Transforming Growth Factors, 

which stimulate the cells in which they are produced (autocrine) (James 

and Bradshaw, 1984; Deuel, 1987). 

Structural information is now available for a number of growth factors, 

and it has become clear that they may be divided into a series of "families" 

on the basis of amino acid sequence. For example, a high degree of 

sequence homology exists between insulin, IGFs I and II, Nerve Growth 

Factor (NGF) and relaxin (Blundell and Humbel, 1980), and also between 

EGF and several Tranforming Growth Factors (TGFs) (Marquardt et. al., 

1983). The degree of structural relatedness between members of each 

"family" probably indicates derivation from a common ancestor 

molecule, by gene duplication and subsequent evolutionary divergence. 
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Some oncogenic products also share structural similarities with growth 

factors. The transforming protein of the simian sarcoma virus, p28*s, is, 

for example, virtually identical to the B-chain of PDGF (Doolittle et. al., 

1983). 

A striking aspect of the effect of growth factors on cultured cells is the 

existence of synergism between agents, such that specific combinations of 

factors can produce a proliferative response similar to that of whole 

serum (Rozengurt, 1980 and 1983; Conover et. al., 1983; Roger et. al., 1987). 

One implication of these observations is the possible activation of 

different intracellular signalling pathways by different growth factors, 

which may, when acting in concert, provoke a maximum proliferative 

response. Comparisons of the temporal aspects of re-entry into the cell 

cycle from quiescence, also favour a hypothesis involving different roles 

for different growth factors (Richmond et. al., 1980; Sand and 

Christoffersen, 1987). : 

Growth factors have been divided into two groups on the basis of their 

ability to induce 'competence’ in quiescent cells or regulate ‘progression’ 

to S phase of the cell cycle (O'Keefe and Pledger, 1983). These two types of 

factor are proposed to regulate two discrete sets of events in the re- 

initiation of DNA synthesis, which may be associated with passage 

through the Gijpm and Gips phases of the cell cycle respectively. 

Competence factors 'prime' Go arrested cells, initiating a set of responses, 

probably including synthesis of new mRNAs and protein production, 

which enable the cells to respond to certain other progression factors. For 

example, PDGF has been found to be a competence factor for BALB/c3T3 

cells, whereas IGFs, insulin and EGF are progression factors for the same 

cells (Stiles et. al., 1979; O'Keefe and Pledger, 1983; Deuel, 1987). 

There is however, some controversy surrounding the competence/ 

progression factor model. It has been shown that PDGF alone promotes 
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the growth of human glial cells in the nutritionally balanced medium 

MCDB - 105, in the absence of progression factors (Heldin et. al., 1980). 

However, the possibility that the cells produced an IGF which was 

responsible for autocrine growth stimulation was not ruled out. 

Generally, either insulin or an IGF is required for optimum growth in 

serum free medium (Straus, 1984; King and Kahn, 1985). 

1.1.3 Growth Factor Receptors and Transmembrane Signalling. 

Studies with many radiolabelled growth-promoting molecules have 

shown that the initial step in their interaction with target cells is to bind 

to specific, saturable, glycoprotein receptors which protrude from the 

external leaflet of the plasma membrane (James and Bradshaw, 1984; 

Carpenter, 1987). However, there are notable exceptions to this rule in the 

case of steroid hormones, which generally exert their effects by binding to 

intracellular receptors (Jensen et. al., 1982; Smith et. al., 1986). 

In culture systems, an element of cross-reactivity is sometimes observed 

between a ligand and receptors for a structurally related molecule. Hence 

at high concentrations insulin may bind to IGF receptors (King and Kahn, 

1985), hystricomorph insulin may bind to PDGF receptors (King et. al., 

1983), and the various types of TGF-B interact with all types of TGF-B 

receptors (Massague et. al., 1987). Although cellular resposes are induced 

in all these cases, only the last seems to be of physiological importance, 

except perhaps in conditions of ligand overproduction. 

The sensitivity of a cell to a given growth factor is largely determined by 

the number and affinity of its receptors which bind that factor, and both 

these parameters can be altered in response to a number of stimuli. 

Scatchard plot analyses (Scatchard, 1949) allow the estimation of affinity 

and receptor concentration on a given cell type. Some growth factors, 

including insulin and EGF, yield non-linear Scatchard plots, which have 
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been interpreted in two ways by different workers. Firstly, it has been 

suggested that this is due to two subclasses of receptor for the same ligand, 

of ‘high’ and ‘low' affinity (Krupp and Livingston, 1978; King and 

Cuatrecasas, 1982). The evidence in favour of this possibility is strong in 

those cases where the affinity constants for 'high' and ‘low’ affinity sites 

differs by a large amount, and the subtypes can be manipulated 

biochemically (Greene, 1986). It is also possible however, that the 

deviations from linearity of Scatchard plots for some ligands reflects co- 

operative interactions. Here, partial occupancy of a cell's complement of a 

receptor type, produces either greater (positive co-operativity) or lesser 

(negative co-operativity) affinity of the remaining receptors of that type 

(Cuatrecasas and Hollenberg, 1975; DeMeyts et. al., 1976; Helmerhorst, 

1987). 

Alterations of receptor affinity can also be brought about by treatment 

with heterologous ligands, a process known as transmodulation. Thus 

treatment of Swiss 3T3 cells with PDGF (Collins et. al., 1983), phorbol 

esters (Brown et. al., 1979) and vasopressin (Rozengurt et. al., 1981) 

decreases the affinity of EGF receptors for EGF. This may be brought about 

by at least two mechanisms, one of which appears to rely on Protein 

Kinase C activation (Carpenter, 1987; Friedman and Rosner, 1987). 

Conversely an increase in Type II IGF receptor affinity is observed in 

adipocytes treated with insulin (Oppenheimer et. al., 1983). 

Mechanisms for altering the number of a receptor type on the cell 

membrane also exist. Following ligand binding, down regulation may 

take place, whereby occupied receptor complexes aggregate and are then 

internalised by endocytosis. This process has been well documented for 

insulin and EGF (Schlessinger et. al., 1978; Carpenter, 1987). Not only are 

numbers of receptors reduced in this way, but the cell surface ligands are 

also removed for lysosomal degradation, or possible intracellular 

ZS)



involvement in cellular response (Posner et. al., 1981; James and 

Bradshaw, 1984). Heterologous down-modulations in receptor number 

have also been observed between different Colony Stimulating Factors 

(CSFs)acting on bone marrow cells (Nicola, 1987). 

The final example of a situation in which receptor numbers can be 

altered concerns the induction of expression of a receptor type, after 

treatment with a heterologous ligand. This may involve insertion into 

the cell membrane of pre-formed receptors, as in the case of glucose 

transporters after adipocyte exposure to insulin (Cushman and Wardzala, 

1980). In other circumstances, induction of receptor expression involves 

transcription of new mRNA and protein synthesis, as when IL-2 receptors 

(Robb, 1984), and transferrin receptors (Neckers and Cossman, 1983), are 

expressed by T lymphocytes after mitogenic or antigenic stimulation. 

Receptors not only serve to recognise the extracellar signals impinging 

on a cell, but they also participate in the generation of intracellular signals 

leading to metabolic responses. Recent advances have suggested that there 

are at least four functional classes of receptor, based on how they fulfil the 

function of transmitting the extracellular message across the plasma 

membrane. They may be categorised as: receptors which act as ligand- 

gated ion channels, receptors which mediate the internalisation of 

ligands, receptors with intrinsic tyrosine kinase activity, and receptors 

which catalyse the exchange of guanine nucleotides by G proteins. These 

categories are by no means exclusive, and some receptor types appear to 

mediate more than one of these functions. Nevertheless, in terms of an 

overall study of growth control, it may be more enlightening to note 

general aspects, than to discuss individually each of the receptor types 

which may be involved. 

Receptors which act as ion channels, or receptor operated channels 

(ROCs) are membrane spanning glycoproteins in which the receptor and 
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the channel exist in one or two closely adjacent molecules. They are 

therefore distinct from ion channels which open in response to changes 

in potential difference across the cell membrane (VOCs) and from second 

messenger operated ion channels (SMOCs) (See Section I.1.4.2.). They 

function because of the steep electrochemical gradients which exist across 

the plasma membrane for certain ions. Hence when a ligand binds to such 

a receptor, a conformational change in the protein takes place which 

opens the ion channel. This allows a flux of the ion(s) into or out of the 

cell, altering their concentration(s) in the cytoplasm, and having diverse 

effects on cellular metabolism. The nicotinic acetylcholine receptor has 

been considered a prototype Catt ROC, opening on ligand binding to 

allow the passage of Ca*+ into the cell (Meldolesi and Pozzan, 1987). It does 

however, also allow the passage of Nat into and K+ out of the cell. 

The significance of ROCs in growth control is difficult to assess. For 

example, even where a source of extracellular Ca++ is essential for 

proliferation, it is difficult to differentiate between Cat+ entry through 

SMOCs and ROCs. However, using monoclonal antibodies to different 

epitopes on the T-lymphocyte antigen receptor, and measuring the 

resultant changes in Ca++ conductance of lipid bilayers prepared from the 

plasma membranes of T-lymphocytes, Alcover et. al. (1987) have shown 

that a) although all the antibodies used induced receptor aggregation, only 

those specific for certain epitopes enhanced Ca*+ conductance, and b) the 

same antibodies which increase Ca++ conductance, also cause a [Cat*]j rise 

in intact cells. This suggests that Catt ROCs may open in response to 

antigen binding, and that the [Cat+]; rise which precedes activation of the 

cells may be at least partially dependent on this process. 

Receptors which mediate the internalisation of ligands are numerous, 

and the phenomenon of receptor-mediated endocytosis has already been 

discussed in relation to down-regulation of receptors. The extent to which 
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this process may contribute to intracellular signalling is however 

controversial (James and Bradshaw, 1984; Carpenter, 1987). In some cases 

it does, nevertheless, perform an important function in mediating the 

transport of substances into the cell. Substances transported in this way 

include iron, via the transferrin receptor (Hedley, 1987) and low density 

lipoprotein (Geisow, 1986). 

Another important group of receptors, termed carriers or transporters, 

mediate entry of other lipid-insoluble molecules. Operationally this is a 

three step process including binding of the ligand on the outside of the 

plasma membrane, translocation across the membrane, and release of the 

solute into the cytoplasm. Some receptors of this type are energy 

dependent and carry solutes up a concentration gradient. The energy 

requirement may be coupled to influx of Nat down its concentration 

gradient. These include the glucose transporters of epithelial cells of the 

small intestine and the kidney (Elbrink and Bihler, 1975), and also some 

amino acid transporter types, (Guidotti et. al., 1978). Others are energy- 

independent and mediate facilitated diffusion, allowing the ligand into or 

out of the cell, depending on its concentration gradient. These include the 

glucose carriers of most cells, such as adipocytes (Crofford and Renold, 

1965; Garvey et. al., 1986). 

Receptors with intrinsic tyrosine kinase activity have only recently been 

detected, but have special relevance to growth control, since they seem to 

be exclusively growth factor receptors. The first tyrosine kinase activities 

to be detected were associated with the transforming proteins of the 

oncogenic retroviruses (Eckhart et. al., 1979). Although virally coded, 

these proteins have been found to be products of co-opted cellular genes, 

and hence their provenance is ultimately cellular (Bishop, 1983). The best 

characterised of the retroviral tyrosine kinases is pp60v-st¢, the 

transforming protein of Rous sarcoma virus (Hunter and Cooper, 1985). 
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Another type of tyrosine kinase activity was however detected in 

association with growth factor receptors, firstly with the EGF receptor 

(Ushiro and Cohen, 1980), and subsequently with the receptors for PDGF 

(Ek et. al., 1982), insulin (Kasuga et. al., 1981), IGF I (Jacobs et. al., 1983) and 

CSF I (Coussens et. al., 1986). The tyrosine kinase activity is associated in 

all cases, with the intracellular domain of these large, membrane- 

spanning receptors. Ligand binding leads to autophosphorylation of 

specific tyrosine residues, within this intracellular domain (Downward et. 

al., 1984a; Cordera et. al., 1985) (See Figure 2). 

In the case of the EGF receptor, the degree of tyrosine phosphorylation 

on ligand binding, can be decreased by protein kinase C phosphorylation 

of threonine residues on the receptor, and there is also evidence that 

other cellular kinases may have regulatory roles (Bertics et. al., 1985; 

Carpenter, 1987). Other cellular proteins may be phosphorylated including 

the glucocorticoid receptor (Rao and Fox, 1987) and the progesterone 

receptor (Woo et. al., 1986). Other less well defined proteins have also 

been shown to be phosphorylated (Cooper and Hunter, 1985; Sefton, 1985; 

Deuel, 1987), but the significance of these phosphorylations has yet to be 

established. 

Evidence is now accumulating which suggests that the tyrosine kinase 

activity of these receptors is required, though it may not be sufficient 

alone, in order for the growth promoting signals of the respective ligands 

to be propogated into the cell (Sefton, 1985; Chen et. al., 1987; Chou et. al., 

1987). It is of interest to note that a number of oncogene products share 

homologies with this type of growth factor receptor. Thus, for example, 

gp65eB, product of the erbB oncogene of avian erythroblastosis virus, is a 

truncated EGF receptor (Downward et. al., 1984b) and the feline c-fms 

proto-oncogene product is related to the receptor for Mononuclear 

Phagocyte Growth Factor (CSF 1) (Sherr et. al., 1985). Both these receptors, 
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and the associated oncogene products are tyrosine kinases. The v-erb-A 

oncogene product shares homologies with the glucocorticoid receptor 

(Weinberger et. al., 1985), which is a substrate for tyrosine kinase activity. 

It seems then, that tyrosine kinase activity is closely associated with 

normal growth control as well as with many cases of neoplastic growth 

(Hunter and Cooper, 1983; Heldin and Westermark, 1984). 

The fourth receptor subtype are those which catalyse the exchange of 

guanine nucleotides by G proteins. The G proteins function as 

intermediaries in transmembrane signalling pathways that consist of 

three structures; the specific receptor, the G protein(s), and effector(s), 

which are usually enzymes. There are a large number of receptor types 

which are known to be coupled to G proteins (Dohlman et. al., 1987), and 

a number of these may be associated with growth control. These include 

putative G proteins involved in protein kinase C (PKC) activation (Huang 

et. al., 1987), phospholipase A2 activation (Burgoyne et. al., 1987), and the 

opening of various ion channels (Gomperts, 1983; Gill, 1986; Houslay, 

1987). The best characterised of these systems linked to growth control, are 

however the various receptors and G proteins which regulate the 

membrane-bound adenylate cyclase (Spiegel et. al., 1981; Smigel et. al., 

1982; Houslay, 1986), and phospholipase C (Smith et. al., 1986; Cockcroft, 

1987; Lo and Hughes, 1987; Wang et. al., 1987) enzymes. 

Adenylate cyclase (AC), converts ATP to 3',5'-cyclic AMP (cAMP), an 

important intracellular second messenger which controls a variety of 

cellular functions including aspects of the proliferative response 

(Rozengurt, 1985; Whitfield et. al., 1987) (See Section I.1.4.3.). The activity 

of the AC enzyme is controlled by a multi-component system comprising 

distinct stimulatory and inhibitory receptors and G proteins (Spiegel et. 

al., 1981; Houslay, 1986) (See Figure 3). Growth regulatory agents may 

interact with this system in a variety of ways, either directly through the 
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membrane receptors, or indirectly by modulating a) the intracellular 

metabolism of cAMP, and b) the activity of other system components. 

(Rozengurt, 1985 and 1986; Segal et. al., 1986). 

A number of growth factor receptors are coupled to the G protein which 

activates the enzyme phospholipase C (PLC), including those for 

thrombin (Paris et. al., 1987) and PDGF (Vicentini and Villereal, 1986). The 

substrate for PLC is a minor membrane _ inositol lipid, 

phosphatidylinositol 4,5-bisphosphate (Ptd-Ins4,5P2). The parent molecule 

is a more abundant membrane lipid, phosphatidylinositol (PtdIns), which 

may be phosphorylated by a specific kinase to form phosphatidylinositol 

4-phosphate (PtdIns4P), which is in turn phosphorylated by another 

specific kinase to form Ptd-Ins4,5P) (Berridge, 1984; Berridge and Irvine, 

1984). A dynamic equilibrium is sustained between these three membrane 

lipids by the action of the two kinases, and two corresponding 

phosphodiesterases (Parthasarathy and Eisenberg, 1986). (Gee Figure 4). 

The key event in signal transduction is the cleaving of Ptd-Ins4,5P2, by 

PLC, to form two products: inositol1,4,5-trisphosphate (Ins1,4,5P3), and 

diacylglycerol (DG). Both these molecules are postulated as having second 

messenger functions within the cell, Ins1,4,5P3 in promoting Cat*+ release 

from intracellular stores, and DG in activating protein kinase C. 

(Nishizuka et. al., 1984; Exton, 1985; Berridge, 1987a). These aspects are 

discussed in more detail in sections 1.1.4.1. and 1.1.4.2. It is of interest to 

note however, that proliferation in response to some growth factors can 

be abolished by microinjection of antibody to Ptd-Ins4,5P2 (Matuoka et. al., 

1988). 

All the G proteins involved in these processes are heterotrimers, 

consisting of a, B and y subunits in order of decreasing mass. The a 

subunits appear to be unique in each case, but B and y subunits may be 

shared among a number of « subunits to make up the specific oligomers 
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