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ABSTRACT

Epidermal Growth Factor (EGF) modulates cyclic AMP (CAMP) levels in non-
neoplastic T51B rat liver epithelial cells induced by the B-adrenergic agonist
isoproterenol (IPR) and by forskolin (FSK). In general the effect obtained depends
upon whether pretreatment has taken place in the presence of serum {stimulation)
or hepes (inhibition) on the duration of the pretreatment and on whether EGF was
added before or after IPR or FSK. Activation of protein kinase C (PKC) by the
tumor promoting phorbol ester, TPA, potentiated cAMP synthesis stimulated by
FSK in both EGF pretreated cells and untreated cells although EGF pretreatment
partially attenuated the effect of TPA.

Cyclic AMP secretion is one method by which cells regulate the changes in
intracellular cAMP. It was observed that CAMP secretion gradually increased with
time when untreated and EGF pretreated cells were stimulated with FSK or IPR.
The increase in cAMP sacrstion did not account for all the changes in intracellular
cAMP. In fact, although all treatments resulted in some accumulation of external
cAMP, there was no correlation between the level of internal cAMP abtained or the
decrease in internal cAMP and the amount secreted.

DNA synthesis was induced in serum deprived (0.2% BCS) cells by EGF
or serum (10% BCS). This induction was inhibited by most cCAMP elevating agents
except isoproterenol and pertussis toxin. A combination of forskolin and the

phosphodiesterase inhibitor, RO 201724 was most effective in inhibiting the DNA



iii

synthesis stimulated by EGF. Forskolin and RO 201724 inhibited DNA synthesis
in a time dependent manner whereas maximum isoproterenol inhibition
(approximately 22%) was observed regardless of time of isoproterencl addition.

Genistein, a tyrosine kinase inhibitor, also inhibited EGF induced DNA
synthesis. The inhibitory effect of genistein and cAMP elevating agents were not
additive.

These results suggest that EGF modulates cAMP levels and the mitogenic

effect of serum and EGF is inhibited by cAMP selevating agents.
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Chapter 1
INTRODUCTION

Transduction of signals from hormone or growth factor occupied receptors
at the cell surface and by second messenger producing effector enzymes, e.9.
phospholipase C (PLC), adenylate cyclase (AC), on the cytoplasmic face of the
plasma membrane plays an important role in cell proliferation and differentiation.
Guanine nucleotide binding proteins (G- proteins) function as transmembrane
couplers which transmit the signals from the outside of the plasma membrane to
the inside of the cell.

There are basically three classes of pathways which are involved in signal

transduction:

(1) The Phospholipid Hydrolysis pathway: Ligands, when bound to
receptors on the cell surface, stimulate the enzyme PLC. This
activated enzyme in turn hydrolyses phosphatidyl inositol-4,5-
bisphosphate (PIP,) into inositol 1,4,5-tris-phosphate (IP,) and 1,2
diacyiglycerol (DAG) on the plasma membrane. IP, mobilizes Ca**
from intracellular stores while DAG activates protein kinase C (PKC).
Example of such ligands are: vasopressin, oxytocin, a1-adrenergic

agents, angiotensin and histamines which binds to H, receptors
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(Watson,S. and Abbot, A; 1991). However, many reports show that
PKC is activated by DAG which is also produced by hydrolysis of
other phospholipids besides PIP,. These include phosphatidyl choline
(PC) and phosphatidy! ethanolamine (PE) (Exton, 1980; Nishizuka,Y;
1992) .

(2)  Adenylate Cyclase and Cyclic AMP pathway: Stimulation of receptors
by another group of agonists results in generation of cyclic AMP
(cAMP) as a consequence of the action of a specific G-protein, Gs,
which activates adenylate cyclase. Examples of this group of ligands
are: glucagon, prostaglandin E,, B-adrenergic agents, dopamine,
adenosine and histamines that bind to H, receptors (Watson,S. and
Abbot, A; 1991).

(3}  Tyrosine Kinase Pathways: The receptors for several hormones and
growth factors possess an intrinsic tyrosine kinase activity. These
receptors have similar structures. They possess an extracellular
ligand binding domain which is glycosylated, a single hydrophobic
transmembrane domain and a cytoplasmic domain which has
tyrosine kinase catalytic activity. A variety of oncogene products (e.g.
Src and ros) also have an intrinsic tyrosine kinase activity. Exampies
include: epidermal growth factor receptor (EGF-R), insulin like
growth factor receptor and platelet derived growth factor receptor.

Besides the above mentioned three major signal transduction systems, there



-3-
are other less chrracterized but nevertheless important systems such as the
guanyiate cyclase aclivating receptors and receptors which are ion channels. The
ion channels span the plasma membrane and regulate the influx and efflux of
cations and anions and therefore the physiological state of the cell. Examples of
a guanylate cyclase activating ligand is atrial natriuretic factor and of ion channel
regulating ligands are: excitatory amino acid y-amino-butyric acid and glycine in the

synapse, acetylcholine in the synapse and nicotinic acid.

1.1 EPIDERMAL GROWTH FACTOR

Epidermal growth factor (EGF) is a polypeptide with 53 amino acids and a
molecular weight of 6045. EGF has a globular tertiary structure and is a stable
polypeptide because there are three disulphide bridges (Holladay, Savage, Cohen
and Puette; 19786). It was first isolated from male mouss submaxillary gland by
Stanley Cohen and found to enhance the growth and maturation of epidermis in
newborn mice (Cohen; 1962 and Cohen and Elliot; 1963) and of an organ culture
of epithelial tissues (Cohen, 1965; Turkington, 1969; Bertsch and Marks, 1974;
Starkey, Cohen and Orth, 1975). Its amino acid sequence is known (Savage,
Inagami and Cohen, 1972). It has been shown that EGF is an extremely potent
mitogen for fibroblasts (Armelin, 1973; Hollenberg and Cuatrecasas, 1973). EGF
has been shown to stimulate DNA synthesis in hepatocytes both in vivo (Buchner,

Patel and Cohen; 1978) and in vitro {Richman, Claus, Pilkis and Friedman; 1976).
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1.2 EPIDERMAL GROWTH FACTOR RECEPTOR

Epidarmal growth factor receptor (EGF-R) is a transmembrane glycoprotsin
(Das, Miyakawa, Fox, Pruss, Aharonov and Herschman; 1977 and Wrann and Fox;
1979) and its complete primary structure from cDNA is known (Ullrich, Coussens,
Hayflick, Dull, Gray, Tam, Lee, Yarden, Liberman, Schlessinger, Downward,
Mayer, Whittle, Waterfield and Seeburg; 1984). The receptor has two cysteine-rich
extracellular domains connected by a single transmembrane domain which has 23
hydrophobic amino acids and a cytoplasmic tyrosine kinase domain of 542 amino
acids. The receptor closely resembles the avian erythroblastosis virus erb-B
oncogene product which has lost the EGF binding domain (Cownward, Yarden,
Mayes, Scrace, Totty, Stockwell, Ullrich, Schlessinger and Waterfield; 1984). In
addition to the autophosphorylation of tyrosine residues by the receptor’s tyrosine
kinase, the intracellular domain of the receptor contains many phosphorylation
sites for other kinases including PKC (Hunter, Ling and Cooper; 1984). In particular
the phosphorylation of residue Thr-654 by PKC may play an important role in
receptor functioning since phosphorylation of this residue is associated with a
decrease in ligand affinity as well as in tyrosine kinase activity (Cochet, Gill,
Meisenhelder, Cooper and Hunter, 1984; Freidmann, Frackelton, Ross, Connors,
Fuijiki, Sugimura and Rosner, 1934). It has been shown that a point mutation in
the EGF-R at Lys-721, which is the ATP binding site, abolishes EGF induced
tyrosine kinase activity as well as inositol lipid hydrolysis, ionic signalling and DNA

synthesis. Chen et al. provide evidence that activation of tyrosine kinase activity
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is essential but not sufficient for the muitiple biological effects of EGF (Chen,

Lazar, Poenie, Tsien, Gill and Rosenfeld, 1987).

13 MECHANISM OF ACTION OF EGF-R

The signal is transferred from the EGF-binding domain by an intermolecular
mechanism (Yarden and Schlessinger, 1987). it has been shown that the allosteric
aggregation model is suitable to explain the activation of the receptor kinase
function by EGF. Briefly, this mode! depicts the existence of EGF receptors in
equilibrium between oligomeric and monomeric states. It is assumed that the
oligomeric state has high affinity towards ligand and therefore upon binding of
EGF, equilibrium shifts towards active receptor oligomers. it has been observed
that the EGF receptor exist in high affinity (10%) and low affinity (90%) states
(Massague,1983b). After performing its biological function both EGF and its
receptor are internalized via a clathrin-coated endosome system, (Bergeron, Cruz,
Khan and Posner, 1985; Goldstein, Anderson and Brown, 1979; Maxfield and
Yamashiro, 1987) and delivered to lysosomes where the receptor and its ligands

are degraded (Carof and Hubbard, 1991a; Carol and Hubbard, 1991b).

1.4 INTERACTION OF EGF AND PKC
An increase in DAG, a physiological activator of PKC, has been reported in
response to EGF in fibroblasts (Wright, Ragan, Shin and Raben, 1988) and in a

muscle celi line (Farese, Nair, Sierra, Standaert, Pollet and Cooper, 1989).
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However, there is no comelation between the increase of DAG and phospho-
inositide turnover in both of the above cases. Recently it has been shown that P
may be a source of agonist induced DAG production (Exton, 1990). Itis already
known that tumor promoting phorbol esters such as, 12-O-tetradecanoyl phorbol-
13-acetate (TPA), can substitute for DAG and directly activate PKC (Ashendel,
1985; Bjorge and Kudlow, 1987; El-Fakahary, Alger, Lai, Pitler, Worley and
Barabam, 1988; Takada, Amino, Tetsumoto and Miyai, 1988).

It is possible that EGF activates PKC by other mechanisms such as that
suggested recently for platelet activating factor (Pelech, Charest, Howard, Paddon
and Salari, 1990). It has been shown that EGF exerts its effect, at least in part,
through activation of PKC in frashly isolated rat hepatocytes {Conricode and Ochs,
1990). These effects include stimulation of lactate production and of the pentose
phosphate pathway. There is also a report of PKC being activated by EGF in A431
cells {King and Cooper, 1986; Whitley and Glasner, 1986). It has been shown that
PKC phosphorylates the EGF receptor at Thr-654 (Hunter et. al. 1984; Davis and
Czech, 1985). Phosphorylation of EGF-R at Thr-654 in vitro causes an inhibition
of the protein tyrosine kinase activity of the raceptor (Cochet et al. 1984; Davis,
1988: Downward, Waterfield and Parker, 1985). It has been shown that phos-
phorylation of Thr-654 in phorbol ester treated NIH 3T3 cells causes an inhibition
of the EGF induced mitogenic signals (Livneh, Dull, Berent, Ullrich and
Schlessinger, 1988) but it is not clear whether growth inhibition is solely due to

phosphorylation of Thr-654 on the EGF-R or if it is a result of some other effect of
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phorbo! ester on cultured cells. Recently it has been shown that phosphorylation
of Thr-654 is regulated largely by the activity of PKC (Brown, Stanley, Selva and
Davis, 1991). Therefore the physiological role of Thr-654 phosphorylation of EGF-
R is not clear but it is clear that activation of EGF-R has significant effects on PKC

and that activation of PKC in turn affects the activity of the EGF-R.

1.5 INTERACTION OF EGF AND cAMP/ADENYLATE CYCLASE SYSTEM
There are reports suggesting a role for cross-talk between the cAMP and
EGF systems. It has been shown that under some circumstances EGF, like insulin,
can antagonize cAMP-elevating hormones in isolated rat hepatocytes (Bosch,
Bouscarel, Siaton, Blackmore and Exton, 1986). Another group suggested that
cAMP is required for EGF stimulation of C-fos and C-myc mRNA production in
A431 human epidermoid carcinoma cell line (Ran, Dean, Levine, Henkle and
Campisi, 1986). Cholera toxin,(CT), which activates adenylate cyclase via G-
proteins, was used to demonstrate the involvement of G- proteins in EGF
stimulation of an ATPase activity of human hepatoma cells (Knowles, Salas-Prato
and Villela, 1985). EGF has also been shown to act like glucagon, a CAMP inducer
(Moule and McGivan, 1987). It has been suggested that protein kinase A
phosphorylates the EGF-R in isolated plasma membranes of A431 calls or of rat
liver in the presence of EGF (Ghosh-Dastidar and Fox, 1984; Rackoff, Rubin and
Earp, 1984). In contrast, it was recently observed that pre-incubation of A431 cells

with agents that elevate intracellular cAN : level, results in depression of EGF-R
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phosphorylation and modulation of EGF-mediated inhibition of cell growth. For
A431 cells, it was suggested that this effect is partly due to cAMP-mediated
inhibition of DAG production induced by EGF via protein kinase A (lwashita-Mitsui,
Shoji-Kasai and Senshu-Miyaike, 1990). In the same cell line it was shown that
EGF may modulate the activity of a component of the adenylate cyclase system
resulting in stimulation of cAMP synthesis (Ball, Tanner and Carpenter, 1990). This
increase might be due to modulation of cAMP metabolism by EGF which acts
synergistically with cAMP elavating agents in A431 cells. The mechanism by which
EGF and cAMP co-operate to stimulate epithelial cell proliferation is unknown.
There is another report which shows that EGF increases celiular cAMP in perfused
rat heart by stimulating the stimulatory guanine nucleotide binding protein Gs (Nair,
Rashed and Patel, 1989). Furthermore it was observed that antiserum CS1, which
is generated against the carboxy terminus of Gsc, is involved in mediating the
effects of EGF on cardiac adenylate cyclase and the antiserum spacifically

inhibited Gsa. function (Nair, Parikh, Milligan and Patel, 1990).

1.6 INTERACTION BETWEEN EGF AND PHOSPHOLIPASES

It is known that EGF upon binding to its cell surface receptors stimulates
tyrosine phosphorylation of its substrates including EGF-R autophosphorylation
(Carpsnter and Cohen, 1979; Hunter and Cooper, 1985; Schlessinger, 1986;
Schlaessinger, 1988; Yarden and Ullrich, 1988) which leads to activation of PLC,

(or phosphoinositidase). Activated PLC hydrolysaes PIP, into IP, and DAG which
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then mobilizes Ca' from intracellular stores and activates PKC respectively
(Majerus, Wilson, Connoly,Bross and Neufeld, 1985). Sawyer and Cohen (1981)
first reported an increase in phosphatidy! inosito! turnover in response to EGF in
A431 cells. Gilligan et al. {(Gilligan, Prentki, Gelennon and Knowles, 1988) found
that EGF increases inositol phosphates and Ca** in a liver tumor csll line and
Johnson et al. (Johnson, Connelly, Sisk, Pobiner, Hewlett and Garrison, 1986)
found an increase in cytosolic Ca** in response to EGF with isolated hepatocytes.
A small increase in inositol phosphates in response to EGF in hepatocytes was
reported by Johnson and Garrison (Johnson and Garrison 1987).

Mammalian PLC is a family of at least four isozymes namely PLC-a
(m.w.=62-68 kd), PLC-B (m.w.=150-154 kd), PLC-y (m.w.=145-148 kd) and PLC-
(m.w.=85-88 kd) (Rhes, Suh, Ryu and Lee, 1989). These isozymes have been
differentiated mainly by immunological methods. All of them are single polypeptides
and products of discrete genes (Rhee et al, 1989; Ryu, Pann, Cho, Lee and Les;
1984). They share similar amino acid sequencas in two separate regions which are
important for their catalytic function. All isozymes show dependence on Ca** and
hydrolyse three phosphoinositides i.e. phosphatidyl inositol (Pl), phosphatidyl
inositol-4-phosphate (PIP) and PiIP,. They do not hydrolyse PC or PE. Their
preference for substrate changes as the Ca’* concen-tration and pH are varied. It
was proposed that there is a fifth isoform of PLC called PLC-e (Rhee et al. 1989}
but it is now believed to be very similar to PLC-8. it has been observed that PLC-y

(and not PLC-B or PLC-8) has sequence similarity with the Src or non-receptor
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protein-tyrosine kinase family in the Src homologous domains of SH, and SH,
regions. These regions are thought to be involved in PLC-y activity and may
provide substrate specificity (Pawson, 1988; Stahl, Ferenz, Kelleper, Kriz and
Knopf, 1988). It has heen observed that tyrosine phosphorylation of PLC-y
correlates well with the increased turnover of PIP, (Huckle, Hepler, Rhee, Harden
and Earp, 1990). Thus EGF upon binding to its receptor elicits phosphorylation of
several tyrosine residues at its carboxy terminus (Carpenter and Cohen, 1990).
These phosphotyrosine residues are racognised by SH,-domains of PLC~y1 and
phosphorylation of PLC-y1 tyrosine rasidue 771,783 and 1254 bv the receptor
kinase ~Jomain occurs. These phosphorylated tyrosine residues in turn elicit many
biological responses via hydrolysis of phospho-inositides. Although it has been
shown that the EGF receptor upon binding of EGF activates PLC-y through
tyrosine phosphorylation, another means of regulating this interaction is via G-
protein. In some membrane systems PLC activity can be stimuiated by GTP-y-s
{Cockroft and Gomperts, 1985). Pertussis toxin,(PT), which inhibits Gi, inhibits
EGF-mediated inositol phosphate accumulation in hepatocytes (Johnson and
Garrison, 1987) and renal epithslial calls (Teitelbaum, Strasheim and Berl, 1990).
However, PT does not attenuate the effect of EGF in some other cell types e.g.
murine epithelial A431 cells, 3T3 fibroblast, vascuiar smooth muscle and liver
epithelial WB cells. Thus different cell types respond differently to EGF in terms
of coupling to PLC via G-proteins. A G-protein augments the tyrosine

phosphorylation dependent activation of PLC-y1 and the G-proteins may be
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involved in activaiicn of other isoforms of PLC.

The enzymatic hydrolysis of PC which constitutes up to 50% of
phospholipids in mammalian tissues, is emerging as a wide-spread signal
transduction pathway (Billah, An;hes,1990). Activation of PLC, phospholipase D
(PLD) or both resuits in PC breakdown {(Asacka, Nakamura, Yoshida and
Nishizuka, 1992). The hydrolytic products vary among cell types and even within
the same cell depending on the agonist (Billah and Anthes, 1990). Available
ovidence suggest that PLD, the pnncipal enzyme which hydrolyses PC, is
regulated by multiple factors including G-proteins, Ca** and PKC {Asaoka et al.
1992). The forms of PLD that are involved in stimulated cells are rather poorly
defined in molecular terms because they have not been purified, cloned or
saquenced (Asaoka et al. 1992) .

1.7 INTERACTION BETWEEN EGF AND TGF-a.

The effect of EGF may either be mimicked or modulated by transforming
growth factor-a, {TGF-c). TGF-a is structurally similar to EGF (Massague, 1983a)
and can bind and activate the EGF receptor (Massague, 1983b; Carpenter,
Stoscheck, Preston and Delarco, 1983). Therefore, it appears that all the
biological effects of TGF-0, are mediated through the EGF receptor. Initiaily in
mammalian cells EGF and TGF-a were generally believed to ba similar
(Massague, 1983a). However, it has now been shown that there are marked
differences in biological activities of EGF and TGF-a. (Korc, Chandrasekar and

Shah, 1991). The naturally active TGF-o. and EGF show about 35-40% amino acid
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homology with conservation of all six cysteine residues. The binding of TGF-o. and
EGF to the same receptor appears due to the similarity in conformation
(Massague, 1983b; Tam, Marquardt, Rosebarger, Wong and Todaro,1984). TGF-a
is synthesized in embryos during early fetal development (Lee, Rochford, Todaro
and Villareal, 1985), in virally transformed cells (Todaro, Lee, Webb, Rose, Brown,
1985) and in a variety of human tumors (Derynak, Goeddel, Ullrich, Gutterman,
Williams, Bringmann and Berger, 1987). Although both peptides trigger many
biological effects in a similar manner, but there are differences. Thus TGF-o exerts
a greater stimulatory effect than EGF with respect to calcium mobilization in fetal
rat long bones {Ibbotson, Harrod, Gowen, D'Souza, Smith, Winkler, Derynak and
Mundy, 1986) angiogenesis in the hamster cheek pouch model (Schultz, White,
Mitchell, Brown, Lynch, Twardzik and Todaro, 1987) and keratinocyte megacolony
formation (Barrandon and Green, 1987). Thus from the above information it seems
that TGF-a. and EGF, although they utilize the same receptors, may differently

regulate signal transduction pathways in different cell types.

1.8 CROSS-TALK BETWEEN PKC AND CYCLIC AMP/AC SYSTEMS

It has been demonstrated that PKC and the adenylate cyclase signalling
systems interact. It is currently believed that PKC can phosphorylate and modify
the activity of one or more of the components of the adenylate cyclase system. It
was shown that, TPA, causes phosphorylation and activation of the catalytic

subunit of adenylate cyclase in frog erythrocytes (Yoshimasa, Sibley, Bouvier,
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Letkowitz and Caron, 1987). However direct phosphorylation of the catalytic
component of adenylate cyclase by PKC was shown in frog erythrocytes both in
vivo and in vitro (Sibley, Benovic, Caron and Lefkowitz, 1988).

There is also evidence showing that PKC can modulate the adenylate
cyclase system via G-proteins. In one report it was observed that activation of PKC
by phorbol esters or diacylglycerol sensitizes adenylate cyclase to agents that act
through Gs (Sugden, Vanecek, Kiein, Thomas and Anderson, 1985; Aasheim,
Kleine and Franks, 1989). Treatment of intact human platelets and S49 Cyc
lymphoma cells with phorbol esters caused phosphorylation and inactivation of Gi
(Bauer and Jacobs, 1988; Watanabe, Homn, Bauer and Jacobs, 1985). It has also
been demonstrated that the inhibition of adenylate cyclase is switched off by PKC
phosphorylation of Gi in studies done with platelets in vitro (Katada, Gilman,
Watanabe, Bauer and Jacobs; 1985).

There are also reports of PKC phosphorylating p-adrenergic receptors.
Phorbol esters have been shown to result in phosphorylation of B-adrenergic
receptors in duck erythrocyte (Sibley, Nambi, Peters and Lefkowitz, 1984) and rat
reticulocytes (Yamashita, Kurokawa, Daneura, Higashi and Ishibashi; 1986) which
results in desensitization of the receptor. Evidence is also accumulating which
shows that increase in cAMP affects PKC. For example it has been shown that
FSK treatment of NCB-20 cslls, a mouse neuroblastoma-chinese hamster embryo
brain explant hybrid cell line, increases cAMP levels and results in down regulation

of membrane PKC (McAtee and Dawson; 1989).
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Whether a cell proliferates, differentiates or enters a quiescent state is
probably the result of a combination of different extracellular signals which act by
different signalling pathways. The cross-talk between signalling pathways, either

synergistic or antagonistic interactions, could provide a mechanism to fine tune

proliferation and differentiation.

1.9 EGRESS OF CYCLIC AMP

Davoren and Sutherland were the first to report the efflux of cAMP from
intact animal cells when they observed cyclic nucleotide in the medium of pigeon
arythrocytes stimulated by L-epinephrine (Davoren and Sutherland; 1963). Since
the first report, there have been reports of egress of cAMP from different cultured
cell types and lower organisms e.g. bacteria (Makman and Sutherland; 1965),
Dictyostelium discoideum (Konijin, van de Meene, Bonner and Barkley, 1967), and
other metazoan cells (Barber and Butcher; 1983).

It has been shown that the process of efflux is unidirectional {King and
Mayer; 1974) and it requires energy (Rindler, Bashor, Spitzer and Saier, 1978;
Brunton and Mayer, 1979). In some cell lines there are reports which show that
there is a cAMP binding site on the surface of these calls, e.g. the T51B rat liver
apithelial cells (Kleine and Whitfield; 1987), and the Y-1 adrenal tumor cells (Wen,
Chang, Reitherman and Harding; 1985). In some cells e.g. S49, HeLa and Chinese
hamster ovary cells, cAMP-dependent ecto protein kinase activity was

demonstrated (Kubler, Pyerin, Bill, Hotz, Sonka and Kinzel; 1989).
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Efflux of cAMP can occur after binding of ligands to their receptors and
activation of adenylate cyclase, for example, occupation of the adenosine receptor
in pig aortic smooth muscle (Fehr, Dickinson, Goldman and Slakey; 1990). Another
report demonstrated extrusion of cAMP by pigeon erythrocytes stimulated by the

B-adrenergic agonist, isoproterenol (Brunton and Mayer, 1979). Some reports show

that agents which activate adenylate cyclase directly and bypass receptor
mediated adenylate cyclase activation lead to cAMP efflux e.g. CT ( Brunton and
Mayer; 1979) and forskolin (Zeytin, Mougin, Brazeau and Ling; 1984).

Some prostaglandins e.g. PGE;, PGE,, PGA, and PGA, activate adenylate
cyclase by occupying receptors at the cell surface. This G-protein mediated
activation leads to an increase in intracellular cAMP and inhibition of efflux
(Rindler, Bashor, Spitzer and Saier; 1978). Prostaglandin PGA, and PGA,
specifically inhibit cAMP efflux (Brunton and Mayer, 1979; Heasley and Brunton,
1985). It has been shown that inhibition by prostaglandins of cAMP efflux occurs
by an intracellular effect at the site (undetermined as yet) of CAMP efflux (Heasley
and Brunton, 1985; Hagey, Kanter and Brunton, 1988).

The amino acid sequence of adenylate cyclase from bovine brain shows
similarity to many transporters and channels (Krupinski, Coussen, Bakalyar, Tang,
Feinstein, Orth, Slaughter, Reed and Gilman; 1989). Most importantly, it has
striking similarity to P-glycoprotein which is a multidrug transporter. Therefore it
may be possible that cAMP is transported by adenylate cyclase itself.

Efflux of cAMP, seems not to be regulated significantly by cAMP-dependent
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Kinases in smooth muscle (Fehr et.al.; 1990). it has also been demonstrated that
the S49 lymphoma cell line, which is deficient of catalytic subunit of cAMP-
dependent kinase shows efflux of cAMP (Brunton, 1881).

The efflux of cyclic guanosine 3,'5,-monophosphate has now been reported
for cultured vascular smooth muscle and endothelial cells after induction by atrial

natriuretic factor (Hamet, Pang and Tremblay, 1989).

1.10 CELL CYCLE

All eukaryotes from yeast to human have a similar cell cycle. The cell cycle
is divided into four different stages: the G1, S, G2 and M phase. However there
is another phase which is called GO or quiescent phase during which cells do not
divide or DNA does not replicate. The Go phase arises due to deprivation of
growth factor(s) (Whitfield, 1992).

Transition from GO to G1 requires changes in the level of many agents.
During this pihase of entry into the cell cycle from quiescence, observed changes
include increase in Ca** with corresponding cAMP, adenylate cyclase, PLC
isozyme activities and a transient surge of membrane associated PKC (Whitfield,
1990; Martin, 1991;). During the S phase, DNA replication takes place and in the
G2 phase cells prepare for mitosis. Finally in the M phase celi division takes place.

The G1 phase is the most interesting phase because it is during this phase
cells prepare for DNA synthesis and it is in this phase where the controis of

proliferation as well as differentiation are expected to occur (Whitfield, 1990,1992).
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In a variety of cell types cAMP and cAMP dependent kinases (Boynton and
Whitfield, 1983), Ca™ calmodulin (Boynton, Whitfisld and MacManus; 1980),
protein kinase C (Boynton, Kleine, Whitfield and Bossi, 1985) and EGF (St.Hilaire
and Jones, 1982} are involved in G1 transit or G1-S transition.

Cyclic AMP levels change transiently during the cell cycle and if one
maintains a high level of cAMP using its analogue, dibutyryl cAMP (db cAMP),
progression through the cell cycle is blocked. One of the reasons for this could be
due to the fact that db cAMP is slowly metabolized. Thus it remains high for a
prolonged period including S phase, where it blocks progression. It has been
demonstrated that cAMP promotes proliferation (Boynton and Whitfield, 1983). A
requirement for cAMP can be demonstrated in mutant yeast cells which possess
defective adenylate cyclase. They can not normally transit the G1 phase and thus
require exogenously added cAMP in order to proliferate (Kataoka, Powers,
Cameron, Fasano, Goldfarb and Wigler, 1985).

The role of PKC in G1 or G1-S transit was also demonstrated when
activators of PKC, {e.g. TPA and Oleyi-acetyl-glycerol) ) stimulated cell cycle
transition of cells that were blocked in late Gt (Boynton et al. 1985).

The mitogenic response of growth factors requires many enzymes among
which are membrane bound PKC and cAMP dependent kinases. It has been
observed that phosphorylation of the EGF receptor by PKC results in modulation
of the receptor. However, PKC also stimulates adenylate cyclase which in turn

increases cAMP and cAMP dependent kinases (Boney, Fink, Schiicter, Carr and
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Wicks, 1983). This activation of cAMP dependent kinase in turn can affact the
actions of growth factors. Thus it appears that both cAMP-dependent kinases and
PKC together mediate mitogenic actions of various growth factors. Some other
factors inhibit cell growth e.g. tumor necrosis factor (Broxmeyer, Williams, Lu,
Cooper, Anderson, Beyer, Hoffman and Rubin, 1986).

Thus, growth factors whether they inhibit or stimulate cell growth, are
convenient tools to elucidate the mechanism of cell cycle regulation. Finally,
calmodulin also affects cells during the G1 phase as has been demonstrated for
lymphocytes (Gorbachevskaya, Borokova, Rubin and Fedorov, 1983) and B-16
melanoma cells {MacNeil, Walker, Senior, Bleehen, Tomlinson; 1984) as well as

for T51B rat liver cells (Boynton et al. 1980).

1.11 T51B Rat Liver Cell Line

T518 cells are non-neoplastic epitheloid derivatives of cells obtained from
the liver of a normal adult Fischer rat (Swierenga, 1984). 1 chose this cell line
because it was well characterized in terms of the roles of cAMP and PKC in
proliferation. Proliferation of these cells has been shown to be regulated by both
Ca** and cyclic AMP (Swierenga, Whitfield, Boynton, MacManus, Rixon, Sikorska,
Tsang and Walker, 1980). However Kleine et al. (1986) have shown that
phosphorylation of cell surface proteins may be involved in the initiation of DNA
synthesis. These proteins are phosphorylated in a Ca' dependent manner.

Cross-talk between PKC and adenylate cyclase has besn demonstrated in
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these cells {Aasheirn et al. 1989). It was demonstrated that the PKC activator, TPA,
sensitizes the adenylate cyclase system to stimulation by IPR and FSK.
Epidermal growth factor is a good mitogen for most cell types. Hill et al.(1988)
have shown that EGF stimulates DNA synthesis in T51B cells. They also showed
that EGF stimulated DNA synthesis requires an influx of extracellular Ca** and
does not involve IP;, since EGF does not lead to hydrolysis of PiP, in these cells
and therefore no IP, is produced. EGF activates PKC via production of DAG
which is produced by the hydrolysis of PC. The PIP, hydrolysis pathway operates
in these cells but seemingly not in response to EGF.

The available evidence suggests that there are complex interactions
between the EGF-R, adenylate cyclase and PKC. The interplay between these
signalling pathways is not clear. However a technician in Dr.Kleine's laboratory in
a few preliminary expsriments has shown that EGF potentiates the cAMP levels
stimulated by FSK or IPR.

Therefore | propose that EGF may affect the synthesis of cAMP and cAMP
may in turn affect scme of the mitogenic response of EGF. Activation of PKC can
modulate the effect of EGF on the cAMP/adenylate cyclase signalling system.
The studies In this thesis are aimed at determining:

- the effect of EGF (potentiation or inhibition) on IPR and FSK stimulated cAMP
synthesis and secretion.
- that PKC can modulate these effects of EGF.

- that cAMP elevating agents can inhibit the mitogenic action of EGF.
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Chapter 2
MATERIALS AND METHODS
2.1 Materlals:

Genistein and RO 201724 (RO) were purchased from BIOMOL
(Philadelphia, PA). Epidermal growth factor was ordered from Upstate
Biotechnology Incorporated (Lake Placid, N.Y.). Bovine Calf Serum (BCS) was
obtained from Colorado Serum Co.(Denver, CO). Eagle's Basal Medium (BME)
was ordered from GIBCO (Montreal, Canada). Cholera toxin, pertussis toxin, cyclic
AMP, ethylene diamine tetraacstic acid (EDTA)}, 4-(2-hydroxyethyl-1-piperazine
ethane sulfonic acid (Hepes), 12-O-tetradecanoyl phorbol-13-acetate (TPA),
isobutyl methyl xanthine (IBMX), isoprotaranol, forskolin and gentamicin suifate
were purchased from Sigma Chemical Co. Ltd. (St-Louis, MO). 2-8 %H-adenine and
“Cc cAMP were obtained from NEN Research Products (Du Pont, Montreal,
Canada). All other chemicals, of reagent grade, were purchased from BDH

Chemicals or Fisher Scientific (Ottawa, Ontario).

2.2 Cell Cultures:

T51B rat liver epithelial cells were cultured as described by Jones et al.
(1982). Cells were detached by brief exposure to 0.05% (w/v) trypsin in phosphate
buffered saline (PBS). They were then plated in 100 mm dishes or 6-well

multidishes in a medium consisting of 10% BCS and 90% BME containing 100
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mg/l gentamicin sulfate. The cultures wera then grown to confluence at 37 °C in
an atmosphere consisting of 95% air and 5% CO,. Cells were used for
experiments 1 or 2 days after they reached confluence.
2.3 Cyclic AMP Synthesls:

The intracellular ATP pool was labelled by addition of 0.125 pCi of 2-8 °H
adenine to the medium for 16-17 hours. The culture medium was changed two
hours before the start of each experiment into fluid containing 10mM Hepes pH 7.2
in BME. Allincubations were performed at 37 °C in an atmosphere containing 95%
air and 5% CO, on a shaking platform.

In all experiments, RO was added to the cultures to prevent the degradation
of newly synthesized cyclic AMP by cyclic nucleotide phosphodiesterase (PDE).
Agents to be tesisd for their ability to stimulate cAMP synthesis were added in
small volumes of BME or BME:DMSO (1:1) so that the final concentration of
DMSO (dimethyl sulfoxide) in the medium never exceed 0.025%. Controls received
only carrier. Incubations continued until appropriate times. Experiments were
terminated by rapidly removing and saving the medium, washing the cells with cold
PBS and then lysing them in 0.5 ml of lysis buffer containing 150 mM NaCl,10 mM
Na,HPO,,1mM EDTA,0.1 mM cyclic AMP,0.imM IBMX, 1% Nonidet P-40 and
0.001 uCi("C)-cyclic AMP to monitor [H}-cyclic AMP recovery. Labelled
nuclectides were separated by ion exchange chromatography as described by

Franks et al. (1985).
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2.4 Cycllc AMP Secretion:

After terminating the reactions, the medium was removed and loaded onto

jon exchange columns and processed as above.

2.5 DNA Synthesis:

T518B rat liver epithelial cells were plated in six-well dishes. After reaching
confluence, cells were serum deprived by fluid changing into BME containing 0.2%
BCS for 48 hours prior to addition of the agents to be tested. DNA synthesis was
monitored by the addition of 0.5 puCi/ml [*H]-thymidine for 24 hours. After the end
of this time period the medium was removed and the cells were washed with ice
cold PBS and fixed with PBS/formalin. DNA was extracted from acid insoluble
material by heating at 80-90 °C in 0.5 N perchloric acid. Radioactivity incorporated

into DNA was then determined by liquid scintillation counting.

2.6 Statistical Analysis:

All the statistical calculations were performed by the computer assisted
INSTAT programme. The level of significance (P-values) was obtained using the
paired two-tailed t-test comparing the values from untreated (control) to EGF
pretreated values. The results are plotted as mean + SE. The P-values <0.05 were

considerad as significant.
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Chapter 3

RESULTS

3.1 Dose Response: Effect of EGF On Cyclic AMP Synthesis:

EGF has been shown to affect second messenger systems in a variety of
cell types including effects on adenylate cyclase (Ball et al., 1990; Wright et
al.,1988; Farese &t al.,1989). However EGF alone does not affect the level of
cAMP except in cardiac myocytes (Yu et al,.1992}). Work in our laboratory has also
shown that EGF alone does not affect cAMP levels in T51B cells (unpublished
observation). EGF though has been shown to potentiate cAMP synthesis
stimulated by cAMP elevating agents (Ball et al.,1990). Therefore | planned
experiments to determine if EGF could potentiate CAMP synthesis stimulated by
CAMP elevating agents and to determine the optimal concentration of EGF
required.

Forskolin (FSK), one of the cAMP elevating agents, stimulates cAMP
synthesis by directly activating adenylate cyclase. The optimal concentration of
FSK in TS1B cells had been shown to be 33uM. For the following experiments
RO,(30uM), a phosphodiesterase inhibitor, was always present to stop the
degradation of newly synthesized cAMP. Cells were stimulated with FSK (33uM)
and two and half minutes after addition of FSK, different doses of EGF {0.015,

0.15, 1.5, 4.5, 15 and 150 ng/ml) were added to the cultures and tha reaction was
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terminated 30 minutes after the initial addition of FSK. Figure 1 shows that the
optimal concentration of EGF lies between 15 and 150 ng/ml. Therefore | used the

initial optimal dose of EGF (16.7 ng/ml) for all the following experiments.

3.2 Effect Of Adding EGF Before And After Forskolin Addition:

it had been previously shown that cAMP synthesis peaks 2.5 minutes after
adding FSK to T51B cells {Aasheim et al,.1989) and remains high for up to 15
minutes. However work in our laboratory had shown that, in the presence of EGF,
cAMP synthesis peaks at 30 minutes {i.e. 30 minute after FSK addition).

Cells were treatad with EGF (16.7 ng/ml) 2.5 minutes after adding FSK (33

uM) and the reaction was terminated at various times thereafter. Figure 2

demonstrates that FSK by itself gives a peak at 2.5 minutes and when EGF is
present the signal is prolonged culminating in a peak at 30 minutes. In each case,
with or without EGF, cAMP remains elevated for at least up to 1 hour. To
determine the optimal length of time that EGF should be present, | planned a
series of experiments where EGF was added at different times before and after
addition of FSK. FSK was always present for 30 minutes prior to termination of
reaction. The results in Figure 3 are plotted as percentage of control (FSK alone).
The results show that EGF is effective in potentiating the effect of FSK when
present for a minimum of 20 minutes and a maximum of 50 minutes before lysis.
This experiment demonstrates that EGF potentiates cAMP synthesis and that there

is a window of 20 minutes before and 10 minutes after FSK addition where the



Figure 1: Effect of EGF dose response on cAMP synthesis In response to
forskolin:

T51B cultures were fluid changed from serum/medium to Hepes/medium two hours
before the start of the experiment. After this time cells were treated with FSK(33

uM) for 2.5 minutes before adding EGF. EGF was added at varying
concentrations (0.015, 0.15, 1.5, 4.5, 15 and 150 ng/ml). The reaction was

terminated 30 minutes after EGF addition. The results on the Y-axis are plotted as
cyclic AMP (cpm x 10°) and on the X-axis EGF dose is expressed as ng/ml. The
results are expressed as the mean + SE of four different experiments. Significant
differences, obtained when controls (no EGF,4.9 + 0.28) are compared to the
values obtained with different EGF doses by the two-tailed paired t-test, are
indicated by stars as; * P<0.007, ** P<0.005, *** P<0.0001 and **** P<0.0006.
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Figure 2: Effect of EGF on the time course of forskolin stimulated cAMP
synthesis:

T51B cells were incubated with Hepes/medium for two hours and then treated with
FSK (33 uM) for different times. EGF (16.7 ng/ml) was added 2.5 minutes after
FSK addition and the reaction was tarminated at various times after FSK addition.
Statistical analysis performed was the two-tailed paired t-test, comparing the
values from three different experimenis of control (no EGF) and treated (with EGF)
cultures at 15, 30 and 60 minutes. The level of significance is indicated as :
*P<0.0001, **P<0.0043 and ***P<0.005.
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Figure 3: Time course of the effect of EGF on forskolin stimulated cyclic
AMP synthesis:

For all culture dishes, FSK (33 pM) was present for 30 minutes. EGF (16.7 ng/ml)
was added at various times, as indicated, either before or after addition of FSK.
The results are expressed as percentage of control (without EGF) and are
presented as mean x S.E. of three different expsriments.
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EGF effect can be demonstrated. It was also observed that adding EGF 5 minutes

before lysis or 45 minutes or longer before FSK causes an inhibition of FSK

stimulated cAMP synthesis.

3.3 Temporal Effect of EGF on cAMP synthesis In response to
Isoproterenol:

The effect of EGF on the csllular response to the B-adrenergic agonist IPR
was studied. IPR (1uM) had previously been shown in our laboratory to give a
peak of cAMP synthesis at 2.5 minutes. Therefore in the following experiment IPR
was present for 2.5 minutes for each time point and EGF was present for various
lengths of time. Figure 4 demonstrates that addition of EGF before adding IPR
enhanced the response to IPR. However when cells are pretreated with EGF for
longer times (1 hour or more) the potentiation of the IPR response was decreased.

The results from Figure 4 demonstrate that minimal potentiation of ‘PR-
stimulated cAMP synthesis is obtained by EGF pretreatment. Nevertheless,
preliminary experiments by myself and by a technician before 1 started the project
indicated that EGF could potentiate the effect of IPR to a greater extent than was
observed in Figure 4. It should be mentioned that preliminary resuits were not
always consistent. | thus investigated this phenomenon further by examining the
effect of the presence of serum during the EGF pretreatment (the best preliminary
experiment seems to indicate that serum influences the EGF effect). The next two

experiments report on the effect of a one hour EGF pretreatment in serum or



Figure 4: Time course of EGF effect on cAMP synthesis in response to
isoproterenol (IPR) :

T51B cells were fluid replaced from serum/medium to Hepes/medium two hours
before the start of the experiment. EGF (16.7 ng/ml) was added to cultures at
different times before adding IPR. For each time point IPR (1 uM) was present for
2.5 minutes. The results are expressed as [*H] cAMP {cpm x 10®) and represent
the mean + S.E. of four different experiments. The statisticai significance (P-
values) are indicated as: *P<0.0020, **P<0.0024, ***P<0.0002 and ***"P<0.02.
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Hepes. For Figure 5, cutures were pretreated for 1 hour in Hepes/medium and

then IPR was added and cAMP levels were determined at various times after

adding IPR.

Previously it had been shown that after IPR addition the maximum
stimulation occurred at 2.5 minutes (Aasheim et al.1989) which is consistent with
the result in Figure 5. The pretreatment with EGF did not alter the time at which
cAMP synthesis peaked. The decrease in cAMP synthesis in the EGF pretreated
cells may not actually represent a decrease in IPR stimulation of adenylate
cyclase, since cAMP synthesis has been decreased by an equal amount in the
cells to which IPR was not added (zero time). The EGF-pretreatment seems 10
have inhibited background adenylate cyclase and inhibition of this pool of
adenylate cyclase is reflected in the cultures treated with IPR. The statistical
analysis, by the two-tailed paired t-test, at times 0, 15, 30 and 60 minutes,
showed that the P-values (level of significance) are: 'P<0.0001, "P<0.003, P
<0.02 and 'P<0.02 respectively.

Opposite resuits were observed when cells were pretreated with EGF (16.7
ng/mil) for one hour in the presence of serum/medium instead of Hepes/media
{Fig.6). After incubation, the serum/medium was replaced with fresh EGF-free
Hepes/medium and the cells were incubated for two hours in the Hepes/medium
before they were stimulated with [PR. Cyclic AMP synthesis was found to be
significantly elevated in EGF-pretreated cells as compared to untreated cells. The

effect of EGF pretreatment gives opposite results depending on whether the



Figure 5: Effect of EGF pretreatment (1 hour in Hepes/medium) on the time
course of IPR stimulation of cAMP synthesls:

T51B cells were incubated with EGF (16.7 ng/ml) for 1 hour in Hepes/medium.
Control cultures did not receive EGF. The cells were then stimulated with IPR (1
uM) for different times. The results are expressed as [°H] cAMP (cpm x 10*) and
represent the mean t S.E. of four different experiments. The statistical analysis
performed was the two-tailed paired t-test. A significant difference between EGF-

pretreated and untreated cultures was observed. The level of significance (P-value)
is indicated as: * P<0.0001, ** P<0.003, ***P<0.02.
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Figure 6: Effect of EGF pretreatment (1 hour in serum/medium) on the time
course of IPR stimulation of cAMP synthesis:

EGF (16.7 ng/ml) was added to T51B cultures for 1 hour in the presence of
serum/medium. After one hour of incubation the serum was removed and cslls
waere incubated with Hepes/medium for the next two hours. Control cultures: did
not receive EGF. The cells were then stimulated with IPR (1 uM) for different
times. The results are expressed as [°H] cyclic AMP (cpm x 10°%) and represent the
mean + S.E. of three different experiments. The statistical analysis performed was
the two-tailed paired t-test. A significant difference between EGF-pretreated and
untreated cultures was found. The level of significance is indicated as: *P<0.0001,
**P<0.025, and ***P<0.024.
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pretreatment has taken place in the presence of serum/medium (stimulation, Fig.6)
or Hepes/medium (inhibition, Fig.5). The level of cAMP is about two-fold higher
at 2.5 and 15 minutes in EGF-pretreated cells as compared to untreated celis. The
level of significance (P-value) at times 2.5, 15 and 60 minutes are marked as:
'P<0.0001, "P<0.025, and "P<0.024 respectively. These opposite effects could
be due to the presence of serum during the EGF pretreatment or they could be
due to the langth of time that the cells were incubated in Hepas/medium (without
serum). For Figure 5, the cells were exposed to Hapas for 1 hour in the prasence
of EGF and for Figure 6, the cells were exposed to Hepes for 2 hours (post-
EGF/serum pretreatment). Thus for untreated cells, CAMP synthesis in response
to IPR was much lower when cells had been exposed to Hepes/medium for two
hours (Fig.6, controls) as compared to cells treated with Hepes/medium for one
hour (Fig.5, controls). It seems that longer exposure to Hepes/medium (2 hours)
has randered the cells less responsive to IPR. This observation suggests that a
three hour exposure to Hepes/medium would make the cslis even less responsive
to IPR. This is observed in Figure 7, where calls show different responsiveness to
IPR depending upon the length of incubation in Hepes/medium. Figure 7 also
demonstrates that not only is there a decrease in IPR responsiveness, but an
increased time of exposure to Hepes/medium aiso results in an increase in
background cAMP synthesis. Also, for Figure 4, cultures had been pre-incubated
with Hepes/medium before starting EGF treatment. Thus at zero time, cells had

been exposed to Hepes for only two hours whereas at the last time point (60



Figure 7: Temporal effect of incubation in Hepes/medium on cAMP synthesis
stimulated with IPR:

T51B cells were stimulated with IPR (1 pM) after cells had been exposed for
different times to Hepes/medium. IPR was added after 1, 2, and 3 hours of
incubation in Hepes/medium and celis were lysed 2.5 minutes later. Control cells
did not receive IPR (1 and 3 hours). Statistical analysis performed was two-tailed
paired t-test comparing the controls (1 hour with no IPR) to all other treatments.
The P-values are indicated as *P<0.0004, ** P<0.017 *** P<0.0225 and

**** P<0.0087.
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minutes EGF pretreatment) the cells had been exposed to Hepes for a total of 3
hours. The increase in time of exposure to Hepes could account for the loss of
EGF effect at 1 hour (Fig.4).

Thus longer incubation in Hepes/medium, or probably more to the point,
incubation in the absence of serum, results in the desensitization of the cells to
IPR. Under conditions where cslis are still highly responsive to IPR (Fig.5) EGF
has a minimal effect, possibly due to a decrease in the activity of an adenylate
cyclase pool that is not responsive to IPR. In contrast, when cells are no longer
vary rasponsive to IPR (Fig.6) EGF seems to resensitize the cells to IPR. Note that
the curves for EGF-pretreated cells are identical in Figures 5 and 6. In other
words, the maximal potentiation by EGF is observed under conditions where the

p-adrenergic receptors would be down regulated or inactivated (j.e. with longer

incubation in Hepes/medium). Although the results on the effect of Hepes/medium
pretreatment are very interesting and require further work, | did not pursue these
studies since my project involved mainly the study of effects of EGF on the

adenylate cyclase/cAMP signalling pathway.

3.4 Effect of EGF Pretreatment on forskolin stimulated cAMP Synthesis:

It was of interest to see if the inhibition of FSK induced cyclic AMP
synthesis by one hour pre-incubation with EGF in Hepes/medium (Fig 3) could be
inhibited further by a more prolonged pretreatment with EGF. T51B cultures were

incubated for two hours with EGF (16.7 ng/ml) in the presence of Hepes/medium.
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After this time cells were stimulated with FSK (33 uM) and the reaction was
stopped at different times after addition of FSK. It can be seen that there is no
significant difference in the level of cAMP between EGF-pretreated and untreated
cultures (Fig 8). Thus the inhibition observed with one hour pretreatment can no
longer be seen if the incubation with EGF is increased to two hours in
Hepes/medium. Figure 9 shows the effect of EGF-pretreatment (16.7 ng/m) for
one hour in serum/medium followed by incubation for two hours in EGF-free
Hepes/medium. The cultures were then stimulated with FSK for different times.
The results show that cAMP synthesis is enhanced in EGF-pretreated cells as
compared to untreated cells. The increase in cAMP synthesis was more prominent
between 2.5 and 30 minutes. The statistical analysis for Figure @ was performed
by the two-tailed paired t-test comparing the values at each time point batween
EGF-pretreated and untreated cultures. The P-values (level of significance) at 2.5,
15, and 30 minutes are marked as: P<0.022, "P<0.005, "P<0.001 respsctively.
The effect of length of time of incubation in Hepes/medium was not examined. For
Figures 1, 2, 3 and 8, cultures had in all cases been exposed to Hepes/medium
for two hours. Although prolonged treatment with EGF in Hepes/medium leads to
a disappearance of the potentiation of FSK stimulated cAMP synthesis (Figures
3 and 8) the potentiation of cAMP synthesis can be observed if the EGF
pretreatment has taken place in serum (Fig.9). It should be noted that the control

curves for FSK alone are almost identical for Figures 8 and 9.



Figure 8: Effect of EGF pretreatment (2 hours in Hepes/medium) on the time
course of forskolin stimulation of cAMP synthesis:

EGF (16.7 ng/ml) was added to T51B cuitures for 2 hours in the presence of
Hepes/medium. Control cultures did not receive EGF. After 2 hours of incubation
colls were stimulated with FSK (33 uM) for different times. The results are
expressed as *H-cyclic AMP (cpm x 10°) and represent the mean + S.E. of three
different experiments. No significant difference was observed between EGF
pretreated and untreated cultures when values were compared by two-tailed paired
t-tost.
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Figure 9: Etfoct of EGF pretreatment (1 hour In serum/medium) on the time
course of forskolin stimulation of cAMP synthesis:

EGF (16.7 ng/mi) was added to T51B cultures for 1 hour in the presence of
serum/medium. After 1 hour serum/medium was removed and cells were
incubated with Hepes/medium for the next 2 hours. Control cuitures did not
receive EGF. The cells were then stimulated with FSK (33 pM) for different times.
The results are expressed as *H-cyclic AMP (cpm x 10~) and represent the mean

+ S.E. of three different experiments. The statistical analysis performed was the
two-tailed paired t-test. A significant difference between EGF pretreated and

untreated cultures was obtained when corresponding values are compared at
various times. The leve! of significance is indicated as: * P<0.022, ** P<0.005,
***P<0.001.
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3.5 Effoct of TPA on cAMP Synthesis:

Since TPA had been shown to potentiate the effect of FSK or IPR in T51B
cells (Aasheim et al. 1989), it was of inierest to know if there is any role of PKC
in modulating the effect of EGF-pretreatment on the potentiation of IPR or FSK
stimulated adenylate cyclase activity. The next experiments were therefore
conducted with the PKC activator TPA. TPA (100 nM) was added 2.5 minutes
after either FSK or IPR addition. Assays were terminated at different times after
the IPR or FSK addition. The experiments reported in the following four Figures
were done at the same time as those for Figures 5, 6, 8 and 9. Thus the results
from Figures 5, 6, 8 and 9 serve as the controls (no TPA) for the results reported
in Figures 10, 11, 12 and 13 respectively (with TPA).

T51B cultures were incubated (Fig 10) as for Figure 5 (1 hour EGF
pretreatment in Hepes/medium). TPA (100 nM) was added 2.5 minutes aiter IPR
(1 uM). A decrease in cAMP synthesis in EGF-pretreated celis was observed as
compared to untreated celis, However, if the results of Figures 5 and 10 are
compared, one observes almost no difference between the two figures. The slight
inhibition due to EGF observed in Figure 10 seems to be due to an inhibition of
background adenylate cyclase activity as was observed in Figure 5. In either case
TPA did not have any effect. This could be due to two possibilities: (a) either the
TPA used was not active (not effective) or (b} activation of PKC by TPA does not
modulate the IPR-stimulated adenylate cyclase signalling system under the

conditions used. These possibilities will be discussed later.
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Figure 10: Effect of EGF pretreatment (1 hour in Hepes/medium) on the time
course of IPR stimulation and TPA activation of cAMP synthesis:

T51B cuitures were incubated with EGF (16.7 ng/ml) for 1 hour in the presence ot
Hepes/medium. Control cultures did not receive EGF. After 1 hour of incubation
cells were stimulated with IPR (1 uM) for different times. TPA (100 nM) was
added 2.5 minutes after IPR addition. Reaction was terminated at different times
after IPR addition. The results are expressed as *H-cyclic AMP (cpm x 10°) and
represent the mean + S.E. of four different experiments. A significant difference
between EGF pretreated and untreated cultures was obtained upon statistical
analysis by the two-tailed paired t-test. The level of significance is indicated as:
* P<0.0035, ** P<0.03 and *** P<0.0012.
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In the next set of experiments (Fig.11) cells were EGF-pretreated in the
presence of serum/medium for one hour as in Figure 6. The serum/medium was
replaced with EGF-free Hepas/meadium and the cslis were incubated for two hours
in this medium before they received TPA and IPR. TPA (100 nM) was added 2.5
minutes after IPR (1 uM) addition. The resuits in Figure 11 show that cAMP
synthesis is significantly higher in EGF-pretreated cells as compared to untreated
cells. However if one compares the result from Figures 6 and 11 it can be seen
that the two Figures are almost identical indicating that TPA has minimal effect on
IPR stimulation of adenylate cyclase and on the EGF potentiation. The only
difference bstween the two figures is that TPA seems to resuit in a sharper peak
in the EGF-pretreated cutltures (i.e. at 15 and 30 minutes, there is less potentiation
due to EGF when TPA was present).

Since the prolonged pretreatment (2 hours) with EGF in the presence of
Hepes/medium did not affect cAMP synthesis (Fig.8) stimulated by FSK, an
experiment was designed to determine if PKC activation affects FSK stimulated
adenylate cyclase in EGF-pretreated and untreated cells. When the results of
Figure 12 (+TPA) are compared to the results of Figure 8 (-TPA) it is clearly seen
that TPA potentiates the cAMP synthesis stimulated by FSK. For the control
cultures (no EGF pretreatment), the peak of cAMP (cpm x 10?) rises from 2.3 to
6.8 in the presence of TPA. The peak of cAMP synthesis shifts from 15 to 30
minutes and the cAMP levels remain elevated for at least one hour. Similarly for

the EGF-pretreated cells, the peak of CAMP rises from 2.3 to 5 in the presence of



Figure 11: Effect of EGF pretreatment (1 hour in serum/medium) on the time
course of IPR stimulation and TPA activation of cAMP synthesis:

T518B cultures were incubated with EGF (16.7 ng/ml) for 1 hour in the presence of
serum/medium. After 1 hour of incubation serum/medium was replaced with
Hepes/medium and the cultures were incubated in this medium for the next 2
hours. Control celis did not receive EGF. The cells were then stimulated with IPR
{1 uM) for different times. TPA (100 nM) was added 2.5 minutes after IPR
stimulation. Reaction was terminated at different times after IPR addition. The
results are expressed as *H-cyclic AMP {(cpm x 10°) and represent the mean +
S.E. of three different experiments. The statistical analysis, by two-tailed paired t-
test, showed a significant difference between EGF pretreated and untreated
cultures. The level of significance { P-values) is indicated as: * P<0.0006,
**P<0.016, *** P<0.018.
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Figure 12: Effect of EGF pretreatment (2 hours in Hepes/medium) on the
time course of forskolin stimulation and TPA activation of cAMP synthesis:

EGF {16.7 ng/ml) was added to T51B cultures in the presence of Hepes/medium
for 2 hours. Control cultures did not receive EGF. After 2 hours cells were
stimulated with FSK (33 uM) for different times. TPA (100 nM) was added 2.5
minutes after FSK. Reaction was terminated at different times after FSK addition.
The results are expressed as *H-cyclic AMP {cpm x 10*) and represent the mean

+ S.E. of three different experiments. Statistical analysis performed was the two-
tailed paired t-test. A significant difference was obtained between EGF pretreated

and untreated cultures. The P-values (level of significance) is indicated as:
*P<0.009, and **P<0.006 at times 30 and 60 minutes respactively.
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TPA and the peak shifts from 15 to 30 minutes. Furthermore it can be observed
that without TPA, EGF had no stimulatory or inhibitory effect on the FSK stimulated
cAMP synthesis. In contrast, in the presence of TPA, EGF inhibited FSK stimuiated
cAMP synthesis. Therefore cyclic AMP synthesis potentiated by TPA in FSK
stimulated cells, is attenuated by EGF-pretreatment.

[ then examined the effect of TPA on cells that had been EGF exposed for
one hour in serum/medium and then incubated for two hours in EGF-free
Hepes/medium (Fig.13). T51B cells were incubated with EGF for one hour as in
Figure 9 but activated with TPA (100 nM) (Fig.13). The results in Figure 13 show
that cAMP synthesis was significantly higher (at 2.5 and 15 minutes) in EGF-
pretreated cells as compared to untreated cells. When Figures 9 and 13 are
compared, it can be seen that TPA has a marked effect. Thus the result from
Figures 9 and 13 show that TPA potentiates the FSK stimulated adenylate cyclase
signalling pathway in T51B cells as was cbserved previously (Aasheim et al.1989).
This was observed in the EGF-pretreated and untreated cells. TPA seems to have
a minimal effect on EGF potentiation of FSK stimulated cAMP synthesis. Although
the fold stimulation (EGF-treated versus untreated cells) is less in the presence
of TPA, however the actual increase in cAMP synthesis (cpm x 107 is
approximately the same. Therefore in contrast to its lack of effect on IPR
stimulation of cAMP synthesis, activation of PKC potentiates cyclic AMP synthesis

by FSK in both EGF-pretreated and untreated cultures.



Figure 13: Effect of EGF pretreatment (1 hour In serum/medium) on the time
course of forskolin stimulation and TPA activation of cAMP synthesis:

EGF (16.7 ng/ml) was added to T51B cultures in the presence of serum/medium.
After 1 hour of incubation, serum/medium was replaced by Hepes/medium and the
cells were incubated in this medium for the next 2 hours. Control cuttures did not
receive EGF. The cells were then stimulated with FSK (33 uM) for different times.
TPA (100 nM) was added 2.5 minutes after FSK. Reaction was terminated at
different times after FSK addition. The results are expressed as *H-cyclic AMP
(cpm x 10°) and represent mean * S.E. of three different experiments. The
statistical analysis performed was the two-tailed paired t-test. A significant
difference between EGF pretreated and untreated cells was found. The level of
significance (P-values) is indicated as: * P,0.022, ** P<0.005.
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3.6 Cyrclic AMP Secretion:

In this section, | will present results on the secretion of cAMP from the cells
during FSK or IPR stimulation in EGF-pretreated and untreated cultures. | will also
present the results of the effect of TPA on the secrstion.

Figure 14 shows cyclic AMP secretion in EGF-pretreated (1 hour in
repes/medium) and untreated cells. The secreted cAMP was measured from the
same culture dishes that were used in Figure 5, by pipetting out the assay medium
and loading it onto the columns (as done with the cell lysates for cyclic AMP
synthesis in Fig.5). Therefore cAMP synthesis and secretion were measured from
the same culture dishes (i.e. Fig.14 reports the results on cAMP secretion into the
medium and Figure 5 reports on the synthesis of cAMP w.ithin the cell). It can be
seen that cAMP secreted by EGF-pretreated and untreated cells is not significantly
different. However, for both treatments, there is a graduat increase in secretion
with time. It can be seen from Figure 5 that cAMP inside the cell decreases from
a peak of 6 at 2.5 minutes to 2.8 at 60 minutes. Most of this decrease could be
accounted for by the rise in extracsliular cAMP which rises from 0.5 to a level of
2.5 (Fig. 14). Howaever, not all of the decrease in the internal cAMP can be
accounted for by secretion into the medium. This discrepancy could be due to the
possibility that not all of the cAMP (intracellular or extraceliular) was recoverad.
It could also be due to degradation of cAMP by phosphodiesterase (PDE)
although sufficient RO 201724 (inhikitor of PDE) was present to presumably inhibit

most of the PDE activity. Aithough cAMP synthesis in EGF-pretreated cells is



Figure 14: Etfect of EGF-pretreatment (one hour in Hepes/medium) on the
time course of IPR stimulation of cAMP secretion:

T51B cultures were incubated with EGF (16.7 ng/ml) for one hour in
Hepes/medium. Control cultures did not receive EGF. After one hour of incubation
cells were stimulated with IPR (1 uM) for different times. The secretion was
measured by measuring labelled cAMP in the medium. The results are expressed
as °H cyclic AMP (cpmx10?®) and represent the mean + S.E. of four different
experiments. Statistical analysis by two-tailed paired t-test did not detect any
significant difference between treated and untreated cultures.



PR ACTR R § o eame sy = e e

3H—cycnc AMP (cpm X 10‘3)

-47 -

OO -EGk
oo (-

O ! { i | ! ]
0 10 20 30 40 50 60 /0

Time with IPR (iin)



-48-
significantly lower than for untreatad cells (Fig.5), the secretion of cAMP in EGF-
pretreated cells is not significantly lower than untreated cells.

When cultures were EGF-pretreated for one hour in serum/medium as in
Figure 6 followed by a 2 hour incubation in Hepes/medium, secreted CAMP was
not different from untreated cultures (Fig 15). It can be seen from Figure 6 that
intracellular cAMP in untreated cells decrease over time from 2.3 to 1 whereas it
decreases from 5 to 1.8 in the EGF-pretreated cells. This difference in intraceliular
cAMP decrease is not reflected by a difference in extracellular cAMP (Fig.15). If
cAMP secretion were simply a passive uncontrolled event, one would expect any
cecrease in intracellular cAMP to be reflected by a corresponding increase in
cAMP in the medium. Obviously, the results do not substantiate this idea. There
must be other factors which control the amount of cAMP that is secreted.

Similarly, since for the EGF-pretreated cultures, cAMP has decreased from
5.5 to 2 in Figure 5 and from 5 to 1.8 in Figure &, one would expect equivalent
levels of cAMF to be secreted in the medium. This is not the case, in fact there is
less cAMP secretion in Figure 15 (corresponding to Fig.6) compared to that found
in Figure 14 (corresponding to Fig.5).

The results also indicate that cAMP observed in the medium is not due to
the presence of dead ruptured cells since cuitures with high intracellular cAMP
should yield correspondingly higher levels of extracellular cyclic AMP. It could be
suggested that different treatments could specifically increase the death of cells.

This is not the case since few floating dead cells were observed in any cultures.



Figure 15: Effect of EGF pretreatment (one hour in serum/medium) on the
time course of IPR stimulation of cAMP secretion:

EGF (16.7 ng/ml) was added to cultures for one hour in the presence of
serum/medium. After this time serum/medium was replaced with EGF-free
Hepes/medium and cells were incubated for two hours. Control cells did not
receive EGF. The celis were stimulated with IPR {1 uM) for differant times.The
results are expressed as *H cyclic AMP (cpm x 10) and reprasent the mean +
S.E. of three different experiments. Statistical analysis performed was the two-
tailed paired t-test which did not give significant differences between EGF
pretreated and untreated cells.
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When cultures were preincubated with EGF for two hours in Hepes/medium
and then stimulated with FSK, the amount of cAMP secreted is not diffsrent in
these cells compared to untreated cells (Fig.16). Similarly, when the cultures were
pre-incubated with EGF for one hour in the presence of serum/madium followed
by 2 hour in EGF-free Hepes/medium and then stimulated with FSK for different
times (Fig.17), it can be seen that extaceliular cAMP levels are not differant {(very
marginally significant at 60 min.) as compared to the cultures not treated with EGF
(Fig.17). Yet a significant decrease in intracellular cAMP (Fig.9) had been
observed for the EGF pretreated cells. Aiso the cAMP secretion observed after
stimulation with IPR (Fig.15) or FSK (Fig.16) seems to give identical results, yet
the decrease in intracellular cAMP under these conditions are very different
(Figures 6 and 8). Therefore, it appears that modulation (increase or decreasse) of
cAMP levels in EGF-pretreated and untreated cultures is not solely due to the
changes (increase or decrease) in cAMP export outside the cslls.

In a previous section it was demonstrated that TPA has minimal effects on
IPR stimulated cAMP synthesis in either untreated or EGF pretreated cultures (1
hour in Hepes/medium, Fig.10). This is reflected in cAMP secretion where TPA
again has minimal effect (compare Fig. 18 to Fig.14). The secretion increases
from 0.5 at 0 minutes to 3.0 at 60 minutes but this is not significantly different from
Figure 14 where TPA was not used. Similarly TPA has no effect on cAMP
secretion in cells that had been preincubated with EGF for 1 hour in serum

(compare Fig.19 to Fig.i5).



Figure 16: Etfect of EGF pretreatment (one hour in serum/medium) on the
time course of Forskolin stimulation of cCAMP secretion:

Cultures were pretreated with EGF (16.7 ng/ml) in the presence of serum/medium
for one hour and after this time serum/medium was replaced with EGF-free
Hepes/medium. Cells were incubated for two hours under this condition. The cells
were then stimulated with FSK (33 uM) for different times. The results are
expressed as *H cyclic AMP {cpm x 10°°) and represent the mean + S.E. of three
different experiments. The statistical analysis by two-tailed paired t-test showed a
significant difference between EGF pretreated and untreated cells at time 60
minutes. The P-value (level of significance) is *P<0.02.



3H—-cyclic AMP (cpm X 10—3)

-51~

OO -EGF
*® (-

| 1 ] |

10 20 30 40 50 60 /0
Time with FSK (min)



Figure 17: Effect of EGF pretreatment (two hours in Hepes/medium) on the
time course of FSK stimulation of cAMP secretion:

EGF (16.7 ng/ml) was added to T51B cells for two hours in the presence
Hepes/medium. After two hours, cells were stimulated with FSK (33 uM} for
different times. The results are expressed as °H cyclic AMP {cpm x 10®) and
represent mean = S.E. of three different experiments. The statistical analysis by
two-tailed paired t-test showed no significant difference between EGF pretreated
and untreated cells.
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Figure 18: Effect of EGF pretreatment (one hour in Hepes/medium) on the
time course of IPR stimulation and TPA activation of cAMP secretion:

T51B cells were incubated with EGF (16.7 ng/ml) for one hour in the presence of
Hepes/medium. Control cultures did not receive EGF. After one hour of incubation
cells were stimulatad with IPR (1 uM) for different times. TPA (100 nM) was added
2.5 minutes after IPR addition. Reaction was terminated at different times after IPR
addition. The results are expressed as *H cyclic AMP {cpm x 10®) and represent
mean + S.E. of four different experiments. The statistical analysis performed by
two-tailed paired t-test did not show any significant difference between EGF
pretreated and untreated cultures.



3H—c:yc:lic AMP (cpm x 10"3)

~53-

C-O -tGF
®o +i(GF

0 10 20 30 40 50 60 /0

Time with IPR (min)



Figure 19: Effect of EGF pretreatment (one hour In serum/medium) on the
time course of IPR stimulation and TPA activation of cAMP secretion:

T51B cells were incubated with EGF (16.7 ng/ml) for on2 hour in the presence of
serum/medium. After this time serum/medium was replaced with EGF-free
Hepes/medium for two hours. The cultures were then stimulated with IPR (1 uM)
for different times. TPA (100 nM) was added after 2.5 minute of IPR addition. The
results are expressed as *H cyclic AMP (cpm x 10°) and represent the mean +
S.E. of three different experiments. The statistical analysis by two-tailed paired t-
test showed no significant difference between treated and untreated cultures.
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Prolonged pretreatment (2 hours in Hepes/medium, Fig. 20) followed by
activation with TPA (100 nM) and FSK results in the increase in cAMP secretion
gradually from 0.1 to 2.5 in EGF-pretreated cells and from 0.1 to 3.1 in untreated
cells. Results from Figuraes 16 and 20, in which cultures received similar treatments
except that TPA was used in Figure 20, suggest that activation of PKC by TPA
causes enhancement of CAMP secretion from untreated cells as compared to
EGF-pretraated cslls (at 60 minutes). Similar to that reported in section 3.5
(Fig.12) where EGF-pretreatment attenuated the TPA potentiation of FSK-
stimulated cAMP synthasis, the presence of EGF also attenuated TPA-induced
cAMP secretion. In both cases, for untreated and EGF pretreated cells, the
presence of TPA caused almost a doubling of cAMP synthesis (e.g. from 2 to 4.3,
Figures 8 and 12), yet the presence of TPA has only increased cAMP secretion
from 1.5 to 2.5 (Figures 16 and 20).

Figure 21 demonstrates the cAMP secreted in untreated and EGF-
pretreated cells (1 hour in serum/medium followed by 2 hours incubation in
Hepes/medium) and stimulated with FSK. The secretion gradually increases from
0.2 at 2.5 minutes to 2.4 at 60 minutes in EGF pretreated cultures. It seems that
activation of PKC by TPA gave a slight increase in cAMP secretion at 60 min. in
EGF-pretreated cells as compared to untreated cells. However when the results
from Figure 17 are compared to the results from Figure 21, it appears that TPA
affects cAMP secretion in both EGF-pretreated as well as untreated cultures to a

similar degree. If one compares Figures 19 and 21, where cultures were treated



Figure 20: Effect of EGF pretreatment (one hour In serum/medlum) on the
time course of #SK stimulation and TPA activation of cAMP secretion:

EGF (16.7 ng/mi) was added in the presence of serum/medium. After one hour of
incubation serum/medium was replaced with EGF-free Hepes/medium and cultures
were incubated for two hours in this condition. Control cultures did not receive
EGF. The cells were then stimulated with FSK (33 uM) for different times. TPA
{100 nM) was added 2.5 minute after FSK addition. The results are expressed as
*H cyclic AMP (cpm x 10®) and represent mean + S.E. of three different
experiments. The statistical analysis by two-tailed paired t-test did not show any
significant difference between EGF pretreated and untreated cultures.
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Figure 21: Effect of EGF pretreatment (two hours in Hepes/medium) on the
time course of FSK stimulatinn and TPA activation of cAMP secretion:

EGF (16.7 ng/ml} was added to T518B cultures for two hours in the presence of
Hepaes/medium. Control cultures did not receive EGF. After two hours of incubation
cells were stimulated with FSK (33 uM) for different times. TPA g1 00 nM) was
added 2.5 minute after FSK addition. The results are expressed as *H cyclic AMP
(cpm x 10®) and represent mean + S.E. of three different experiments. Statistical
analysis by two-tailed paired t-test did not show any significant difference between
treated and untreated cultures.
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similarly except that cells were stimulated with either PR (Fig.19) or FSK (Fig.21)
it can be seen that cAMP secretion increases gradually from 0.2 to 2.4 in Figure
21 as compared to Figure 19 which had a very slight increase from 0.2t0 1.1. This
is interesting since, for the EGF-pretreated cells there is a large decrease in
intema ¢<AMP from 5 to 1.8 (Fig.11, IPR stimulated) whereas there is less of a
decreass in internal cAMP (from 5.2 to 3) when cells were stimulated with FSK
(Fig.13). Thus one would expect more secretion in Figure 19 (IPR) as compared
to Figure 21 (FSK) if the decrease in intemal cAMP is caused by an increased

gfflux. This is obviously not the case; in fact more secration is seen in Figure 21.

3.7 DNA Synthesls:
3.7:1 Effect Of cAMP Elevating Agents On EGF Mitogenicity:

EGF has been shown to be a potent mitogen in a variety of cell types
{McGowan et al. 1981; Hill et al. 1989). Hill et al. have demonstrated that EGF is
also a mitogen for T51B cells. They observed that DNA synthesis induced by EGF
requires extracsllular Ca** and not IP, mobilized intraceliular Ca**. Initially | was
interested in demonstrating the effect of cCAMP elevating agents on the mitogenicity
of EGF in serum starved (0.2 % BCS) T51B cells. This model system was chosen
so as to rule out the possible effects of mitogens, including EGF, present in serum.
Others in our laboratory and Dr. Franks' laboratory have determined that the
optimal mitogenic dose of EGF for serum starved T51B cells is between 5 and 10

ng/ml. This is half of the optimat dose used for the CAMP synthesis experiments.
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T51B cultures were serum starved for 48 hour at which time tritiated thymidine (*H-
Tdr) was added with EGF either alone or in combination with various cCAMP
elevating agents. The assay was stopped 24 hour later. When cAMP elevating
agents were added to contro! cultures (0.2 % serum), DNA synthesis was
unaffected or slightly decreased as compared to the basal leve! (data not shown).
However when the cAMP elavating agents are present with EGF, they inhibited
DNA synthesis induced by EGF to various degrees. FSK (33 pM} and RO (30 uM)
when present together, were able to inhibit the EGF mitogenic response down to
approximately basal levels (0.2 % serum alone, Fig. 22). RO (approximately 50 %
inhibition) was less effactive than IBMX (approximately 65-70 % inhibition) in
inhibiting the EGF mitogenic response. CT (0.1 ug/ml) inhibited DNA synthesis by
55 % and a combination of IPR and RO inhibited DNA synthesis by 60 parcent.
However IPR (1 uM) alone or PT, 0.16 pg/mi) alone were the least effective in

inhibiting EGF induced DNA synthesis (10 % to 15 % inhibition).

3.7:2 Effect Of Genisteln on DNA synthesls:

EGF acts by binding to its receptor (EGF-R) and activating the tyrosine
kinase activity of the receptor (Hunter and Cooper, 1985). 1t is presumed that EGF
mitogenic activity is due to activation of this protsin tyrosine kinase (PTK) activity.
Genistsin is known to be an effective FTK inhibitor (Dean et al. 1989) including
EGF-R PTK in T51B cells. Therefore | became interested in demonstrating that

DNA synthesis induced by EGF could be blocked by inhibiting the EGF receptor



Figure 22: Effect of CAMP elevating agents on EGF mitogenicity in serum
starved (0.2% BCS) T51B cultures:

T51B cells were serum starved for 48 hours after they become confiuent. At that
time EGF (8 ng/mi) and *H-thymidine (0.5 uCi/ml) along with various cCAMP
elevating agents either alone or in combination were added in the same
conditioned (i.e. serum starved) medium. The concentrations of the apents are;
RO- (30 uM), FSK- (33 uM), IPR- (1 uM), IBMX- (33 uM), CT- (0.1ug/ml) and PT-
(1.6pg/ml). The results are expressed as *H-thymidine incorporation (cpm x 10°)
after subtracting the control values (0.2% BCS alone). The number of experiments
for each treatment is indicated as n.
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PTK activity. This would show that tyrosine kinase activity is possibly involved in
the mitogenic response of EGF. Genistein (15 uM) was able to inhibit DNA
synthesis by more than 50 % (Fig. 23). The presence of genistein with cAMP
elevating agents did not give rssults significantly different from genistein alone. All
the above observations were made in the serum starved (0.2 % BCS) condition.
These results suggest that the tyrosine kinase activity of EGF receptor may be
involved in induction of DNA synthesis, and that cAMP elevating agents may also

be involved in DNA synthesis and that their effects are not additive.

3.7:3 Effect Of cAMP elevating Agents on Serum Mitogenicity in Serum
Replenished (10 % BCS) Condition:

The inhibitory effect of cAMP elevating agents on EGF mitogenicity was
presented in section 3.7:1. This approach was taken to eliminate the possibility that
other factors present in serum would stimulate DNA synthesis or could modulate
the EGF mitogenic response. However, | was interested in determining if cCAMP
elevating agents could also inhibit the serum induced mitogenic response.
Therefore, cultures were serum starved (0.2 % BCS) for 48 hours and then
stimulated with serum (10 % BCS) and various cAMP elevating agents (Fig.24).
DNA synthesis induced by serum (Fig.24) was higher than that obtained with EGF
alone (Fig.22). The cAMP elevating agents, when present in 10 % serum, inhibited
serum induced DNA synthesis to various degrees (Fig. 24). FSK and RO together

inhibited the mitogenic response of serum by 74% and a similar degree of



Figure 23: Effect of the tyrosine kinase inhlbitor, genistein, when added with
cAMP elevating agents on the EGF mitogenicity in serum starved (0.2% BCS)
cultures:

T51B cells were serum starved (0.2% BCS) for 48 hours after they reached
confluence. After this time EGF (8 ng/ml) and *H-thymidine (0.5 uCi/ml) were
added. Genistein (15 uM) was added alone or in combination with various cAMP
elevating agents. The experiment was stopped 24 hour after adding EGF. Each
bar represents the mean t S.E. of three different experiments. The resuits are
expressed as *H thymidine (cpm x 10°%).
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Figure 24: Effect of cyclic AMP elevating agents on serum mitogenicity (10%
BCS):

T51B cells were serum starved (0.2% BCS) for 48 hours after they reached
confluence. After this time *H-thymidine (0.5 uCi/well) was added and cultures
were serum replenished (10% BCS) for 24 hours. Various cAMP elevating agents
were added either alone or in combination to the cultures. The figure is the
presentation of mean + S.E. of five different experiments. The statistical analysis
nerformed was two-tailed paired t-test comparing the control (10% serum alone)
to other additions. The level of significance is indicated as : * P<0.03, ** P<0.02,
*** P<0.01 and **** P<0.05.



-63-

3H—'I'hymidine (cpm X 10—5)

- p— O 0 R g .
I | | i |

CONTROL

/////////// X IBMX

—{TPR

H % FSK

‘4% IPR + RO
| IPR+IBMX
FSK+R0O

FSK+IBMX




-64-
inhibition was observed when FSK was present with IBMX. IPR (1 uM) did not
inhibit the mitogenic response of serum. FSK (33 #M), RO (30 pM) and IBMX (33

HM) when present separately were able to significantly inhibit DNA synthesis
induced by serum by 50%, 40% and 40% respectively. A combination of RO and

IPR or IBMX and IPR inhibited DNA synthesis to a similar extent (approximately
35 %; as did RO or IBMX alone.
The results suggest that ail cCAMP elevating agents except IPR inhibited

DNA synthesis to various degrees possibly by raising cAMP levels.

3.7:4 Time Course Of The Effect Of CAMP Elevating Agents On The EGF
Induced DNA Synthesis:

It was of interest to determine the temporal relationship between elevation
of cCAMP and inhibition of EGF-stimulated DNA synthesis. In cther words, how long
after stimulation with EGF could cAMP elevating agents be added and still be
effective in inhibiting the DNA synthetic response of EGF. Cells were serum
starved for 48 hours at which time EGF (8 ng/ml) and °H-Tdr were added. One
of the following cAMP elevating agents RO (30 uM), FSK (33 uM) or IPR (1 uM)
was added at the same time as EGF or at different timas after EGF addition. The
experiments were always terminated 24 hours after EGF had been added. FSK
and RO inhibited DNA synthesis in a time dependent manner (Fig.25). Maxima!
inhibition (65%) was obtained if RO or FSK were added at the same time as EGF

or added as long as 6 hours later. Even adding RO or FSK 2 hours before the



Figure 25: Temporal effect of cAMP elevating agents on the mitogenic
response of EGF In serum starved (0.2% BCS) T51B cells:

Cells were serum deprived for 48 hours. At this time EGF (8 ng/ml} and *H-
thymidine (0.5 uCi/ml) were added to each 6-well culture dish. RO (30 uM), FSK
(33 uM) or IPR (1 uM) were added with EGF or at different times after EGF
addition. Reaction was terminated 24 hours after EGF addition. The results
represent mean t S.E. of three different experiments. The values on the Y-axis
show *H-Tdr incorporated (cpm x 10°) and on the X-axis represent the duration
of treatment with various agents before terminating the reaction. The statistical
analysis performed was the two-tailed paired t-test which compares values at zero
time (EGF alone) to values at different times for which agents were present. The
level of significance (P-values) shows that most of the values are significant (using
p<0.05) except FSK and RO at 2 and 4 hours; FSK at 12 hours; RO at 6 hours
and IPR at 1,2 and 24 hours.
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experiment was terminated resulted in some inhibition of DNA synthesis. IPR
(1uM) did not have as dramatic an effect on DNA synthesis as did RO or FSK.
Maximal inhibition (approximately 20-25%) was observed regardless of when IPR

was added.
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Chapter 4
DISCUSSION

EGF has been shown to affect cell proliferation and differentiation by
modulating second messenger systems (Wright et al. 1988; Farese et al. 1989;
Carpenter at al. 1979 and Yarden et al. 1988.). | was interested in examining the
effact of EGF on cAMP levels, DNA synthesis as well as modulation of these
activities by PKC. Most previous studies have used medium containing serum. This
complicates the analysis of cAMF synthesis and secretion as well as DNA
synthesis, since seruin contains an ill-defined mixture of hormones and growth
factors. Therefore serum free or serum starved model systems were utilized to
detect EGF related alterations in cAMP levels and DNA synthesis. This discussion
is divided into three sections: Section 4.1 deals with interactions among EGF,
PKC, and the cAMP signalling pathway. Section 4.2 describes cAMP secretion
which may contribute to changes in intracellular cAMP. Section 4.3 describes the

effect of CAMP elevating agents on the mitogenic actions of EGF and serum.

Section 4.1: Cyclic AMP Synthesis.
Section 4.1.1: Effect of EGF on forskolin and isonroterenol stimulated cAMP
synthesis:

The optimal concentration range of EGF used to potentiate the FSK

stimulated cAMP accumulation in T51B cells was beiween 10 to 150 ng/ml
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(Fig. 1). For all the experiments the EGF dose used was 16.7 ng/ml. This
concentration was used becausa the initial optimal dose was economical. A similar
concentration range for potentiation of cAMP accumulation by EGF has been
reported by Ball et al.(1290) and Yu et al. (1992). In general, EGF by itself does
not measurably alter the basal level of cAMP (Ball et al; 1990). However, there are
exceptions; Yu et al. demonstrated that EGF stimulates cAMP accumulation by
directly altering adenylate cyclase activity in cardiac myocyte cultures. Thorefore
it seems that EGF by itself can affect cAMP synthesis in some systems while in
other models EGF acts by potentiating the cAMP response to agents which
stimulate adenylate cyclase. Since EGF is mitogenic for TS1B celis (Hill et al;
1989) and a surge of cAMP is required for DNA synthesis in these cells (Boynton
and Whitfield, 1979), it was of interest to determine if EGF acts by modulating
adenylate cyclase and if so, whether EGF by itself was sufficient to raise cAMP
levels or if EGF potentiates the action of cAMP elevating agents. Therefore a
series of experiment was conducted to monitor cAMP synthesis in cultures
pretreated with EGF under a variety of conditions; for example EGF-pretreatment
in Hepes/medium or in serum/medium for one or two hours followed by stimulation
with either FSK (33 uM) or IPR (1 uM). Control cultures did not receive EGF. All
the assays were performed in the presence of Hepes/medium whether cultures
were pretreated with EGF in serum/medium or in Hepes/medium. Firstly, for all the
experiments that were performed, regardless of the experimental conditions, EGF

did not by itself stimulate adenylate cyclase. Under some conditions EGF slightly
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inhibited background cAMP synthesis (Fig.5). Sometimes a slight increase {(not
statistically significant) in background was observed in the presence of EGF
(Fig.6). In preliminary experiments, | observed that cells pretreated with EGF
in Hepes/medium responded differently to IPR and FSK. It was observed that
cAMP synthesis peaked at 2.5 minutes when cells were stimulated with IPR,
supporting the previous observation of Aasheim et al.(1989). This was observed
in both ECF pretreated and untreated cells (Fig 5). However cAMP synthesis was
significantly lower in EGF pretreated cslls as compared to untreated cells (Fig.5).
As already mentioned in the results, EGF pretreatment inhibited background
adenylate cyclase and inhibition of this pool of adenylate cyclase is reflected in the
cultures treated with IPR. Thus under these conditions (1 hour EGF pretreatment
in Hepes) EGF does not seem to affect the {PR stimulation of adenylate cyclase.
However, when cells are stimulated with IPR after one hour EGF pretreatment in
serum/medium (Fig 6), the results were opposite to that observed with a one hour
pretreatment in Hepes/medium. EGF under these conditions potentiates cAMP
synthesis (Fig.6) It can be suggested that pretreatment in serum/medium may
provide an essential coupling environment for the B-adrenergic receptor/adenylate
cyclase signalling system to interact with the EGF-raceptor. An interaction that Is
maintained untill the B-adrenergic receptor is activaied. Thus, | observed higher
cAMP synthesis in the cultures which were EGF pretreated in serum/medium

compared to pretreatment in Hepes/medium followed by stimulation with IPR.
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When cells were pretreated with EGF in Hepes/medium longer than one
hour, the response of cAMP synthesis to IPR was decreased (Figs.4 and 7).

Therefore, it seems that length of time of exposure to Hepes/medium affects
cAMP synthesis in response to IPR. The cAMP level was higher for cultures
incubated one hour in Hepes/medium and significantly lower in cultures exposed
to Hepes/medium for two or three hours (Fig. 7). These differences may be due
to changes in responsiveness of B-adrenergic receptors to IPR. As cells spend
more time in Hepes/medium away from the normal serum environment, their p-
adrenergic  receptors may become desensitized to IPR (Reviewed by
Lefkowitz,Stadel and Caron, 1983).

In comparing the results for the one hour and three hour Hepes/medium
exposed cultures, it can be seen that the decrease in fold stimulation in the throe
hour exposure is due to both an increase in background (no IPR) cAMP synthesis
and to a decrease in IPR stimulation.

Similarly prolonged pretreatment with EGF (iwo hours in Hepes/medium) did
not result in any change in cAMP synthesis compared to untreated cells (Fig.8)
upon FSK stimulation unless the pretreatment occurred in the presence of serum
(Fig.9). Cyclic AMP synthesis in EGF pretreated cells is higher in the IPR
stimulated (Fig.6) as compared to FSK stimulated (Fig.9) cultures.

Section 4.1.2: Role of Protein Kinase C:
Protein kinase C is believed to play an important role in signal transduction

(Wright ot al. 1988; Farese et al. 1989) and is activated by its physiological
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activator DAG. However it has been reported that the EGF induced activation of
PKC in T51B cells does not involve DAG produced by hydrolysis of inositol lipids
but by DAG, that is produced by the hydrolysis of PC (Hill et al., 1989).

The tumor promoting phorbo! ester, TPA, which activates PKC directly (El-
Fakahary et al. 1989; Takada et al. 1988), was used to explore the possibility that
activation of PKC might affect the adenylate cyclase signalling system. Activation
of PKC by TPA (100 nM) results in neither stimulation nor inhibition of cAMP
synthesis stimulated with IPR (1 puM) for either EGF pretreated or untreated
cultures either in Hepes/medium (Fig. 10) or serum/medium (Fig. 11). This
observation is in contrast to that reported by Aasheim et al.(1989) in T51B cells.
However, cAMP synthesis stimulated by FSK is potentiated by TPA (Fig. 12) in
both EGF pretreated and untreated cells. It is possible that the TPA used for the
IPR experiments *.'as inactive. This is unlikely since the same TPA stocks were
used for the experiments reported in Figures 12 and 13 where TPA potentiated
cAMP synthesis stimulated with FSK. The discrepancy between the report by
Aasheim et al.{1989) and my results may be due to the culture medium and
passage number as well as the state of the cells.

There are a number of reports in the literature which demonstrate that
cAMP synthesis varies with passage number and with the culture medium that is
used. For example, it has been reported that basal level of cAMP in cultured
bovine tracheal gland cells vary according to the culture medium and passage

number (Benali, Dupuit, Chevilard, Jacquot, Haye and Puchelle; 1921). | am not
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aware of any studies that specifically demonstrate the effect of passage number
and culture medium on TPA or IPR induced cAMP synthesis.

There are a number of factors which could explain the discrepancy between
my results and those of Aasheim et al. The T51B cells used in the report by
Aasheim et al. were grown in 85% DMEM and 15% BCS. The reactions were
performed in 49.9% Hams F12, 49.9% DMEM, 10 mM Hepes and 0.2% BCS. In
contrast, for my experiments, cells were grown ir 80% BME, 10% BCS and the
experiments were performed in BME, 10 mM Hepes. Furthermore and most
importantly, for the experiments reported by Aasheim et al. (1989) the TPA was
added at the same time as IPR. For my experiments TPA was added 2.5 minutes
after IPR, at the time when cAMP synthesis had already reached its maximum.
Since Aasheim et al. (1989) and a technician in Dr. Kleine's laboratory had already
demonstrated that TPA potentiates the cAMP stiénulatory action of IPR, | was not
interestad in repeating these experiments. | was interested in longer term effects
of TPA such as whether TPA (or activation of PKC) could prolong the effect of IPR
in the untreated and EGF pretreated cells. If PKC acts downstream of the IPR
receptor, for example a direct effect on adenylate cyclase, then the cyclase may
be sensitized or modulated in such a way that the IPR response could be
prolonged. The results indicate that TPA was added too late to have an effect on
the IPR response. How and where PKC acts on these cells remain to be

determined.

The experiments with FSK activated cAMP synthesis has uncovered a
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number of interesting complex interactions between adenylate cyclase, EGF, PKC
and serum. For example, EGF potentiates FSK activation of adenylate cyclase if
EGF is added any time between 20 minutes before or 10 minutes after FSK
(Figs.2 & 3). if EGF is added one or two hours before FSK no potentiation of the
cAMP synthesis is obtained even though EGF is still present at the time of FSK
addition (Figures 3 and 8). In fact, an inhibition of cAMP synthesis is often
observed (Fig. 3). Whether this is due to downregulation of the EGF receptors
(internalization) is not known. Nevertheless, there seems to be a narrow window
within which EGF must be added in order to potentiate the effect of FSK. Howevaer,
EGF potentiation of FSK stimulated adenylate cyclase is observed if the cultures
were pretreated for one hour in the presence of serum/medium followed by a two
hour incubation in EGF-free Hepes/medium (Fig.9). Thus, either the presence of
serum during the EGF pretreatment or the two hours incubation in EGF-free
Hepes/medium has allowed for the EGF effect to be expressed three hours after
EGF had been added.

in contrast to the result with IPR, FSK stimulated adenylate cyclase is
increased at least two fold by activation of PKC by TPA (Figures 12 and 13). This
occurs whether or not the cells had been pretreated with EGF; however the
presence of EGF seems to attenuate the potentiation due to TPA (Fig.12).
Intarestingly, the presence of serum during the EGF pretreatment (or the 2 hours
incubation in EGF-free Hepes) has abolished this attenuation due to EGF (Fig.13).

Thus EGF can under certain conditions potentiate the action of FSK and this
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potentiation can be modulated by serum. Activation of PKC is involved in
potentiation of FSK stimulated adenylate cyclase and this effect of PKC can be

modulated by EGF and possibly by serum.

Sectlon 4.2: Cyclic AMP Secretlon:

Cyclic AMP secretion occurs in many different cell types (reviewed by
Barber and Butcher, 1984). In avian erythrocytes the release of cAMP was found
to be a significant mechanism for the control of intracellular cAMP levels (Barber
and Butcher, 1984; Brunton and Mayer, 1979). However, egress of cAMP in
cultured fibroblasts contributed little to the overall control of intracellular cAMP
levels (Barber and Butcher, 1981; Barber, Ray and Butcher, 1980). T51B cells
have been shown to display cAMP binding sites (CAMP-dependent protein kinase)
on their surfaces (Kleine and Whitfield, 1987) which suggests that secretion of
cAMP may occur in order to activate the extraceliular protein kinases. Therefore,
it was of interest to determine whether or not secretion of cAMP occurred in order
to regulate the level of intracellular cAMP. If cAMP secretion is involved in
controlling the levels of internal cAMP then differences in the extraceliular
accumulation may reflect changesin the intracellular cAMP. Therefore experiments
were planned to observe the time course of changes in both intracellular as well

as extracellular cAMP.
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Cyclic AMP secretion by cells pretreated with EGF had not been studied
before. Egress of CAMP in EGF pretreated cells (1 hour Hepes, IPR stimulated)
and untreated cells is not significantly different (Fig. 14} but there is a gradual
increase in secretion with time. Although cAMP accumulation outside the cell does
not parallel the intraceliular decrease (Fig. 5), the decrease of intracellular cAMP
can be accounted for, in part, by secretion. Barber and Butcher, 1988, have
demonstrated that in the presence of phospho-diesterase inhibitors (PDEI) not only
the amount of cAMP is increased but also the process of efflux may be inhibited.

Similar results were obtained regardless of the conditions for EGF
pretreatment and of the activators used (IPR or FSK). There was always a gradual
increase in extracellular cAMP. The amount of cAMP egress did not parallel the
total amount of internal cAMP. For example, a two fold difference in internal cAMP
(Fig.6) did not result in any difference in secreted cAMP (Fig.15). Also,
experiments where there was no decrease in intemal cAMP (Fig.8) still resulted
in an increase in cAMP secretion (Fig.16). Due to these differences, it appears that
cAMP secretion probably does not occur in order to regulate levels of internal
CAMP. It is also relevant to mention that labelled ATP inside and outside the cell
remained constant throughout the expserimental period. In contrast to cAMP,
external ATP levels did not increase with time.

The PTK inhibitor genistein, blocks cAMP secretion but does not seem to
affect CAMP synthesis (unpublished observation from Dr. Kleine's laboratory).

Therefore it is possible that the EGF receptor tyrosine kinase may have a role in
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cAMP secretion although it should be pointed out that genistein is not a specific
inhibitor of tyrosine kinase. Other kinases e.g. cAMP-dependent kinase, do not
significantly regulate secretion in smooth muscle cells (Fehr et al. 1985).
Significant differences exist between different cell types; in some, secretion
predominates over intracellular accumulation (WI-38 cells) in contrast to what is
observed in other cell lines such as VA-1 cells {Chalpowask, Kelly and Butcher,
1988).

These results suggest that cAMP egress takes place not simply to regulate
internal cAMP but it may be one of the mechanisms that helps cells to maintain
their physiological state. The results also suggest that it is not simply a preset
percentage of CAMP that is secreted. Egress is not by simple passive diffusicn but
this process seems to be tightly regulated. This still leaves the possibility that
cAMP is secreted for the purpose of activating external PKA (Kleine and Whitfield,
1987) although it was not the purpose of this thesis to study this phenomenon.
There may be many other factors that are controlling and thereby harmonizing

these two processes i.e. CAMP synthesis and secretion.

Section 4.3: DNA Synthesis

Proliferation of T51B celis had been shown to be regulated by cAMP and
Ca* (Swierenga et al. 1980). Recently it had been demonstrated that EGF
stimulates DNA synthesis in T51B cells (Hill et al. 1989) a process that requires

an influx of extracellular calcium ions. It has also been shown that the continuous
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presence of EGF stimulates DNA synthesis and mitosis of hepatocytes in culture
(McGowan et al. 1981; Skouteris et al. 1980). Serum, which is a rich source of
many hormones and growth factors also induces DNA synthesis {Richman et al.
1987). Therefore, it was of interest to plan experiments so that interference due
to serum could be reduced to a minimal level when EGF or cAMP elevating agents
are added to the cultures.

Cells were serum starved (0.2 % BCS) for 48 hours followed by addition of
EGF either alone or in combination with various cAMP elevating agents {Figures
22 to 25). Serum starvation would deprive cultures of growth factors and
hormones which otharwise might interfere with the effects of exogenously added
EGF and cAMP elevating agents.

The results from these experiments demonstrate that, presumably by
elevated cAMP levels, most of the cAMP elevating agents tested (RO, FSK, CT
and IBMX) inhibited the mitogenic response of EGF. However PT has no effect.
This observation was made previously by Lise Aasheim (M.Sc. thesis 1990). The
reason for this is unknown. IPR has very little effect. Since the IPR gives only a
brief surge of CAMP (within minutes) it appears that this brief cAMP surge does not
last long enough to give prolonged inhibition of DNA synthesis. Therefore,
hormones or agents that act via cAMP may stimulate or inhibit cell proliferation
depending upon the duration of the cAMP increase (Boynton and Whitfield, 1983;
Christoffersen and Brosted, 1980; Domont, Jauniaux and Roger, 1989).

The DNA synthesis induced by EGF was inhibited by genistein, a tyrosine
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kinase inhibitor. However, the *H-Tdr incorporation was not further inhibited when
genistein was added in combination with cCAMP elevating agents. It appears that
genistein blocks EGF dependent DNA synthesis in T51B cells but the results do
not rule out the possibility that genistein may affect DNA synthesis which is
independent of EGF. This idea seems reasonable due to the fact that genistein is
not a specific inhibitor of tyrosine kinase activity which is associated with EGF-R.
Dean et al. (1989) have also shown that genistein inhibits DNA synthesis in T51B
cells as well as in mouse 10T1/2 fibroblasts.

Temporal effects of CAMP elevating agents on EGF mitogenicity in serum
deprived cuttures show that inhibition due to FSK as well as RO occurred in a time
dependent manner whereas IPR did not have as dramatic an effect as the others
two agents (Fig. 25). FSK and RO produce a sustained elevation of cAMP which
may have inhibited the EGF mitogenic response as opposed to IPR which gives
a brief surge of cAMP. The small inhibition observed with IPR may be due to the
fact that there is always a small population of cells that are in the S phase. IPR
stimulated cAMP levels might have inhibited only these cells. (Whitfield, 1892).

The serum stimulated mitogenicity was also not inhibited by IPR in serum
replenished cultures (Fig.24). However, when RO or IBMX are present along with
IPR, 35 % inhibition was observed. This suggests that inhibition of *H-Tdr
incorporation may be due to prolonged increases in cAMP levels stimulated by RO
or iBMX. These agents prevent CAMP degradation by PDE and therefore keep the

cAMP concentration elevated. FSK, which activates adenylate cyclase directly and
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bypasses receptor occupancy, inhibited DNA synthesis by 50 % and when the
PDEI's RO or IBMX are present along with FSK, *H-Tdr incorporation was inhibited
by 70%. This suggest that maximal cAMP elevation such as is obtained by RO and
FSK or RO and IBMX togsther results in maximal inhibition of the serum and EGF
mitogenic response.

Epidermal growth factor when present with 10 % serum, enhanced DNA
synthesis as compared to serum alone (data not shown). This also suggests that
other factors in serum apart from EGF are mitogenic. This is probably a valid
conclusion since many other factors have been shown to be mitogenic for T51B
cells and most of these agents would be expected to be present in serum
(Whitfield, 1990).

To summarize, it can be suggested that cAMP elavating agents inhibited the
mitogenic response of EGF as well as serum. The tyrosine kinase inliibitor,
genistein, blocked EGF induced DNA synthesis but did not further decrease the

inhibition of *H-Tdr incorporation induced by cAMP elevating agents.
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Chapter 5
CONCLUSION

The evidence based on the results presented in this thesis suggests that
EGF by itself did not stimulate cAMP synthesis but pretreatment with EGF results
in differential modulation of IPR and FSK stimulated cAMP synthesis depending
on the pretreatment conditions. The interaction between the EGF signalling
pathway and recepter mediated (IPR) activation of adenylate cyclase seems to be
minimal since at best only slight inhibition of cAMP synthesis was observed
following short term (up to one hour) pretreatment with EGF. Although very
significant potentiation of IPR stimulated cAMP synthesis was observed following
long term (up to three hours) pretreatment with EGF, this potentiation was not real
since all of the apparent effect could be accounted for by a sharp decline in IPR
stimulated cAMP synthesis {untreated cells) as cultures were incubated with
increasing time in Hepes. The presence of EGF in fact is protecting against
desensitization or downragulation of the B-adrenergic receptor that is induced by
the presence of Hepes (or the lack of serum).

In contrast, the presence of EGF, for up to 40 minutes before adding FSK,
leads to a significant potentiation of FSK stimulated cAMP synthesis. Longer term
preincubation with EGF in Hepes does not alter the FSK effect but if the EGF
preincubation has taken place in serum (up to three hours before adding FSK) the

potentiation of FSK induced cAMP synthesis can once again be observed.
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The presence of TPA potentiated FSK stimulated cAMP synthesis in
untreated and EGF pretreated cells. An interesting interaction was observed in that
EGF pretreatment in Hepes partially attenuated the TPA effect.

In some experiments, the large decrease in intracellular cAMP that follows
immediately after the initial peak can be accounted for by accumulation of cAMP
in the medium. There was however no correlation between internal decrease and
external accumulation. In fact, for some experiments no intracellular decrease was
observed, yet a large increase in external CAMP was obtained. These results
suggest that cAMP secretion is not a passive event which occurs simply to
terminate the signalling process but that it is a tightly regulated event. Further work
is required to characterize the controls involved.

Various cAMP elevating agents, except IPR and pertussis toxin inhibited
EGF and serum induced DNA synthesis. The inhibition is probably due to the fact
that these agents have induced a sustained elevated level of cAMP.

Taken together, these results provide answers to the questions that were
initially asked. EGF can under the appropriate conditions modulate IPR and FSK
stimulated cAMP synthesis although caution must be taken in interpreting the
results since pretreatment conditions {(Hepes, serum) can by themselves have
marked effects. Interesting interactions between the EGF, PKC and adenylate
cyclase signalling pathways were observed including the novel observation that

EGF can protect against B-adrenergic desensitization.
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